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ABSTRACT

Context. Until recently, the 3D shape, and therefore density (when combining the volume estimate with available mass estimates), and surface
topography of the vast majority of the largest (D≥100 km) main-belt asteroids have remained poorly constrained. The improved capabilities of the
SPHERE/ZIMPOL instrument have opened new doors into ground-based asteroid exploration.
Aims. To constrain the formation and evolution of a representative sample of large asteroids, we conducted a high-angular-resolution imaging
survey of 42 large main-belt asteroids with VLT/SPHERE/ZIMPOL. Our asteroid sample comprises 39 bodies with D≥100km and in particular
most D≥200km main-belt asteroids (20/23). Furthermore, it nicely reflects the compositional diversity present in the main belt as the sampled
bodies belong to the following taxonomic classes: A, B, C, Ch/Cgh, E/M/X, K, P/T, S, and V.
Methods. The SPHERE/ZIMPOL images were first used to reconstruct the 3D shape of all targets with both the ADAM and MPCD reconstruction
methods. We subsequently performed a detailed shape analysis and constrained the density of each target using available mass estimates including
our own mass estimates in the case of multiple systems.
Results. The analysis of the reconstructed shapes allowed us to identify two families of objects as a function of their diameters, namely “spherical”
and “elongated” bodies. A difference in rotation period appears to be the main origin of this bimodality. In addition, all but one object (216
Kleopatra) are located along the Maclaurin sequence with large volatile-rich bodies being the closest to the latter. Our results further reveal that the
primaries of most multiple systems possess a rotation period of shorter than 6 h and an elongated shape (c/a≤0.65). Densities in our sample range
from ∼1.3 g.cm−3 (87 Sylvia) to ∼4.3 g.cm−3 (22 Kalliope). Furthermore, the density distribution appears to be strongly bimodal with volatile-
poor (ρ ≥ 2.7 g.cm−3) and volatile-rich (ρ ≤ 2.2 g.cm−3) bodies. Finally, our survey along with previous observations provides evidence in support
of the possibility that some C-complex bodies could be intrinsically related to IDP-like P- and D-type asteroids, representing different layers of
a same body (C: core; P/D: outer shell). We therefore propose that P/ D-types and some C-types may have the same origin in the primordial
trans-Neptunian disk.
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1. Introduction

Before the advent of the SPHERE/ZIMPOL instrument at the
VLT (Beuzit et al. 2019), only a handful of the largest main-
belt asteroids (e.g., (1) Ceres, (2) Pallas, (4) Vesta, (52) Eu-
ropa, (511) Davida) had been the subject of in-depth studies
using the first-generation high-angular-resolution imaging sys-
tems operating in the optical (HST) or in the near-infrared (NIR;
VLT/NACO, Keck/NIRC2) (e.g., Thomas et al. 1997, 2005;
Conrad et al. 2007; Carry et al. 2008; Schmidt et al. 2009; Carry
et al. 2010; Merline et al. 2013). Although sparse, VLT/NACO
and Keck/NIRC2 imaging data had been collected for many
D≥100 km asteroids, these data were rarely acquired with ex-

? Based on observations made with ESO Telescopes at the Paranal
Observatory under programme ID 199.C-0074 (PI: P. Vernazza).
?? The reduced and deconvolved images as well as the 3D shape mod-
els are available at https://observations.lam.fr/astero/

cellent seeing conditions and/or when the targets were at oppo-
sition, leading to suboptimal resolution for the observations of
these bodies (Hanuš et al. 2017). It follows that until recently,
the 3D shape, and therefore density, (when combining the vol-
ume estimate with available mass estimates) and surface topog-
raphy of the vast majority of the largest (D≥100 km) main-belt
asteroids have remained poorly constrained. The improved ca-
pabilities of the SPHERE/ZIMPOL instrument operating at the
diffraction limit in the optical (angular resolution of ∼20 mas
at 600 nm) have opened new doors into ground-based asteroid
exploration, enabling investigation of the following fundamental
questions:

– What is the diversity in shape among large asteroids and are
the shapes close to equilibrium ?
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– How do large impacts affect asteroid shape?

– What is the bulk density of large asteroids and is there a
relationship with their surface composition? Is there any
evidence of differentiation among those bodies?

– Is the density of those bodies that are predicted to be
implanted bodies from the outer Solar System (P/D-types)
compatible with that of small (D≤300 km) trans-Neptunian
objects?

– What physical properties drive the formation of companions
around large asteroids?

To shed some light on these questions, as part of an ESO
large programme (199.C-0074; PI: P. Vernazza) conducted
between May 2017 and September 2019, we have been carrying
out disk-resolved observations with SPHERE/ZIMPOL of a
substantial fraction of all D≥200 km main-belt asteroids (20
of 23 objects) throughout their rotation. The three D≥200
km asteroids absent from our list are 65 Cybele, 107 Camilla
(already observed with SPHERE by Pajuelo et al. 2018), and
451 Patientia. Our survey also comprised 19 asteroids with
100 km ≤D≤ 200 km and 3 objects with 85 km ≤D≤ 100 km.
Importantly, our survey covered the main compositional classes
present in the main belt (A, B, C, Ch/Cgh, E/M/X, K, P/T, S, V;
DeMeo et al. 2009).

So far, several targets of our observing program have already
been the subject of dedicated papers (Vernazza et al. 2018; Vi-
ikinkoski et al. 2018; Fétick et al. 2019; Carry et al. 2019; Hanuš
et al. 2019; Hanuš et al. 2020; Yang et al. 2020b; Ferrais et al.
2020; Marsset et al. 2020; Dudziński et al. 2020; Carry et al.
2021; Marchis et al. 2021; Brož et al. 2021) and we briefly sum-
marize some of these findings below.

Our observations of (4) Vesta have allowed us to recover
most of the main topographic features present across its surface,
unveiled by the NASA Dawn mission (Fétick et al. 2019). This
includes the south pole impact basin and its prominent central
peak, several D≥25 km-sized craters, and also Matronalia Ru-
pes, including its steep scarp and its small and large arcs. Ob-
servations of (2) Pallas have revealed a heavily cratered "golf
ball-like" surface that is most likely the consequence of its high
inclination and eccentricity, which imply high-impact veloci-
ties on that body (Marsset et al. 2020). (10) Hygiea observa-
tions have revealed a basin-free spherical shape while it suffered
a catastrophic disruption, which is at the origin of one of the
largest asteroid families (Vernazza et al. 2020). Observations of
(16) Psyche, the target of a forthcoming NASA discovery mis-
sion, imply a primordial shape close to that of a Jacobi ellipsoid
and a density compatible with that of stony-iron meteorites (Vi-
ikinkoski et al. 2018; Ferrais et al. 2020). Observations of (31)
Euphrosyne, the tenth largest asteroid, allowed the discovery of
a satellite (Yang et al. 2020b) and observations of (41) Daphne
and (87) Sylvia, two multiple systems, imply a homogeneous in-
ternal structure in the first case and a differentiated interior for
Sylvia (Carry et al. 2019, 2021). Observations of (89) Julia, a
D∼140 km S-type asteroid and the parent body of a small colli-
sional family that consists of 66 known members with D<2.5
km, have revealed the presence of an impact crater (∼75 km
wide) that could be the origin of this family (Vernazza et al.
2018). This particular case illustrates the progress made since
the discovery by HST of Vesta’s south pole impact basin at the

origin of its family. Finally, (216) Kleopatra observations have
allowed us to substantially revise its mass and volume estimates
(Marchis et al. 2021; Brož et al. 2021). Furthermore, we showed
that Kleopatra is the largest critically rotating asteroid, with the
surface corresponding to the L1 equipotential.

Here, we report all the data that have been acquired by
our large programme, namely SPHERE/ZIMPOL images for
42 targets. These images have been used to reconstruct the 3D
shape of all targets with both the All-Data Asteroid Modeling
(ADAM) and the Multi-resolution PhotoClinometry by Defor-
mation (MPCD) reconstruction methods (Capanna et al. 2013;
Viikinkoski et al. 2015a; Jorda et al. 2016). We then present a
shape analysis of our target sample as well as our best estimate
of the density of our targets. Finally, we use these constraints to
provide partial answers to the questions listed above.

2. Observations

The baseline observational strategy adopted for our large pro-
gramme has been to image each target with SPHERE/ZIMPOL
(i) around opposition to ensure an optimal spatial resolution
(we restricted the observing period so that its angular diameter
remained greater than at least 85% of that at opposition), (ii)
every ∼60◦ in rotation phase in order to obtain a satisfactory
surface coverage, and (iii) with seeing conditions of better
than 0.8" and an airmass of below 1.6 in order to ensure great
observing conditions and thus high-quality data. To fulfil these
criteria and given that large programmes have the highest
priority at ESO, we performed our large programme entirely in
service mode. We would like to stress that this strategy has been
key to the success of our programme.

Our full set of images provides a satisfactory rotational cov-
erage (at least four epochs per target, with the objective being
six epochs per target) for 39 asteroids (see Appendix Table 2 for
a complete list of all observations). All ZIMPOL observations
were obtained in the narrowband imaging configuration (N_R
filter; filter central wavelength = 645.9 nm, width = 56.7 nm).
The observing strategy has been the same for all targets within
our ESO large programme, namely the asteroid target was used
as a natural guide star for AO correction during each series of
images (five images per epoch).

These images were subsequently reduced (see Vernazza et al.
(2018) for a description of the data-reduction steps) and decon-
volved with the MISTRAL algorithm (Fusco et al. 2003; Mug-
nier et al. 2004) using a point-spread function (PSF). At the
beginning of our observing programme, we were observing a
stellar PSF either before or just after every asteroid observation.
However, because the deconvolution with the stellar PSF was not
systematically producing satisfactory results, we investigated al-
ternative methods to increase the sharpness of the image. We
noticed that in several cases, we reached a better result by us-
ing stellar PSFs acquired on different nights. We therefore tested
the deconvolution process with synthetic PSFs modeled by a 2D
Moffat function. The deconvolution always converged towards
an acceptable solution by varying the Moffat parameters (Fétick
et al. 2019). We therefore switched to a systematically paramet-
ric PSF to deconvolve our images (e.g., Fétick et al. 2019; Vi-
ikinkoski et al. 2018). Notably, the case of Vesta has confirmed
the accuracy of our image-deconvolution algorithm (Fétick et al.
2019). Overall, the use of a parametric PSF has been highly ben-
eficial for our programme as it left more observing time for our
asteroid targets. In Figure 1, we show one deconvolved image of
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Fig. 1: (A) VLT/SPHERE images of all D>210km asteroid targets deconvolved with the MISTRAL algorithm (Fusco et al. 2003).
The relative sizes are respected, and the scale is indicated on the plot. The objects are ordered according to decreasing values of
their volume equivalent diameter.
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Fig.1 (B) VLT/SPHERE deconvolved images of all D<210km asteroid targets with the MISTRAL algorithm (Fusco et al. 2003).

every large programme target whereas Appendix Figure 1 shows
one image per epoch for each target.

3. Determination of the 3D shape

Reconstruction of the 3D shape of our targets has always fol-
lowed a well-defined scheme. Our SPHERE data along with light
curve data have been used to constrain the rotational parameters
(spin axis and period) and have allowed us to reconstruct a first
3D shape of every target with the ADAM model (Viikinkoski
et al. 2015a). We used all available “dense-in-time” light curves

from the DAMIT1 database (Ďurech et al. 2010) and supple-
mented them with additional data either from a different source
(such as ALCDEF2) or based on our new observations. All light-
curve data that were used for the reconstruction and that are not
included in DAMIT are listed in Appendix Table 3. We excluded
the “sparse-in-time” data from surveys such as the Catalina Sky
Survey for their redundancy as rich dense datasets are usually
available. A large fraction of the listed data are based on observa-
tions from the SuperWASP survey that were processed by Grice

1 https://astro.troja.mff.cuni.cz/projects/damit/
2 https://minplanobs.org/alcdef/
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Table 1: Taxonomic type, volume-equivalent diameter (D), mass (m), density (ρ), geometric albedo, and c/a ratio of our large
programme targets. Uncertainties correspond to 1σ values. We also highlight the bodies visited by spacecraft (*), that are members
of a collisional family (F) or that possess one or two satellites (S). Apart from the three targets visited by a space mission (Ceres,
Vesta and Lutetia), all reported values were derived in the present study.

Asteroid Class Family (F) D m ρ Albedo c/a
Satellite (S) [km] [1018 kg] [g cm−3]

1 Ceres* C 939.4±0.2 938.40±0.01 2.161±0.001 0.096 0.9247±0.0003
2 Pallas B F 511±4 204.2±2.7 2.92±0.08 0.155 0.79±0.03
3 Juno S F 254±2 27.0±2.4 3.15±0.28 0.202 0.78±0.02
4 Vesta* V F 523.2±0.2 259.0±0.1 3.453±0.004 0.38 0.7769±0.0004
6 Hebe S 195±3 12.4±2.4 3.18±0.64 0.268 0.75±0.04
7 Iris S 199±10 13.5±2.3 3.26±0.74 0.279 0.58±0.07
8 Flora S F 146±2 4.0±1.6 2.4±1.0 0.224 0.82±0.05
9 Metis K 173±2 8.0±1.9 2.94±0.70 0.18 0.61±0.05

10 Hygiea C F 433±8 87.4±6.9 2.06±0.20 0.063 0.94±0.05
11 Parthenope S F 149±2 5.5±0.4 3.20±0.27 0.187 0.88±0.05
12 Victoria A 116±2 2.7±1.3 3.4±1.7 0.167 0.69±0.03
13 Egeria Ch 202±3 9.2±2.1 2.13±0.49 0.087 0.76±0.06
15 Eunomia S 270±3 30.5±1.9 2.96±0.21 0.187 0.67±0.05
16 Psyche M/Xk 223±3 22.6±2.9 3.89±0.53 0.155 0.59±0.02
18 Melpomene S 141±2 4.5±0.9 3.06±0.62 0.221 0.81±0.06
19 Fortuna Ch 211±2 8.8±1.4 1.80±0.29 0.056 0.79±0.05
21 Lutetia* M/Xc 98±2 1.70±0.02 3.45±0.21 0.194 0.65±0.03
22 Kalliope M/X S 150±5 7.7±0.4 4.36±0.50 0.198 0.59±0.02
24 Themis C F 208±3 6.2±2.9 1.31±0.62 0.06 0.76±0.08
29 Amphitrite S 204±2 12.7±2.0 2.86±0.45 0.194 0.82±0.03
30 Urania S 88±2 1.3±0.9 3.7±2.7 0.214 0.68±0.05
31 Euphrosyne C F/S 268±4 16.5±2.6 1.64±0.27 0.05 0.86±0.07
41 Daphne Ch S 187±13 6.1±0.9 1.78±0.45 0.052 0.65±0.08
45 Eugenia C S 188±2 5.8±0.1 1.66±0.07 0.065 0.55±0.03
48 Doris Ch 215±3 6.9±2.9 1.32±0.55 0.066 0.72±0.01
51 Nemausa Cgh 150±3 3.9±1.6 2.2±0.9 0.09 0.77±0.04
52 Europa C 319±4 23.9±3.8 1.41±0.23 0.052 0.67±0.04
63 Ausonia S 93±3 1.2±0.2 2.96±0.61 0.195 0.45±0.02
87 Sylvia X/P F/S 274±4 14.3±0.5 1.33±0.07 0.04 0.53±0.02
88 Thisbe C 218±3 11.6±2.2 2.14±0.42 0.057 0.81±0.07
89 Julia S F 140±3 4.3±3.2 3.0±2.2 0.216 0.7±0.03

128 Nemesis C F 163±5 3.4±1.7 1.5±0.8 0.067 0.83±0.04
130 Elektra Ch S 199±2 6.4±0.2 1.55±0.07 0.067 0.57±0.04
145 Adeona Ch F 144±3 2.4±0.3 1.52±0.21 0.048 0.92±0.03
173 Ino Xc 145±3 2.2±1.3 1.4±0.8 0.061 0.76±0.06
187 Lamberta Ch 141±2 1.9±0.3 1.28±0.22 0.052 0.86±0.07
216 Kleopatra M/Xe S 118±2 3.0±0.3 3.45±0.41 0.152 0.18±0.02
230 Athamantis S 118±2 2.3±1.1 2.7±1.3 0.146 0.76±0.07
324 Bamberga C 227±3 10.2±0.9 1.67±0.16 0.06 0.96±0.05
354 Eleonora A 165±3 7.5±2.7 3.18±1.14 0.172 0.75±0.08
511 Davida C 298±4 26.6±7.3 1.92±0.53 0.063 0.7±0.06
704 Interamnia C 332±5 35.2±5.1 1.84±0.28 0.067 0.86±0.03

et al. (2017). Photometry for several asteroids was obtained by
the TRAPPIST telescopes (Jehin et al. 2011) and through the
Gaia-GOSA3 observing campaign. The strength of the ADAM
model is that it makes use of all types of data (light curves but
also stellar occultations when available), not just AO data. Given
that the SPHERE data provide only a partial surface coverage
for most of our targets, light-curve data were often necessary to
constrain the uncovered aspect angles. We note that the SAGE
model (Bartczak & Dudziński 2018), improved over the course
of our large programme, has now the same type of strength as
the ADAM model as it can constrain the spin axis and recon-

3 http://www.gaiagosa.eu/

struct the 3D shape of an asteroid using not only light curves but
also AO data (Dudziński et al. 2020). We note that the SAGE
model was key in constraining the rotational parameters of two
targets (128 Nemesis and 324 Bamberga), illustrating the benefit
of having multiple reconstruction methods.

The 3D shape produced with the ADAM model was subse-
quently used as input to the MPCD model (Capanna et al. 2013).
The strength of the MPCD method with respect to the ADAM
or SAGE models is that it tries to capture small topographic
details from the high-resolution SPHERE images. Unlike the
ADAM and SAGE approaches, the MPCD method was designed
for space missions and uses only SPHERE data along with a
decimated version of the ADAM model as input. It is there-
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fore not surprising that the images generated with the MPCD
models using the OASIS software (Jorda et al. 2010) usually
show the smallest residuals with respect to the SPHERE im-
ages (Appendix B). Nonetheless, the ADAM and MPCD models
are systematically very close to each other and the rms residuals
between the volume equivalent diameters estimated with both
methods amounts to 1.6 km (0.8 %). We also calculated the dif-
ference between the ADAM and MPCD equivalent diameters of
all our targets to search for a possible bias between the two meth-
ods. The result amounts to ∼1.0 km, excluding a significant bias.

Importantly, our VLT/SPHERE observations of (1) Ceres (5
epochs) and (4) Vesta (6 epochs), targets of the Dawn mission,
provide a direct demonstration of the accuracy of our approach.
Despite the limited number of images for both objects, our in-
ferred dimensions (a, b, c and the volume equivalent diameter)
are accurate to within less than 3 % and our derived volumes
are accurate to within less than 0.4 % of those derived from the
Dawn observations (Russell et al. 2012; Russell et al. 2016). Al-
though Ceres and Vesta are the two main-belt asteroids with the
largest angular diameter, we are confident that our volume esti-
mates for the remaining large programme targets should reach
uncertainties of a few percent at most (≤10%). Indeed, our in-
ferred values for the volume equivalent diameter of (21) Lutetia
(one of the smallest targets within our observing programme)
with the ADAM (D = 100±2 km) and MPCD (D = 98±2 km)
models are compatible with that derived from the Rosetta obser-
vations (D = 98±2 km) (Sierks et al. 2011).

Finally, we computed the geometric albedo of our targets us-
ing our diameter estimates in tandem with the most recent esti-
mates of the absolute magnitude of these bodies (see Table 1).

4. Shape analysis

The analysis of the shape of our targets was performed in the
same way as described in Vernazza et al. (2020) and Ferrais
et al. (2020). First, we calculated the sphericity index (Wadell
1935) of all targets, the latter being a function of the surface area
and of the volume. Second, we computed the radial differences
between the shape models of our targets and their best-fitting
ellipsoid, and derived the (model – ellipsoid) average residual
relative to the mean radius (in %) for every object. The spheric-
ity index as well as the (model – ellipsoid) average residual are
reported for every target as a function of their volume equiva-
lent radius in Fig. 2. A very strong correlation appears between
both quantities and the volume equivalent radius of our targets
(r=-0.76 and r=-0.86 for N=42 implying a >99.95% confidence
level that these correlations are not random). These correlations
demonstrate that the size, and therefore the mass, is a key factor
in determining the main aspects of the 3D shape of an asteroid
(for the considered range of diameters).

Furthermore, the distribution of the sphericity index of our
asteroid sample as a function of the volume equivalent radius
appears to be bimodal at first order (see Fig. 3) and not continu-
ous or unimodal. For each size bin, there appears to be a group
of more spherical bodies and a group of more elongated objects
(hereafter “spherical” and “elongated”). The dip test (Hartigan
& Hartigan 1985), which measures multimodality in a sample
by the maximum difference, over all sample points between the
empirical distribution function and the unimodal distribution
function that minimizes that maximum difference gives a 99.4%
confidence level against unimodality. Of importance, all objects
that are the largest remnants of a catastrophic disruption and
thus likely formed via reaccumulation ((8) Flora, (10) Hygiea,

Fig. 2: (Upper panel) Asphericity of our large programme targets
as a function of their volume equivalent radius. Both quantities
appear highly correlated whereas the distribution of the aspheric-
ity as a function of target radius appears bimodal at first order
(see Fig. 3). The correlation coefficient increases significantly
when each subsample is considered separately. (Lower panel)
Departure of the shape of our targets from their best-fit ellipsoid
as a function of their volume equivalent radius. As in the case of
the asphericity, both quantities appear highly correlated.

Fig. 3: Histogram of the distance between the asphericity of our
targets and the linear best fit to the whole sample. The distri-
bution appears bimodal at first order and the dip test rejects the
unimodality of the distribution with a 99% confidence level.

(31) Euphrosyne) belong to the spherical group.

As the angular momentum is the determining factor of the
oblateness of an object provided that it formed as a fluid (likely
the case for many of our targets; see discussion), we first com-
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Fig. 4: Relationship between the rotation period of large aster-
oids and their oblateness (c/a ratio). We observe a linear relation
between both physical properties with a correlation coefficient
of r = 0.48 (N = 42), a 99.8% confidence level that this corre-
lation is not random. All multiple systems observed within our
programme possess a rotation period of below 6h and a c/a axis
ratio of below 0.65 except (31) Euphrosyne).

Fig. 5: Distribution of the rotation period of “elongated” and
“spherical” bodies (see text). All but two “elongated” bodies
possess a rotation period shorter than 8h.

pared the c/a axes ratio of all targets to their rotation period. It
appears that both quantities are correlated (r=0.48 for N=42, a
99.7% confidence level that this correlation is not random; Fig.
4). We notice that multiple systems tend to possess a rotation pe-
riod below 6h and a c/a axis ratio ≤0.65 (except 31 Euphrosyne).
We also compared the distribution of the rotation period within
the two groups of the bimodality (Fig. 5). It appears that on aver-
age, elongated objects possess a shorter rotation period (average:
6.4h) with respect to more spherical bodies (average: 12.2h). In
particular, 16 out of the 18 (∼89%) more elongated objects pos-
sess a rotation period of shorter than 8h. However, the distribu-
tion of the more spherical bodies appears to be flat. This raises
some questions regarding the origin of the spherical shape of
some rapidly rotating bodies as for example in the case of (31)
Euphrosyne (Yang et al. 2020b).

Fig. 6: Comparison of the specific angular momentum and the
normalized angular velocity of our targets with the expected val-
ues for Maclaurin and Jacobi ellipsoids as well as dumb-bell
shapes. Our targets are successively grouped as a function of
their oblateness (upper panel), volatile content (middle panel),
and size (lower panel). Both the mean distance (md) and chi-
square of each group with respect to the Maclaurin sequence are
indicated in each panel. We note that (216) Kleopatra is not in-
cluded in these calculations. Large volatile-rich spherical bodies
that fall very close to the Maclaurin sequence are highlighted in
the bottom panel.

Finally, we compare the specific angular momentum and the
normalized angular velocity of our targets (Descamps 2015) with
the expected values for Maclaurin and Jacobi ellipsoids as well
as dumb-bell shapes (Fig. 6). It appears that all but one of the
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bodies fall along the Maclaurin sequence. The only body falling
onto the dumb-bell sequence is 216 Kleopatra. Next, we com-
puted both the mean distance in the H and Ω space (md) and
the reduced chi-square to evaluate the impact of the shape, bulk
composition (density), and size on the distance of the bodies to
the Maclaurin sequence. Concerning the calculation of the re-
duced chi-square, we removed both Ceres and Vesta from the
computation because of their extremely small error bars com-
pared to the other objects. It is interesting to note that :

– Spherical bodies (md=0.017; χ2=0.36) tend to be closer to
the Maclaurin sequence than elongated bodies (md=0.035;
χ2=1.69).

– Low-density (ρ ≤2.2 g.cm−3) volatile-rich bodies
(md=0.017; χ2=0.77) tend to be closer to the Maclau-
rin sequence than volatile-poor bodies with ρ ≥2.7 g.cm−3

(md=0.033; χ2=1.12).
– Bodies with volume-equivalent diameters above 200 km

(md=0.022; χ2=0.63) tend to be closer to the Maclaurin se-
quence than bodies with a volume-equivalent diameter of
less than 200 km (md=0.030; χ2=1.21).

– In spite of large error bars, it appears that most objects in our
sample (31/41) fall below the Maclaurin equilibrium curve.

To ascertain that the bulk composition (density) and mass
are both determining factors in the distance to the Maclaurin
sequence, we computed the chi-square for D≥200 km bodies
(N=18) by first removing four volatile-poor (ρ ≥2.7 g.cm−3)
bodies and then four volatile-rich (ρ ≤2.2 g.cm−3) bodies. In the
first case, the chi-square decreases to ∼0.21, a value three times
lower than that of the whole sample. In the second case, the chi-
square increases to ∼0.80, a value ∼1.27 times greater than that
of the whole sample. This highlights the small contribution of
volatile-rich bodies to the overall chi-square and the large contri-
bution of volatile-poor bodies to the latter. Of great interest, there
is a small fraction of bodies that appear the closest (χ2=0.0064)
to the Maclaurin sequence, namely large (D≥220 km) volatile-
rich bodies (excluding 31 Euphrosyne from the sample which
is an odd case). This subpopulation (10 Hygiea, 24 Themis, 88
Thisbe, 324 Bamberga, 704 Interamnia), which only comprises
spherical bodies, appears to be the main origin of the md and
chi-square differences illustrated in the three panels of Fig. 6. In
conclusion, both the bulk density (hence composition) and the
mass of a body appear to be determining factors in its distance
to the Maclaurin equilibrium figure with large volatile-rich bod-
ies being by far the closest to the sequence.

5. Density

We computed the density of all targets using an average of
available mass estimates and our derived volume equivalent
diameters (Fig. 7). The volume equivalent diameters were
determined as follows. For those targets whose surface coverage
was lower than 80%, we relied on the ADAM diameter value
only, whereas for the remaining cases (coverage ≥80%) we
computed the average of the ADAM and MPCD diameters. The
mass estimates were determined as follows. For those objects
with a large number of available mass estimates (≥10), we
included only the values within two sigma of the mean. For
those objects with fewer estimates, we removed outlier values.
In the case of three targets ((8) Flora, (128) Nemesis, (173)
Ino) with mass estimates following a bimodal distribution, we
selected the peak corresponding to the most meaningful density
rather than the average value.

In most cases (asteroids without a companion), the error
in density is largely dominated by the uncertainty of the mass
estimate. We note that we added two D≥150 km targets that
are not part of the large programme (C-type (93) Minerva
and P-type (107) Camilla; Marchis et al. 2013; Hanuš et al.
2017; Pajuelo et al. 2018) to Fig. 7 to slightly improve the
statistics. The density values for these two objects are robust
given that they are multiple systems with well-defined masses
and volumes.

Densities in our sample range from ∼1.3 g.cm−3 (P-type
asteroids (87) Sylvia and (107) Camilla) to ∼4.3 g.cm−3 (M/X-
type asteroid (22) Kalliope), highlighting the wide diversity
in composition of the asteroid belt. Notably, there is a clear
difference in density (nearly a factor of two) between bodies
affiliated to volatile-poor meteorites (ρmean=3.26 g.cm−3 for A-,
V-, high albedo X-, Xc-, Xe-, Xk- and S-type asteroids that are
related to achondrites, stony iron meteorites, CB, CH, enstatite,
and ordinary chondrites; Vernazza & Beck (2017)) and bodies
related to volatile-rich meteorites (CI/CM chondrites) and/or
interplanetary dust particles (ρmean=1.69 g.cm−3 for C-, Cgh-
/Ch- and P-type asteroids; Vernazza et al. 2015a; Vernazza &
Beck 2017). This dichotomy in density is confirmed by applying
the dip test to our sample which gives a 99.1% confidence
level against unimodality. Given that asteroid albedos also
follow a bimodal distribution (Masiero et al. 2011), two main
groups of asteroids emerge (Fig. 8), namely (a) asteroids with
a geometric albedo below 0.1 and a density below 2.2 g.cm−3

and (b) asteroids with a geometric albedo higher than 0.145
and a density greater than 2.7 g.cm−3. A simple explanation
for this dichotomy may be the chondrule versus matrix content
of these bodies. Indeed, low-albedo asteroids (C, P, D) have
been mostly associated (based on spectroscopic observations)
with chondrule-poor matrix-rich extra-terrestrial materials (CI
and CM chondrites, Tagish Lake, IDPs) whose bulk density
is significantly lower than that of chondrule-rich meteorites.
Conversely, chondrule-rich extra-terrestrial materials (ordinary
chondrites, enstatite chondrites, but also CV/CK chondrites)
have been associated with asteroid types (S, E, M, K) that usu-
ally possess a geometric albedo of greater than 0.14. In short,
the relative abundance of matrix and chondrules is perhaps the
main origin of the observed dichotomy in addition to the carbon
and volatile content.

As a next step, we computed the average and rms density
of the main compositional classes (see Fig 7). To estimate the
amount of macroporosity within large asteroids, we restricted
ourselves to the mean density of two major compositional
classes (S and Ch/Cgh) that possess a well-identified meteoritic
analog and that supposedly did not differentiate (Vernazza et al.
2014; Carry et al. 2019). Specifically, we assumed that ordi-
nary chondrites are the meteoritic analogs of S-type asteroids
(Vernazza et al. 2014, 2015b) and CM chondrites those of
Ch/Cgh-types (Vernazza et al. (2016) and references therein).
Asteroid densities appear systematically lower than those of
their meteoritic analogs (ρS =3.05 g.cm−3 versus ρOC=3.33
g.cm−3, ρCh/Cgh=1.7 g.cm−3 versus ρCM=2.13 g.cm−3; re-
garding meteorites, the bulk density is provided throughout
the manuscript), implying the presence of some amount of
macroporosity (∼8% for S-types and ∼20% for Ch-/Cgh-types)
within these bodies. Furthermore, there is a small density trend
within two major compositional classes (S and C types) where
larger bodies (median diameters for large S and C-types: 204 km
and 332 km respectively) possess higher densities on average
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Fig. 7: Density distribution of our large programme asteroid targets. The density distribution appears strongly bimodal (see text)
with volatile-poor bodies on the left of the gray zone and volatile-rich bodies on its right. Two multiple systems (93 Minerva and
107 Camilla; Marchis et al. 2013; Pajuelo et al. 2018) imaged outside of our observing program were also added because of their
accurate density determination. Asteroids are grouped following their spectral classification. The relative sizes of the dots follow
the relative diameters of the bodies in logarithmic scale. Error bars are one sigma. In the center of the figure, the gray zone shows
the average density of the main asteroid groups (left) and of their likely meteoritic analogs (right).

Fig. 8: Relationship between the geometric albedo of large aster-
oids and their density. We observe two groups of objects: those
with high albedos (≥0.14) and densities (≥2.7 g.cm−3) and those
with low albedos (≤0.1) and densities (≤2.2 g.cm−3).

with respect to smaller ones (median diameters for small S
and C-types: 141 km and 208 km respectively) (ρlargeS =3.08
g.cm−3, ρsmallS =3.01 g.cm−3, ρlargeC=1.84 g.cm−3, ρsmallC=1.65
g.cm−3). We note that the small variation in diameter within
our Ch/Cgh sample in tandem with the large uncertainty of
our mass estimates may explain why such a trend is not seen
in that group. Overall, both a higher macroporosity value for
Ch/Cgh-type bodies with respect to the more massive S-type
bodies and the aforementioned density trend between larger
and smaller S- and C-type bodies suggest that the amount of
macroporosity decreases with increasing size, and therefore
mass, in agreement with the findings of Carry (2012). Finally,
it appears that macroporosity is minimal (≤5-10%) for objects
with masses ≥1019 kg.

6. Surface topography

As expected, the main topographic features observed in the im-
ages are impact craters and basins. Thanks to the unprecedented
resolution of SPHERE/ZIMPOL, craters with minimum diame-
ters of D ∼ 25 − 70 km (depending on the geocentric distance
during the observations) could be detected from the ground for
the first time. The most prominent ones are also captured in the
reconstructed shape models (see Appendix B).

As outlined in Vernazza et al. (2020) in the cases of (10)
Hygiea and (1) Ceres, there appears to be a crater dichotomy be-
tween volatile-poor and volatile-rich bodies which cannot solely
be explained by the difference in heliocentric distance. As a mat-
ter of fact, volatile-rich bodies are located on average further
away from the Sun than volatile-poor ones (typically a factor of
2 in geocentric distance and therefore surface resolution).

We interpret this dichotomy as a consequence of different
crater morphologies on volatile-rich versus volatile-poor bod-
ies. Whereas bowl-shaped craters are easily identifiable from the
ground, leading to a clear contrast between the crater floor and
walls and the crater rim, the same is not true in the case of com-
plex craters with a flat floor. Notably, impacts in volatile-poor
surfaces form bowl-shaped craters up to much larger diameters
than in the case of volatile-rich surfaces (e.g., Hiesinger et al.
(2016)). In the case of Ceres for example (Schenk et al. 2021), all
craters with diameters above ∼12 km are complex (flat floored)
which explains why craters can hardly be recognized in our im-
ages although Ceres’ surface is saturated in craters. In contrast,
several craters with diameters in the 24-45 km range could be
easily identified in our images of (4) Vesta (Fétick et al. 2019) us-
ing observations from the Dawn mission as benchmark (Marchi
et al. 2012).

Finally, the case of (2) Pallas (Marsset et al. 2020) has taught
us that the inclination of the orbit of a body is a key parameter
driving its collisional history (the higher the inclination, the more
violent the collisional history because of higher mean impact ve-
locities). A dedicated paper presenting an in-depth analysis of all
impact craters detected by our survey is in preparation.
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7. Discussion

In this section, we attempt to provide partial answers to the ques-
tions listed in the introduction based on data from our large pro-
gramme.

7.1. What is the diversity in shapes among large asteroids
and are the shapes close to equilibrium ?

Apart from (216) Kleopatra and its dumb-bell shape (Marchis
et al. 2021), all our targets with D>100km possess shapes
compatible with that of an ellipsoid and whose departure from
a perfect ellipsoid strongly increases with decreasing size.
Furthermore, the rotation period appears in most cases to be a
determining factor in the resulting shape, with faster rotating
bodies being more elongated than slower rotating objects. Along
these lines, the rotation period is a key factor in the observed
bimodality of the shapes (particularly true for objects with
diameters above ∼140 km), and separates increasingly spherical
bodies from those that are more elongated. Except (216)
Kleopatra, the shapes of all of the bodies are compatible with a
Maclaurin equilibrium figure. We note that we cannot exclude
that some bodies formed as Jacobi ellipsoids, as suggested in
the case of (16) Psyche (Ferrais et al. 2020).

However, only a handful of bodies are really close to
the Maclaurin sequence (χ2=0.0064). These are all large
(D≥220km) volatile-rich (ρ ≤2.2 g.cm−3) bodies. The “equilib-
rium” shapes of large volatile-rich bodies may suggest that the
interiors of these bodies had a fluid-like behavior until recent
times, a likely consequence of their high content of volatiles
and of thermal heating due to the decay of long-lived radionu-
clides (e.g., Carry et al. (2021)) leading to continuous relaxation.
The evolutionary history of these bodies may therefore have fol-
lowed that of Ceres for which a paucity of large impact basins
has been observed (Marchi et al. 2016), suggesting that the inte-
riors and/or outer shells of these bodies have behaved like fluids
(i.e., significantly relaxed) over long timescales. The fact that
large volatile-poor bodies such as (2) Pallas and (4) Vesta depart
from equilibrium can be understood as a direct consequence of
an absence of recent relaxation and that they may no longer be
geologically active. In their cases, late major impacts have exca-
vated a fraction of their volume without affecting the rest of the
overall shape, leading them to depart from the equilibrium fig-
ure. For smaller volatile-poor bodies, this mechanism is in com-
petition with re-accumulation following a large catastrophic im-
pact (Vernazza et al. 2020; Yang et al. 2020b) which brings them
closer to the Maclaurin equilibrium figure.

7.2. How do large impacts affect asteroid shape ?

All objects in our survey ((8) Flora, (10) Hygiea, (31) Eu-
phrosyne) that are members of a large collisional family that
formed following a catastrophic disruption belong to the “spher-
ical” group. Numerical simulations of such impact events (Ver-
nazza et al. 2020; Yang et al. 2020b,a) imply that the parent bod-
ies were entirely disrupted and that the largest remnants formed
via re-accumulation and that their shapes should be rather spher-
ical, exactly as observed. In the case of smaller yet major impacts
(e.g., (2) Pallas, (3) Juno, (4) Vesta), the shape is modified by the
formation of large impact basins.

In summary, extremely large impacts reset the shapes of
large asteroids and cause the shape to become roughly spheri-
cal and close to that of an ellipsoid. Conversely, smaller impacts

cause the shape to become less spherical and to increase its de-
parture from that of an ellipsoid.

7.3. What is the bulk density of large asteroids and is there a
relationship with their surface composition? Is there any
evidence of differentiation among those bodies?

Characterizing the density of the largest asteroids has been one
of the main science objectives of our large programme. Indeed,
density is the physical property that best constrains the bulk com-
position of asteroids provided that their interiors contain a mini-
mal fraction (<20 %) of macroporosity. This is likely the case for
the largest (D≥100km) asteroids whereas the interiors of smaller
bodies (D≤100km) may be largely occupied by voids (reaching
up to 50%-60 % in the case of the smallest bodies; e.g., Carry
2012; Scheeres et al. 2015).

Our programme has confirmed the presence of a low level
of macroporosity (<20 %) in the interior of the largest asteroids
with the latter becoming almost negligible (≤5 %) in the inte-
riors of the most massive bodies (with m≥1019 kg). However,
this assumes that the bulk density of meteorites is representa-
tive of that of their parent bodies. Most importantly, our analy-
sis reveals a strong dichotomy in density between volatile-poor
(ρ=3.26 g.cm−3) and volatile-rich (ρS =1.69 g.cm−3) bodies.

Hereafter, we summarize the constraints delivered by our
large programme regarding the bulk composition of the main
taxonomic classes. Specifically, we combine our density mea-
surements with previous spectroscopic observations of the sur-
faces of main-belt asteroids (including asteroid families) to con-
strain the formation and evolution of the main taxonomic classes.
We note that we do not discuss the case of our single V-type tar-
get Vesta here (see instead a review of the Dawn mission results
by Russell et al. (2015)) nor those of A- and K-type asteroids
given the large uncertainties on their density estimates.

7.3.1. X, Xc, and Xe types

High-albedo (ρv ≥ 0.15) X/Xc/Xe-complex asteroids (which
is the case of our four targets: (16) Psyche, (21) Lutetia, (22)
Kalliope, (216) Kleopatra) likely comprise the parent bodies
of (1) iron meteorites (e.g., Cloutis et al. 1990; Shepard et al.
2015 and references therein), (2) enstatite chondrites (ECs), and
aubrites (e.g., Vernazza et al. 2009; Ockert-Bell et al. 2010;
Vernazza et al. 2011; Shepard et al. 2015), (3) CB and CH
chondrites (e.g., Hardersen et al. 2011; Shepard et al. 2015;
Krämer Ruggiu et al. 2021), and (4) anomalous metal-rich chon-
drites (e.g., Reddy et al. (2019)). While stony-iron meteorites
(mesosiderites, pallasites) could be plausible analogs for these
asteroid types because of their similarity in density, their spectral
properties appear to be at odds with those of these asteroid types
(Ferrais et al., in preparation). We therefore consider it highly
unlikely that these meteorites are analogs of these asteroid types.
Pallasites are likely analogs of A-type asteroids (Cruikshank &
Hartmann 1984; Sunshine et al. 2007), whereas mesosiderites
may be analogs of V-type asteroids (e.g., Burbine et al. (2007),
Ferrais et al., in preparation).

Besides Lutetia, which has been associated with enstatite
chondrites (Vernazza et al. 2009, 2011), none of the remain-
ing asteroids possess a well-identified meteoritic analog in terms
of surface composition (we note that the Lutetia-EC association
cannot be considered as unquestionable). However, the densities
derived by our survey are strong evidence at this stage that iron
is neither the representative material of the surfaces of these as-
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teroids, as implied by radar observations (Shepard et al. 2015,
2017, 2018) nor of their bulk composition. In addition, there is
great variability in the metal content of the surfaces of these ob-
jects. Specifically, two of our X-complex targets possess a low
radar albedo (Lutetia and Kalliope have a radar albedo in the
0.18-0.24 range; Shepard et al. 2015) whereas the remaining
two targets possess a high radar albedo (Psyche and Kleopatra
have a radar albedo in the 0.37-0.43 range; Shepard et al. 2017,
2018). Finally, three of these bodies show evidence of a ∼0.9 mi-
cron and/or ∼3 micron feature (Psyche, Kalliope and Kleopatra;
Hardersen et al. 2011; Usui et al. 2019) whereas Lutetia is fea-
tureless in the visible and NIR range (e.g., Vernazza et al. 2011).

Our density estimates for our four X-complex targets are
amongst the highest measured so far for main-belt asteroids,
with both Kalliope and Psyche being the two densest bodies
known so far after the telluric planets. If one considers that the
amount of porosity of a high-density D∼100km body (Lutetia,
Kleopatra) should be in the 15%-25% range whereas it should
be below 10% for a D≥150 km body (Psyche, Kalliope), then the
average density of the materials making up these bodies should
be in the ∼4.0-4.8 g.cm−3 range. In the case of Lutetia, assuming
an EC-like surface composition (ρEC=3.45-3.80 g.cm−3; Macke
et al. 2010), a denser interior may be implied, and therefore a
thermal history including differentiation (Vernazza et al. 2011;
Weiss & Elkins-Tanton 2013). A similar thermal history has also
been proposed in the case of Kalliope (Ferrais et al., in prepara-
tion). For the remaining bodies, CH chondrites or a mixture of
CH and CB chondrites (Ferrais et al., in preparation) may be
plausible analogs, whereas CB chondrites alone seem excluded
given their high density (ρCB ∼ 5 g.cm−3; Macke et al. 2011).
It might also be the case that no representative meteorites are
available in our collections for these bodies. We therefore cannot
presently exclude that both Kleopatra and Psyche are undifferen-
tiated bodies.

Regarding the formation location of our four X-complex tar-
gets, the latter may be diverse. The connection between Lutetia
and enstatite chondrites favors an origin in the terrestrial planet
region (Vernazza et al. 2011). However, most large M-types, in-
cluding (16) Psyche and (22) Kalliope, are located in the outer
part of the asteroid belt (Gradie & Tedesco 1982; DeMeo &
Carry 2013, 2014). Yet, the bodies scattered from the terrestrial
planet region into the main belt are preferentially implanted in
the inner and middle belt (Raymond & Izidoro 2017), likely pre-
cluding an inner Solar System origin for most large metal-rich
bodies.

Finally, laboratory analyses of CB/CH chondrites and
anomalous metal-rich chondrites should be a main focus in the
near future for a more accurate understanding of the composi-
tion and overall thermal history of these bodies.

7.3.2. S-types

S-type asteroids comprise the parent bodies of the most common
type of meteorites, namely ordinary chondrites (∼80% of the
falls), and also possibly those of some rare types of differentiated
meteorites such as lodranites and acapulcoites (see Vernazza
et al. (2015b) for a detailed review on this topic). Vernazza
et al. (2014) analyzed the visible and NIR spectral properties
of nearly 100 S-type asteroids among which all our S-type
targets are found. These authors discovered that the surface
composition of these bodies is compatible with that of H, L,
and LL ordinary chondrites. Furthermore, they reported little
compositional variation amongst the largest S-type collisional

families, suggesting a rather homogeneous internal structure for
the largest S-type asteroids.

Our derived densities for the largest S-type asteroids are
consistent with those of ordinary chondrites and some level
of macroporosity (≤10 %; see also Viikinkoski et al. 2015b;
Marsset et al. 2017; Hanuš et al. 2019; Dudziński et al. 2020),
implying —contrary to asteroid (4) Vesta— the absence of
large-scale differentiation for these bodies, which is in agree-
ment with both spectroscopic observations (Vernazza et al.
2014) and the thermal history of ordinary chondrites (Huss et al.
2006; Monnereau et al. 2013).

7.3.3. B-type (2) Pallas

The true nature and origin of (2) Pallas remains a mystery de-
spite the breathtaking images acquired for that object within our
large programme (Marsset et al. 2020). Its spectral properties
in the visible and NIR, including its ∼2.7 µm hydration feature
(e.g., Takir & Emery 2012; Usui et al. 2019), are unlike those
of any meteorite in our collection but suggest a connection to
low albedo C-complex asteroids. In contrast, both its geometric
albedo (0.155) and its density (2.92 g.cm−3) bring Pallas closer
to rocky bodies (Marsset et al. 2020), in particular S-type aster-
oids.

A sample return mission to that object or to one of its fam-
ily members currently appears to be a necessary future step for
deciphering its formation and evolution unless a meteorite orig-
inating from Pallas is recovered in the coming years.

7.3.4. Ch/Cgh-types

Ch- and Cgh-type asteroids comprise the parent bodies of CM
chondrites (Vilas & Gaffey 1989; Vernazza et al. 2016 and
references therein). An analysis of the visible and NIR spectral
properties of 70 of these bodies was reported by Vernazza et al.
(2016), among which all our Ch/Cgh targets are found, as well
as the members of some of the largest collisional families. These
latter authors showed that the spectral variation observed among
these bodies is mostly due to variations in the average regolith
grain size. In addition, they showed that the spectral properties
of the vast majority (unheated) of CM chondrites resemble
those of both the surfaces of the largest bodies and those of
the smaller family members, implying a homogeneous internal
structure and a “low” temperature (<300°C) thermal evolution
of the CM parent body(ies) (Vernazza et al. 2016).

Our derived densities for the largest CM-like bodies are con-
sistent with those of CM chondrites and some level of macrop-
orosity (15-20 %), suggesting a homogeneous internal structure
for these bodies (Carry et al. 2019), in agreement with spectro-
scopic observations and numerical simulations of the thermal
history of CM chondrite parent bodies (Bland & Travis 2017;
Neveu & Vernazza 2019).

7.3.5. C-types

The surfaces of C-type asteroids, including Ceres, appear
unsampled by our meteorite collections, similar to P- and
D-type asteroids (Vernazza et al. 2015a, 2017). Notably, these
abundant asteroid types (DeMeo & Carry 2013) comprise
—similarly to S-types— a high number of large asteroid
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Table 2: Overview of the current knowledge regarding the surface and bulk composition of large asteroids (D>100km) belonging
to the main taxonomic classes.

Asteroid type Surface composition Families Bulk density Differentiated
(yes/no)

S Ordinary chondrites Homogeneous Ordinary chondrites No
Ch/Cgh CM chondrites Homogeneous CM chondrites No
C/Cb/Cg Chondritic smooth IDPs ? Heterogeneous ? <CM chondrites ?
P Chondritic porous IDPs Heterogeneous <CI/TL Likely yes
M/X ECs, CB/CH, unsampled material? ? <CB, >CH,�EC Likely yes (21, 22)

16, 216: TBD

families such as the Hygiea, Themis, Euphrosyne, Nemesis, and
Polana-Eulalia families (see Brož et al. 2013; Nesvorný et al.
2015 for further information on asteroid families). Considering
that asteroid families are a major source of meteorites (this is
well supported by the connection between the Vesta family
and the HED meteorites), we should be receiving plenty of
fragments from these bodies. Nevertheless, this seems not to be
the case for their surface material, at least not under the form of
consolidated meteorites. We note that metamorphosed CI/CM
chondrites have been proposed in the past as analogs of C-,
Cb-, and Cg-type surfaces (Hiroi et al. 1993). However, such
a possibility presently appears untenable (Vernazza et al. 2015a).

Vernazza et al. (2015a) proposed that these asteroid types
might (at least their surfaces and/or outer shells) consist largely
of friable materials unlikely to survive atmospheric entry as
macroscopic bodies. It may therefore not be surprising that
these asteroid types are not well represented by the cohesive
meteorites in our collections. Vernazza et al. (2015a) proposed
that interplanetary dust particles (IDPs) as well as volatiles
may, similarly to comets, be more appropriate analogs for these
bodies (at least their surfaces and/or outer shells).

Given the lack of well-identified extra-terrestrial analogs for
these bodies, it follows that most of our knowledge regarding
the origin, formation, and evolution of these bodies is rather
limited and so far comes from remote-sensing observations
only. Spectroscopic observations of these bodies in the 3-µm
region (Takir & Emery 2012; Usui et al. 2019) have allowed
their surface compositions and thermal histories to be refined.
It appears that most of the large C-type asteroids are found to
possess a ∼2.7 µm feature associated with the presence of hy-
drated minerals at their surfaces (Usui et al. 2019). This implies
that their present outer shell has witnessed aqueous alteration.
Furthermore, visible and NIR spectroscopic observations of
two major C-type collisional families (Themis and Euphrosyne;
Marsset et al. 2016; Yang et al. 2020a) indicate some degree of
spectral variation (from C to P/X) that may hint at a primordial
heterogeneous internal structure of their parent bodies (Marsset
et al. 2016).

Our derived average density for C-type asteroids (1.74
g.cm−3) is the same within uncertainties as that of CM-like
C-types (1.70 g.cm−3). However, the average diameter of our
C-type targets is 313 km, whereas this is 181 km for CM-like
C-types, and the factor difference in average mass between the
two C-type groups is ∼5. It follows that the average macroporos-
ity may be significantly reduced in the interiors of our C-type
targets with respect to the 20% value inferred for our CM-like
targets (see section 5). Given that the average mass of our
C-type targets is comparable to that of our S-type sample, we

assume by direct analogy an average macroporosity of at most
10% for our C-type sample leading to a maximum density of the
analog material of 1.97 g.cm−3. This implies an average bulk
composition for large C types that likely consists of material
that is less dense than CM chondrites (ρCM=2.13 g.cm−3).
Such material may contain (i) more microporosity due in some
cases to more limited aqueous alteration of the interior, )ii)
fewer chondrules by analogy with the less dense CI chondrites
and/or the Tagish Lake meteorite (whose density amounts to
∼1.6 g.cm−3), and/or (iii) more volatiles and/or water. In any
case, thermally metamorphosed volatile-poor CI/CM chondrites
appear as unlikely analogs for these bodies based on our density
estimates.

Notably, there are some major differences in density among
the largest C-types (with D≥300 km) with densities ranging
between ∼1.5 g.cm−3 (52 Europa) and 2.16 g.cm−3 (1 Ceres)
and for which the macroporosity may be negligible. We spec-
ulate that the thermal histories of these bodies may be an im-
portant factor at the origin of these density differences and that
the denser targets may have a more lithified (cemented) interior
due to aqueous alteration. Indeed, all large C-types with higher
densities (Ceres, Hygiea, Interamnia, Davida) possess a well-
defined 2.7-µm band in their spectra (Usui et al. 2019) implying
the presence of hydrated minerals at their surfaces, whereas such
a band is nearly absent or significantly shallower in the spectrum
of (52) Europa. This may imply that Europa may have a par-
tially aqueously altered interior whereas the four other objects
experienced significant aqueous alteration up to their current sur-
face. Considering C/P-type objects with similar diameters and
masses, both features (a lower density and a less hydrated sur-
face) place (52) Europa in between P-type asteroid (87) Sylvia
and C-complex asteroids Interamnia and Davida (see section 7.4
for possible implications). Finally, Ceres’ density is abnormally
high (2.16 g.cm−3; Russell et al. 2016) compared to the aver-
age density of Hygiea, Interamnia, and Davida (1.94 g.cm−3) on
the one hand, and that of Callisto, Ganymede, Pluto, and Charon
(in the 1.71-1.93 g.cm−3 range) on the other hand. This suggests
the possibility of loss of volatile material in the case of Ceres.
The scenario in which Ceres once possessed an icy shell of ∼30-
50 km in thickness as a consequence of its early thermal evolu-
tion that was lost following its implantation in the asteroid belt
(Castillo-Rogez et al. 2016) has some merit following our re-
sults. For instance, a 30 km icy shell would imply a primordial
density of ∼2.05 g.cm−3 for Ceres, still higher than that of the
other large C-types.

7.3.6. P-types

P- and D-type asteroids represent the vast majority of the Jupiter
Trojans and about 10% of all main-belt asteroids (DeMeo &
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Fig. 9: Postulated sequence of events tracing the time, place, and duration of formation of the main compositional classes of
small bodies (top) to present-day observed characteristics (bottom; vertical spread reproducing roughly the distribution of orbital
inclinations). The accretion duration is shown as gradient boxes ending at the fully formed bodies. This graph is adapted from
Vernazza & Beck (2017) and Neveu & Vernazza (2019) with the following novelty: we highlight the possibility that so-called IDP-
like C-types could be intrinsically related to IDP-like P- and D-type asteroids, representing different layers of a same body (C: core;
P/D: outer shell). Therefore, C, P, and D-types may all have the same origin in the primordial trans-Neptunian disk. Kuiper belt
objects (KBOs) that were implanted inward of the snowline following giant planet migration may have lost their P/D outer shell due
to water ice sublimation revealing their C-type interiors.

Carry 2013, 2014). Their visible, NIR, and MIR spectral prop-
erties resemble those of comets (Emery et al. 2006; Vernazza
et al. 2015a; Vernazza & Beck 2017) implying a similar sur-
face composition (at least for the silicate component). So far,
chondritic porous interplanetary dust particles appear to be the
most likely representative samples of the surface material of
these bodies (Vernazza et al. 2015a; Vernazza & Beck 2017).
In particular, the volatile-rich Tagish Lake meteorite appears to
be non-representative of the surface composition of most P- and
D-type asteroids with well-characterised NIR and MIR spectral
properties as suggested earlier (Hiroi et al. 2001). So far, only
one P-type asteroid has been tentatively linked to that meteorite,
namely 368 Haidea (Vernazza et al. 2013). Spectroscopic obser-
vations in the 3-µm region have revealed that most P-type and
all D-type asteroids possess an anhydrous surface composition
(Takir & Emery 2012; Usui et al. 2019) which contrasts with
the aqueously altered surfaces of C-complex asteroids. Notably,
the spectral characterisation of the members of the Eurybates
family, the largest collisional family among the Jupiter Trojans
(P/D types), has revealed significant spectral variety (Fornasier
et al. 2007; De Luise et al. 2010), with about half of the fam-
ily members being C-types and the remaining objects being P-
types. These observations could suggest that P-/D-type asteroids
did differentiate and that their cores may consist of C-type-like
material (Vernazza et al. 2017).

Our observations of triple P-type asteroid (87) Sylvia likely
imply the presence of a core, and therefore a differentiated inter-

nal structure (Carry et al. 2021). Sylvia’s low density and likely
differentiated interior can be explained by partial melting and
mass redistribution through water percolation. The outer shell
would be composed of material similar to interplanetary dust
particles (IDPs) and the core similar to aqueously altered IDPs
or carbonaceous chondrite meteorites. By analogy with the Eu-
rybates family, the core may have spectral properties similar to
those of C-type asteroids. In the case of (87) Sylvia, our density
estimate for its D∼200 km large core amounts to ∼1.7 g.cm−3,
a value consistent with the density of C-type asteroids. Finally,
a differentiated interior has also been advocated in the case of
the second largest P-type asteroid (107) Camilla (Pajuelo et al.
2018).

7.4. Does the main asteroid belt comprise former
trans-Neptunian objects and do we recognize all of
them?

The Nice model, which invokes an outward migration of Uranus
and Neptune (Tsiganis et al. 2005; Morbidelli et al. 2005; Lev-
ison et al. 2009), implies that the P/D- type main-belt asteroids
(and thus P/D near-Earth asteroids) and the Trojans of Jupiter
likely have the same origin as outer Solar System small bodies
such as Centaurs, short-period comets, and small (D≤300 km)
trans-Neptunian objects. Available spectroscopic observations of
these populations as well as the similarity in size distributions
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Fig. 10: Percentage of mass for C and P/D-type asteroids (De-
Meo & Carry 2013) and the theoretical erosion rate due to the
sublimation of water ice (Schorghofer 2008) as a function of the
semi-major axis. For the calculation of the theoretical loss rate,
we assumed a spherical shape, a geometric albedo of 0.05, zero
obliquity, and an eccentricity of 0.145 (Morbidelli et al. 2015).
The abrupt decrease in the fraction of P/D type asteroids (and
conversely the abrupt increase in the fraction of C-types) occurs
exactly where the erosion rate due to water sublimation becomes
significant.

between the Jupiter Trojans and trans-Neptunian objects (Fraser
et al. 2014) support such a hypothesis.

Our density estimate of P-type (87) Sylvia (Carry et al. 2021)
as well as that of (107) Camilla (Pajuelo et al. 2018) appear com-
patible with those of several D≤300 km TNOs (Brown 2013; Ko-
valenko et al. 2017) providing support for a direct link between
P/D types and TNOs. However, the same applies for C-type as-
teroids. Based on our density estimates for all C-complex bodies,
we cannot discard a link between these asteroid types and cur-
rent TNOs. We note the existence of a few TNOs with extremely
low densities (Brown 2013; Kovalenko et al. 2017) whose coun-
terparts were not identified by our survey of main-belt asteroids.

Based on our density estimates and spectrophotometric ob-
servations, which we detail below, we speculate that many of the
C-types could be former TNOs and that these C-types may sim-
ply represent the aqueously altered version of primordial P/D-
type material. Here is a list of measurements that support such
an idea:

– Large (D≥130 km) P-types likely partially differentiated (Pa-
juelo et al. 2018; Carry et al. 2021) and their interior (core)
may not simply have a C-type-like density (typically 1.7
g.cm−3; Carry et al. 2021) but also C-type spectral properties
as suggested by the spectroscopic observations of the Eury-
bates family (Fornasier et al. 2007; De Luise et al. 2010).
We note that spectroscopic observations of two large C-type
families in the outer belt (Themis, Euphrosyne) show a mix
of C- and P-types bodies, and therefore a similar spectral het-
erogeneity as observed in the case of the Eurybates family
(Marsset et al. 2016; Yang et al. 2020a).

– The compositional (spectral type) mass distribution through-
out the asteroid belt shows a rather sharp transition from the
C- to the P-types (DeMeo & Carry 2013, 2014 and Fig. 10).
This transition occurs in the outer belt (∼2.8-3.3 AU), which
corresponds exactly to the heliocentric range where the sub-

limation of water ice starts (e.g., Schorghofer 2008). For bod-
ies located beyond 3.3 AU from the Sun, water ice can per-
sist within the top few meters of the surface over billions
of years. At such distances, mostly P- and D-type asteroids
(DeMeo & Carry 2013, 2014) with anhydrous surfaces are
observed (Takir & Emery 2012; Usui et al. 2019). Large P-
and D-type asteroids that were implanted inward of 3.3 AU
would have lost their comet-like P/D type outer shell due
to water-ice sublimation (see Fig. 10 and Schorghofer 2008)
in addition to collisional erosion, which would naturally ex-
plain why we are currently observing the exposed aqueously
altered C-type-like interiors of these bodies. The same could
apply for Ceres (see above) whose density appears higher
(2.16 g.cm−3) than the typical density of large TNOs (1.8-
2.0 g.cm−3; Kovalenko et al. 2017) and that may have lost a
primordial ∼30-50 km thick icy shell following its implanta-
tion in the middle belt (see above).

– The size distribution of TNOs does not reach its maximum
at ∼270 km which corresponds to the diameter of the largest
inner Solar System P/D-type (namely 87 Sylvia). Instead, the
current TNO population comprises a few hundred D≥300
km bodies (Lawler et al. 2018; Bannister et al. 2018). It is
therefore difficult to imagine that no D≥300 km bodies were
trapped in the asteroid belt following the outward migration
of Uranus and Neptune as described in the Nice model. Con-
sidering C-complex bodies along with P/D-type asteroids as
implanted TNOs would help to solve this issue. We note that
in Vokrouhlický et al. (2016), the efficiency of TNO cap-
ture is too high in the main belt (by a factor of 10 in some
parts). As a solution, they propose for example a weaker scal-
ing law along with substantial collisional grinding, long-term
dynamical removal by the Yarkovsky effect, or thermal de-
struction. Considering C-types along with P/D types (as pro-
posed here) implies that the high capture efficiency may no
longer be a problem.

In conclusion, we propose that some C-complex bodies (so-
called IDP-like C-types) could be intrinsically related to IDP-
like P- and D-type asteroids, representing different layers of a
same body (C: core; P/D: outer shell). In this scenario, aque-
ously altered chondritic smooth IDPs appear as the most likely
analogs of IDP-like C-types with anhydrous chondritic porous
IDPs being the analogs of P/D-type asteroids. We thus highlight
the possibility that P/D-types and some C-complex bodies may
have the same origin in the primordial trans-Neptunian disk. We
note that this suggestion is not incompatible with a different for-
mation location for the remaining C-complex bodies (including
CM-like bodies; see Fig. 9) in regions between the giant plan-
ets (Raymond & Izidoro 2017). In particular, we speculate that
chondrule-rich CM-like bodies, while sharing a similar density
with other C-complex bodies, may have a different origin. As
a matter of fact, chondritic porous IDPs (analogs of P/D types
and comets) are chondrule-poor materials suggesting that CM-
like bodies and P/D-types did not form in the same region of the
Solar System.

7.5. What physical properties drive the formation of
companions around large asteroids?

At the time of writing the Asteroid III book, seven multiple sys-
tems were known among the largest (D≥90 km) main-belt aster-
oids (Merline et al. 2002) and this number increased by a fac-
tor of two at the time of writing the Asteroid IV book (Margot
et al. 2015). Since then, only one multiple system has been dis-
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covered among large main-belt asteroids ((31) Euphrosyne and
its moon discovered via our observing programme; Yang et al.
2020b). Among these 15 multiple systems, six are triple sys-
tems, the first discovered being that of (87) Sylvia (Marchis et al.
2005). Two-thirds of these multiple systems belong to the C-
complex while the remaining ones belong either to the P or M
classes. Surprisingly, there are currently no large S-types with
known companions. Whereas the observed S/CP type dichotomy
may be interpreted as a consequence of compositional differ-
ences (hence different material strengths), implying a different
response to impacts between the volatile-poor silicate-rich S-
types and the volatile-rich CP-types, the existence of the dense
metal- and silicate-rich Kalliope and Kleopatra systems renders
this interpretation unlikely.

Instead of composition, the main physical properties that
seem to favor the creation and/or long-term survival of moons
appear to be rotation period and oblateness (Fig. 4). It appears
that both of these physical quantities are lower than thresh-
old values for most large asteroids with companions, namely
P≤6h and c/a≤0.65. This also applies to large binary systems
not covered by our large programme. Among our large pro-
gramme targets, (31) Euphrosyne appears to be an exception as
one of these two physical quantities (c/a) appears much higher
than the threshold value. Given the young age (∼0.3 Gyr) of the
Euphrosyne family (Yang et al. 2020b,a), and therefore of the
moon, future studies should attempt to determine the long-term
stability of the moon in order to reach a better overall under-
standing of moon formation and long-term survival.

As proposed in the extreme case of Kleopatra (Marchis
et al. 2021), mass ejection at the edges of rapidly rotating
elongated bodies, the gravity of which is significantly lower at
such locations (up to ∼50% in the case of Kleopatra) than that
of a spherical body of equivalent mass, might be a plausible
explanation for the formation of some companions. The case of
Euphrosyne might be different and may result from the large
collision at the origin of its re-accumulation and the formation
of its large family.

8. Conclusions and perspective

Here, we report the analysis of a high-angular-resolution imag-
ing survey of 42 large main-belt asteroids conducted with
VLT/SPHERE/ZIMPOL as an ESO large programme (199.C-
0074; PI: P. Vernazza). Our asteroid sample comprises 39 bodies
with D≥100km and in particular most D≥200km main-belt as-
teroids (20/23). Furthermore, it reflects well the compositional
diversity present in the main belt as the sampled bodies belong
to the following taxonomic classes: A, B, C, Ch/Cgh, E/M/X, K,
P/T, S, V.

The SPHERE/ZIMPOL images were first used to reconstruct
the 3D shape of all targets with both the ADAM and MPCD
reconstruction methods. We subsequently performed a detailed
shape analysis and constrained the density of each target using
available mass estimates including our own mass estimates in the
case of multiple systems. We summarize the main results below.

– Size (and therefore mass) and the rotation period are the two
main physical properties determining the shape of large as-
teroids. First, both the asphericity and the departure from an
ellipsoid are highly anti-correlated with the size, and there-
fore the mass, of our targets. Second, the distribution of the
asphericity values as a function of diameter appears bimodal

with a group of "spherical" bodies and a group of "elon-
gated" bodies. A difference in rotation period appears to be
the main origin of such bimodality with more elongated bod-
ies possessing a shorter rotation period with respect to more
spherical ones. In addition, there is a statistically significant
correlation between the rotation period and the c/a axis ratio
of our targets. Finally, re-accumulation following large im-
pacts completes the picture leading to the formation of rather
spherical bodies.

– A comparison of the specific angular momentum and the
normalized angular velocity of our targets with the expected
values for Maclaurin and Jacobi ellipsoids as well as dumb-
bell shapes shows that all bodies but one (Kleopatra) fall
along the Maclaurin sequence. The only body falling onto
the dumb-bell sequence is 216 Kleopatra. Furthermore, it ap-
pears that large (D≥220 km) volatile-rich bodies (except 31
Euphrosyne which is an odd case) tend to be the closest to
the Maclaurin sequence (in terms of chi-square). The equi-
librium shapes of large volatile-rich bodies may suggest that
the interiors and/or outer shells of these bodies behaved like
fluids (i.e., significantly relaxed) until recent times, a likely
consequence of their high content of volatile material and
of thermal heating due to the decay of long lived radionu-
clides (e.g., Carry et al. 2021) leading to continuous relax-
ation. The evolutionary history of these bodies may there-
fore have followed that of Ceres for which a paucity of large
impact basins has been observed, suggesting that large-scale
relaxation has occurred for billions of years and may still be
ongoing (Marchi et al. 2016).

– Five out of six multiple systems possess a rotation period of
shorter than 6 h and a c/a axis ratio of less than 0.65. Hence,
both the rotation period and the oblateness of a body appear
to be key factors for the formation and/or long-term stability
of companions. Mass ejection at the edges of rapidly rotat-
ing elongated bodies might be a plausible explanation for the
formation of some multiple systems.

– Densities in our sample range from ∼1.3 g.cm−3 (P-type as-
teroids 87 Sylvia) to ∼4.3 g.cm−3 (M/X-type asteroids 22
Kalliope), highlighting the wide diversity in composition of
the asteroid belt. Furthermore, the density distribution ap-
pears bimodal to first order with volatile-poor (ρ ≥ 2.7
g.cm−3) bodies and volatile-rich bodies (ρ ≤ 2.2 g.cm−3).
Given that asteroid albedos also follow a bimodal distribu-
tion (Masiero et al. 2011), two main groups of asteroids
emerge, namely (a) asteroids with a geometric albedo of be-
low 0.1 and a density below 2.2 g.cm−3 and (b) asteroids
with a geometric albedo of higher than 0.145 and a density
of greater than 2.7 g.cm−3. Finally, our density estimates im-
ply, in agreement with the findings of Carry (2012), that the
amount of macroporosity decreases with increasing size, and
therefore mass, and that macroporosity is minimal (≤5-10%)
only in the case of the largest objects with masses ≥1019 kg.

– Regarding the thermal evolution of the main composi-
tional classes, our conclusions are as follows. Most ordinary
chondrite-like and CM chondrite-like asteroids likely did not
differentiate. However, this is not the case for large P-type
asteroids and at least a fraction of X/M-type asteroids. The
cores of P-type asteroids may consist of C-type material.
This is well supported by our density estimate of these
cores as well as spectroscopic observations of the Eurybates
family. We speculate that a large fraction of nonCM-like
C-type asteroids (Ch/Cgh types) may be genetically linked
to P- and D-type asteroids and thus share a similar origin in
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the trans-Neptunian region.

Although our large programme has allowed us to make sig-
nificant progress in our understanding of the formation and evo-
lution of the largest asteroids, it has generated new questions for
which future investigations should provide an answer. For ex-
ample, the first pertains to whether or not our collections contain
meteoritic analogs of high-density asteroids such as Kalliope,
Psyche, and Kleopatra. If so, are these analogs CH or CB chon-
drites? An in depth characterization of these meteorite classes
(spectroscopy, density) would help to make progress in this
respect. Also, we do not know which asteroids are the par-
ent bodies of metallic meteorites. Our density estimates for the
largest M-types exclude a direct link between these objects and
those meteorites, implying that the parent bodies could be found
among smaller M-types. Also, thanks to our large programme,
the volumes of ∼40 large asteroids are now constrained with
high accuracy (2-10%). However, the same cannot be said for
the mass estimates for about half of these bodies. Exploitation
of the high-accuracy astrometry delivered by the ESA Gaia mis-
sion for these bodies will help in constraining their mass with an
uncertainty in the 10%-30% range (Mouret et al. 2008).
Another unknown is the number of multiple systems comprised
by large asteroids (D≥100 km). Our programme focused on ∼40
large asteroids but the main asteroid belt comprises ∼230 such
bodies. High-angular-resolution imaging observations of the re-
maining D≥100 km bodies should be of high priority in the near
future to tackle this question.
Most large volatile-rich asteroids with D≥220 km have shapes
close to equilibrium. The slight deviation of their shapes from
that of perfect ellipsoids is likely a consequence of the high col-
lisional rate in the asteroid belt. Whether or not TNOs of similar
sizes possess perfect equilibrium shapes is also unknown.
In the present work, we reveal the possibility that a fraction of
C-complex asteroids (typically C-, Cb types) could be directly
connected to P/D-type asteroids and TNOs. Several investiga-
tions should be conducted to prove or disprove this suggestion.
These include: (1) the spectroscopic characterization of chon-
dritic, smooth IDPs and a better understanding of their relation to
chondritic, porous IDPs; (2) the spectroscopic characterization
in the NIR and MIR (including the 3 micron region) of TNOs
at all sizes and that of asteroid collisional families that show a
mix of C and P-types (e.g., Eurybates); (3) a comparison of the
size frequency distribution of C, P, and D-type asteroids with
that of TNOs expanding previous investigations that focused on
P/D type asteroids only (e.g., Vokrouhlický et al. 2016); and fi-
nally (4) dynamical simulations that should test the ability of the
Nice model to implant a Ceres-like and a Hygiea-like body in
the asteroid belt along with a few D∼300km C-type asteroids.
Our imaging observations demonstrate in a striking manner how
the gap between interplanetary missions and ground-based ob-
servations is getting narrower (Fétick et al. 2019; Vernazza et al.
2020). With the advent of extremely large telescopes (ELT,
GMT, TMT), the science objectives of future interplanetary mis-
sions to main-belt asteroids will have to be carefully thought out
so that these missions will complement —and not duplicate—
the achievements of Earth-based telescopic observations. For in-
stance, first-generation ELT adaptive-optics NIR imaging obser-
vations of main-belt asteroids will allow the resolution of bodies
with diameters down to 35-80 km (depending on their main-belt
location) and craters down to ∼10-25 km in size implying that
we shall be able to characterize the global geological history of a
much larger sample of main-belt asteroids from the ground. This

implies that geological and geomorphological studies (based on
high-angular-resolution imaging data) are likely to become —
during the coming decade— the prime science objectives con-
ducted from Earth in the case of D≥35-80 km asteroids, dethron-
ing studies related to the nature and origin of these bodies de-
duced from the analysis of their spectra. Interplanetary missions
to main-belt asteroids performing cosmochemistry experiments
and/or a sample return should be given preference at the fore-
front of in situ exploration as these would ideally complement
the investigations conducted from Earth. In particular, IDP-like
asteroids as well as the rare B, L, Xc/Xe/Xk, and O types should
be preferred targets as little is known regarding these bodies be-
cause of the paucity or absence of samples for these objects in
our collections.
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Table A.1: Absolute magnitude H, Sidereal rotation period P, spin-axis ecliptic J2000 coordinates λ and β, obliquity, asphericity, ellipsoid deviation, and dimensions
along the major axis of the best-fit triaxial ellipsoids (a > b > c). Uncertainties correspond to 1σ values.

N H P λ β Obl Asph Ell. dev. a b c
[h] [deg] [deg] [deg] [km] [km] [km]

*1 3.34 9.07417±1×10−6 348.832±0.007 81.553±0.002 2 0.0012 0.0039 964.4±0.2 964.2±0.2 891.8±0.2
2 4.09 7.81321±2×10−5 42±3 -15±3 78 0.0151 0.0286 568±12 530±12 450±12
3 5.31 7.209531±1×10−6 105±3 18±3 60 0.0340 0.0526 288±5 250±5 225±5

*4 3.29 5.34212767±1×10−8 330.82±0.01 57.72±0.01 27 0.0139 0.0213 572.6±0.2 557.2±0.2 446.4±0.2
6 5.71 7.274467±1×10−6 342±2 50±1 36 0.0481 0.0679 220±9 205±8 166±7
7 5.51 7.138843±1×10−6 20±3 23±3 72 0.0645 0.0495 260±5 225±4 150±18
8 6.54 12.86667±1×10−5 337±2 -1±3 87 0.0198 0.0361 154±7 148±6 127±4
9 6.31 5.079176±1×10−6 181±2 22±2 73 0.0604 0.0624 218±10 176±10 133±8

10 5.43 13.82559±5×10−5 306±3 -29±3 120 0.0030 0.0134 450±10 430±10 424±20
11 6.55 13.72204±1×10−5 312±2 17±4 73 0.0301 0.0465 156±6 152±6 138±6
12 7.24 8.660345±5×10−6 177±2 -27±3 110 0.0625 0.0802 140±4 116±3 96±3
13 6.74 7.046664±3×10−6 38±5 31±5 59 0.0590 0.0869 238±12 199±11 182±10
15 5.28 6.082753±1×10−6 355±2 -70±2 169 0.0324 0.0434 340±14 248±13 229±14
16 5.90 4.195948±1×10−6 35±2 -9±2 96 0.0452 0.0402 277±5 238±6 164±4
18 6.51 11.570306±5×10−6 12±2 19±2 64 0.0319 0.0518 161±8 135±8 131±7
19 7.13 7.443224±1×10−6 103±3 60±3 29 0.0251 0.0428 242±10 203±10 192±10

*21 7.35 8.168271±1×10−6 52±1 -8±1 97 0.0682 0.0659 125±4 98±3 81±2
22 6.45 4.1482±1×10−6 195±3 4±3 97 0.0700 0.0717 207±5 145±4 122±4
24 7.08 8.374187±1×10−6 146±3 73±3 18 0.0238 0.0359 232±14 220±14 176±14
29 5.85 5.390119±1×10−6 323±2 -29±2 116 0.0205 0.0401 222±6 209±6 183±5
30 7.57 13.68717±5×10−6 106±2 19±2 72 0.0913 0.1101 112±5 84±5 76±4
31 6.74 5.529595±1×10−6 94±5 67±3 48 0.0112 0.0292 286±16 274±14 247±15
41 7.12 5.98798±6×10−5 199±5 -32±5 126 0.0546 0.0696 235±17 183±16 153±14
45 7.46 5.699151±1×10−6 128±2 -35±2 123 0.0596 0.0381 252±9 191±9 138±7
48 6.90 11.890105±1×10−6 294±2 51±2 45 0.0339 0.0443 257±3 211±3 185±3
51 7.35 7.78484±1×10−6 170±4 -66±4 153 0.0319 0.0559 167±6 158±5 128±4
52 6.31 5.629954±1×10−6 255±2 40±2 56 0.0314 0.0352 378±14 336±14 255±12
63 7.55 9.297587±1×10−6 121±2 -27±2 120 0.1172 0.0819 152±4 77±4 69±3
87 6.94 5.18364±4×10−5 75±5 64±5 28 0.0613 0.0464 363±5 249±5 191±5
88 7.04 6.041321±1×10−6 350±3 116±3 21 0.0168 0.0306 241±13 221±12 195±12
89 6.60 11.388336±1×10−6 14±2 -24±2 128 0.0525 0.0675 165±4 142±5 115±4

128 7.49 38.9325±1×10−4 313±2 -19±1 104 0.0253 0.0456 178±5 163±5 147±5
130 7.05 5.224663±1×10−6 68±180 -89±1 156 0.0525 0.0441 268±8 195±9 153±9
145 8.13 15.07081±1×10−5 101±4 48±3 48 0.0311 0.0608 153±3 142±3 141±3
173 7.80 6.110939±1×10−6 28±2 -17±2 95 0.0397 0.0553 162±8 152±8 123±8
187 7.98 10.667033±2×10−6 115±2 -79±2 179 0.0439 0.0623 151±9 122±8 130±8
216 7.30 5.3852824±1×10−7 74±0 22±0 61 0.2622 0.1305 267±6 61±6 48±6
230 7.35 23.98475±1×10−5 111±2 66±2 18 0.0374 0.0558 136±9 120±7 103±7
324 6.82 29.4403±5×10−5 17±4 -57±5 154 0.0101 0.0304 234±9 224±9 225±7
354 6.44 4.277185±1×10−6 154±2 24±2 71 0.0345 0.0561 191±14 162±12 144±12
511 6.22 5.129365±1×10−6 300±2 26±2 62 0.0269 0.0305 359±18 293±20 253±17
704 5.94 8.71234±1×10−5 87±5 62±5 36 0.0109 0.0233 354±9 343±8 303±7

Notes. * Values for Ceres, Vesta and Lutetia are derived using shape models from the NASA Dawn and ESA Rosetta space missions.
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Table A.2: VLT/SPHERE disk-resolved images obtained by the ZIMPOL camera. For each image, the table gives the epoch, the
exposure time, the airmass, the distance to the Earth ∆ and the Sun r, the phase angle α, and the angular diameter Da of Kalliope as
seen from the Earth.

Date UT Exp Airmass ∆ r α Da
(s) (AU) (AU) (◦) (′′)

(1) Ceres
2018-02-16 3:39:29 61 1.80 1.63 2.57 8.9 0.793
2018-02-16 3:40:40 61 1.80 1.63 2.57 8.9 0.793
2018-02-16 3:41:51 61 1.79 1.63 2.57 8.9 0.793
2018-02-16 3:43:01 61 1.79 1.63 2.57 8.9 0.793
2018-02-16 3:44:10 61 1.79 1.63 2.57 8.9 0.793
2019-03-22 9:25:21 45 1.01 2.23 2.71 20.4 0.580
2019-03-22 9:26:16 45 1.01 2.23 2.71 20.4 0.580
2019-03-22 9:27:09 45 1.01 2.23 2.71 20.4 0.580
2019-03-22 9:28:02 45 1.01 2.23 2.71 20.4 0.580
2019-03-22 9:28:53 45 1.01 2.23 2.71 20.4 0.580
2019-05-04 7:25:08 35 1.03 1.82 2.74 10.3 0.711
2019-05-04 7:25:51 35 1.03 1.82 2.74 10.3 0.711
2019-05-04 7:26:34 35 1.03 1.82 2.74 10.3 0.711
2019-05-04 7:27:19 35 1.03 1.82 2.74 10.3 0.711
2019-05-04 7:28:00 35 1.03 1.82 2.74 10.3 0.711
2019-05-04 9:27:04 35 1.30 1.82 2.74 10.3 0.711
2019-05-04 9:27:47 35 1.30 1.82 2.74 10.3 0.711
2019-05-04 9:28:31 35 1.30 1.82 2.74 10.3 0.711
2019-05-04 9:29:13 35 1.31 1.82 2.74 10.3 0.711
2019-05-04 9:29:54 35 1.31 1.82 2.74 10.3 0.711
2019-06-27 5:16:35 35 1.32 1.88 2.79 11.6 0.688
2019-06-27 5:17:17 35 1.32 1.88 2.79 11.6 0.688
2019-06-27 5:18:01 35 1.33 1.88 2.79 11.6 0.688
2019-06-27 5:18:42 35 1.33 1.88 2.79 11.6 0.688
2019-06-27 5:19:24 35 1.33 1.88 2.79 11.6 0.688

(3) Juno
2018-11-08 5:45:30 26 1.08 1.04 1.99 12.2 0.338
2018-11-08 5:46:06 26 1.08 1.04 1.99 12.2 0.338
2018-11-08 5:46:41 26 1.08 1.04 1.99 12.2 0.338
2018-11-08 5:47:15 26 1.08 1.04 1.99 12.2 0.338
2018-11-08 5:47:49 26 1.08 1.04 1.99 12.2 0.338
2018-11-08 7:57:13 26 1.33 1.04 1.99 12.2 0.338
2018-11-08 7:57:48 26 1.34 1.04 1.99 12.2 0.338
2018-11-08 7:58:22 26 1.34 1.04 1.99 12.2 0.338
2018-11-08 7:58:55 26 1.34 1.04 1.99 12.2 0.338
2018-11-08 7:59:30 26 1.34 1.04 1.99 12.2 0.338
2018-11-11 2:05:02 26 1.62 1.04 1.98 11.7 0.338
2018-11-11 2:05:36 26 1.61 1.04 1.98 11.7 0.338
2018-11-11 2:06:10 26 1.61 1.04 1.98 11.7 0.338
2018-11-11 2:06:44 26 1.60 1.04 1.98 11.7 0.338
2018-11-11 2:07:18 26 1.60 1.04 1.98 11.7 0.338
2018-11-11 3:59:44 26 1.15 1.04 1.98 11.7 0.338
2018-11-11 4:00:19 26 1.15 1.04 1.98 11.7 0.338
2018-11-11 4:00:53 26 1.14 1.04 1.98 11.7 0.338
2018-11-11 4:01:27 26 1.14 1.04 1.98 11.7 0.338
2018-11-11 4:01:59 26 1.14 1.04 1.98 11.7 0.338
2018-11-11 4:26:04 26 1.11 1.04 1.98 11.7 0.338
2018-11-11 4:26:39 26 1.11 1.04 1.98 11.7 0.338
2018-11-11 4:27:13 26 1.11 1.04 1.98 11.7 0.338
2018-11-11 4:27:48 26 1.11 1.04 1.98 11.7 0.338
2018-11-11 4:28:21 26 1.11 1.04 1.98 11.7 0.338
2018-11-12 4:51:38 26 1.08 1.04 1.98 11.5 0.338
2018-11-12 4:52:13 26 1.08 1.04 1.98 11.5 0.338
2018-11-12 4:52:48 26 1.08 1.04 1.98 11.5 0.338
2018-11-12 4:53:24 26 1.08 1.04 1.98 11.5 0.338
2018-11-12 4:53:56 26 1.08 1.04 1.98 11.5 0.338
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Table A.2: continued.

Date UT Exp Airmass ∆ r α Da
(s) (AU) (AU) (◦) (′′)

(6) Hebe
2018-11-28 3:54:47 61 1.69 1.32 2.16 17.7 0.204
2018-11-28 3:55:58 61 1.68 1.32 2.16 17.7 0.204
2018-11-28 3:57:09 61 1.67 1.32 2.16 17.7 0.204
2018-11-28 3:58:20 61 1.66 1.32 2.16 17.7 0.204
2018-11-28 3:59:30 61 1.65 1.32 2.16 17.7 0.204
2018-12-14 7:07:19 61 1.21 1.26 2.19 11.3 0.213
2018-12-14 7:08:30 61 1.22 1.26 2.19 11.3 0.213
2018-12-14 7:09:41 61 1.22 1.26 2.19 11.3 0.213
2018-12-14 7:10:50 61 1.22 1.26 2.19 11.3 0.213
2018-12-14 7:12:01 61 1.22 1.26 2.19 11.3 0.213
2018-12-19 4:49:05 61 1.16 1.26 2.20 9.6 0.213
2018-12-19 4:50:16 61 1.16 1.26 2.20 9.6 0.213
2018-12-19 4:51:27 61 1.16 1.26 2.20 9.6 0.213
2018-12-19 4:52:36 61 1.15 1.26 2.20 9.6 0.213
2018-12-19 4:53:46 61 1.15 1.26 2.20 9.6 0.213
2018-12-19 5:54:45 61 1.15 1.26 2.20 9.6 0.213
2018-12-19 5:55:56 61 1.16 1.26 2.20 9.6 0.213
2018-12-19 5:57:07 61 1.16 1.26 2.20 9.6 0.213
2018-12-19 5:58:17 61 1.16 1.26 2.20 9.6 0.213
2018-12-19 5:59:27 61 1.16 1.26 2.20 9.6 0.213
2018-12-19 6:30:23 61 1.20 1.26 2.20 9.6 0.213
2018-12-19 6:31:34 61 1.20 1.26 2.20 9.6 0.213
2018-12-19 6:32:44 61 1.20 1.26 2.20 9.6 0.213
2018-12-19 6:33:53 61 1.20 1.26 2.20 9.6 0.213
2018-12-19 6:35:04 61 1.20 1.26 2.20 9.6 0.213
2018-12-26 7:53:42 61 1.70 1.26 2.22 8.0 0.213
2018-12-26 7:54:52 61 1.71 1.26 2.22 8.0 0.213
2018-12-26 7:56:03 61 1.72 1.26 2.22 8.0 0.213
2018-12-26 7:57:13 61 1.73 1.26 2.22 8.0 0.213
2018-12-26 7:58:23 61 1.74 1.26 2.22 8.0 0.213
2019-01-09 1:59:56 61 1.30 1.31 2.25 9.5 0.205
2019-01-09 2:01:07 61 1.30 1.31 2.25 9.5 0.205
2019-01-09 2:02:18 61 1.30 1.31 2.25 9.5 0.205
2019-01-09 2:03:27 61 1.29 1.31 2.25 9.5 0.205
2019-01-09 2:04:37 61 1.29 1.31 2.25 9.5 0.205

(8) Flora
2017-12-30 3:26:45 121 1.59 1.03 2.01 2.5 0.195
2017-12-30 3:28:56 121 1.58 1.03 2.01 2.5 0.195
2017-12-30 3:31:08 121 1.57 1.03 2.01 2.5 0.195
2017-12-30 3:33:19 121 1.56 1.03 2.01 2.5 0.195
2017-12-30 3:35:29 121 1.56 1.03 2.01 2.5 0.195
2017-12-30 5:47:16 121 1.46 1.03 2.01 2.4 0.195
2017-12-30 5:49:27 121 1.46 1.03 2.01 2.4 0.195
2017-12-30 5:51:37 121 1.46 1.03 2.01 2.4 0.195
2017-12-30 5:53:46 121 1.47 1.03 2.01 2.4 0.195
2017-12-30 5:55:55 121 1.47 1.03 2.01 2.4 0.195
2017-12-31 3:14:29 121 1.62 1.03 2.01 1.9 0.195
2017-12-31 3:16:40 121 1.61 1.03 2.01 1.9 0.195
2017-12-31 3:18:52 121 1.60 1.03 2.01 1.9 0.195
2017-12-31 3:21:02 121 1.59 1.03 2.01 1.9 0.195
2017-12-31 3:23:13 121 1.58 1.03 2.01 1.9 0.195

(9) Metis
2018-06-08 6:44:46 235 1.05 1.67 2.68 3.9 0.143
2018-06-08 6:48:50 235 1.06 1.67 2.68 3.9 0.143
2018-06-08 6:52:55 235 1.07 1.67 2.68 3.9 0.143
2018-06-08 6:56:58 235 1.07 1.67 2.68 3.9 0.143
2018-06-08 7:01:01 235 1.08 1.67 2.68 3.9 0.143
2018-06-08 7:31:41 235 1.15 1.67 2.68 3.9 0.143
2018-06-08 7:35:46 235 1.16 1.67 2.68 3.9 0.143
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Table A.2: continued.

Date UT Exp Airmass ∆ r α Da
(s) (AU) (AU) (◦) (′′)

2018-06-08 7:39:52 235 1.17 1.67 2.68 3.9 0.143
2018-06-08 7:43:56 235 1.18 1.67 2.68 3.9 0.143
2018-06-08 7:47:59 235 1.19 1.67 2.68 3.9 0.143
2018-06-12 4:13:13 235 1.02 1.66 2.67 2.3 0.144
2018-06-12 4:17:18 235 1.02 1.66 2.67 2.3 0.144
2018-06-12 4:21:23 235 1.01 1.66 2.67 2.3 0.144
2018-06-12 4:25:27 235 1.01 1.66 2.67 2.3 0.144
2018-06-12 4:29:30 235 1.01 1.66 2.67 2.3 0.144
2018-06-17 3:01:14 235 1.08 1.66 2.67 1.0 0.144
2018-06-17 3:05:19 235 1.07 1.66 2.67 1.0 0.144
2018-06-17 3:09:25 235 1.06 1.66 2.67 1.0 0.144
2018-06-17 3:13:29 235 1.06 1.66 2.67 1.0 0.144
2018-06-17 3:17:33 235 1.05 1.66 2.67 1.0 0.144
2018-07-10 3:39:43 235 1.02 1.72 2.67 10.2 0.139
2018-07-10 3:43:47 235 1.03 1.72 2.67 10.2 0.139
2018-07-10 3:47:52 235 1.03 1.72 2.67 10.2 0.139
2018-07-10 3:51:56 235 1.04 1.72 2.67 10.2 0.139
2018-07-10 3:55:59 235 1.04 1.72 2.67 10.2 0.139
2018-07-10 4:44:06 235 1.12 1.72 2.67 10.2 0.139
2018-07-10 4:48:11 235 1.13 1.72 2.67 10.2 0.139
2018-07-10 4:52:17 235 1.14 1.72 2.67 10.2 0.139
2018-07-10 4:56:20 235 1.15 1.72 2.67 10.2 0.139
2018-07-10 5:00:22 235 1.16 1.72 2.67 10.2 0.139

(11) Parthenope
2018-02-06 2:26:57 241 1.55 1.72 2.69 4.8 0.119
2018-02-06 2:31:06 241 1.53 1.72 2.69 4.8 0.119
2018-02-06 2:35:17 241 1.52 1.72 2.69 4.8 0.119
2018-02-06 2:39:26 241 1.51 1.72 2.69 4.8 0.119
2018-02-06 2:43:37 241 1.49 1.72 2.69 4.8 0.119
2019-04-19 4:01:56 235 1.30 1.53 2.45 12.0 0.134
2019-04-19 4:05:59 235 1.29 1.53 2.45 12.0 0.134
2019-04-19 4:10:04 235 1.27 1.53 2.45 12.0 0.134
2019-04-19 4:14:08 235 1.25 1.53 2.45 12.0 0.134
2019-04-19 4:18:12 235 1.24 1.53 2.45 12.0 0.134
2019-05-04 7:36:19 235 1.18 1.44 2.43 5.9 0.143
2019-05-04 7:40:24 235 1.19 1.44 2.43 5.9 0.143
2019-05-04 7:44:28 235 1.20 1.44 2.43 5.9 0.143
2019-05-04 7:48:31 235 1.21 1.44 2.43 5.9 0.143
2019-05-04 7:52:34 235 1.23 1.44 2.43 5.9 0.143
2019-06-05 5:22:34 235 1.25 1.45 2.40 11.0 0.142
2019-06-05 5:26:39 235 1.27 1.45 2.40 11.0 0.142
2019-06-05 5:30:45 235 1.28 1.45 2.40 11.0 0.142
2019-06-05 5:34:46 235 1.30 1.45 2.40 11.0 0.142
2019-06-05 5:38:50 235 1.32 1.45 2.40 11.0 0.142
2019-06-19 3:31:05 235 1.12 1.52 2.38 16.4 0.135
2019-06-19 3:35:09 235 1.13 1.52 2.38 16.4 0.135
2019-06-19 3:39:14 235 1.14 1.52 2.38 16.4 0.135
2019-06-19 3:43:18 235 1.15 1.52 2.38 16.4 0.135
2019-06-19 3:47:22 235 1.16 1.52 2.38 16.4 0.135

(12) Victoria
2018-10-19 4:57:26 152 1.86 1.53 2.37 16.4 0.105
2018-10-19 5:00:08 152 1.84 1.53 2.37 16.4 0.105
2018-10-19 5:02:50 152 1.82 1.53 2.37 16.4 0.105
2018-10-19 5:05:30 152 1.81 1.53 2.37 16.4 0.105
2018-10-19 5:08:10 152 1.79 1.53 2.37 16.4 0.105
2018-11-08 7:37:07 152 1.69 1.45 2.41 7.3 0.110
2018-11-08 7:39:49 152 1.70 1.45 2.41 7.3 0.110
2018-11-08 7:42:30 152 1.72 1.45 2.41 7.3 0.110
2018-11-08 7:45:12 152 1.73 1.45 2.41 7.3 0.110
2018-11-08 7:47:51 152 1.75 1.45 2.41 7.3 0.110
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Table A.2: continued.

Date UT Exp Airmass ∆ r α Da
(s) (AU) (AU) (◦) (′′)

2018-11-11 2:17:17 152 2.27 1.45 2.42 5.9 0.110
2018-11-11 2:19:59 152 2.23 1.45 2.42 5.9 0.110
2018-11-11 2:22:41 152 2.20 1.45 2.42 5.9 0.110
2018-11-11 2:25:22 152 2.17 1.45 2.42 5.9 0.110
2018-11-11 2:28:03 152 2.13 1.45 2.42 5.9 0.110
2018-11-14 2:38:54 152 1.87 1.45 2.43 4.3 0.110
2018-11-14 2:41:36 152 1.85 1.45 2.43 4.3 0.110
2018-11-14 2:44:18 152 1.83 1.45 2.43 4.3 0.110
2018-11-14 2:46:58 152 1.81 1.45 2.43 4.3 0.110
2018-11-14 2:49:39 152 1.79 1.45 2.43 4.3 0.110

(13) Egeria
2018-04-24 8:11:46 233 1.08 1.71 2.63 11.0 0.163
2018-04-24 8:15:49 233 1.09 1.71 2.63 11.0 0.163
2018-04-24 8:19:52 233 1.09 1.71 2.63 11.0 0.163
2018-04-24 8:23:53 233 1.10 1.71 2.63 11.0 0.163
2018-04-24 8:27:54 233 1.11 1.71 2.63 11.0 0.163
2018-04-28 7:15:45 233 1.03 1.69 2.64 9.5 0.165
2018-04-28 7:19:48 233 1.03 1.69 2.64 9.5 0.165
2018-04-28 7:23:49 233 1.04 1.69 2.64 9.5 0.165
2018-04-28 7:27:50 233 1.04 1.69 2.64 9.5 0.165
2018-04-28 7:31:51 233 1.05 1.69 2.64 9.5 0.165
2018-04-28 9:06:41 233 1.28 1.69 2.64 9.4 0.165
2018-04-28 9:10:43 233 1.30 1.69 2.64 9.4 0.165
2018-04-28 9:14:45 233 1.32 1.69 2.64 9.4 0.165
2018-04-28 9:18:46 233 1.33 1.69 2.64 9.4 0.165
2018-04-28 9:22:47 233 1.35 1.69 2.64 9.4 0.165
2018-05-04 9:28:48 233 1.56 1.67 2.64 7.0 0.167
2018-05-04 9:32:51 233 1.59 1.67 2.64 7.0 0.167
2018-05-04 9:36:52 233 1.62 1.67 2.64 7.0 0.167
2018-05-04 9:40:53 233 1.66 1.67 2.64 7.0 0.167
2018-05-04 9:44:55 233 1.69 1.67 2.64 7.0 0.167
2018-05-05 4:15:39 233 1.06 1.66 2.64 6.7 0.168
2018-05-05 4:19:42 233 1.05 1.66 2.64 6.7 0.168
2018-05-05 4:23:44 233 1.05 1.66 2.64 6.7 0.168
2018-05-05 4:27:46 233 1.04 1.66 2.64 6.7 0.168
2018-05-05 4:31:48 233 1.04 1.66 2.64 6.7 0.168
2018-05-15 7:22:25 233 1.21 1.65 2.65 3.1 0.169
2018-05-15 7:26:27 233 1.22 1.65 2.65 3.1 0.169
2018-05-15 7:30:27 233 1.24 1.65 2.65 3.1 0.169

(15) Eunomia
2018-03-22 7:34:12 241 1.01 2.45 3.13 15.1 0.153
2018-03-22 7:38:22 241 1.01 2.45 3.13 15.1 0.153
2018-03-22 7:42:32 241 1.01 2.45 3.13 15.1 0.153
2018-03-22 7:46:40 241 1.01 2.45 3.13 15.1 0.153
2018-03-22 7:50:51 241 1.01 2.45 3.13 15.1 0.153
2018-04-23 6:59:58 241 1.07 2.17 3.12 7.5 0.172
2018-04-23 7:04:07 241 1.08 2.17 3.12 7.5 0.172
2018-04-23 7:08:18 241 1.09 2.17 3.12 7.5 0.172
2018-04-23 7:12:26 241 1.09 2.17 3.12 7.5 0.172
2018-04-23 7:16:36 241 1.10 2.17 3.12 7.5 0.172
2018-04-28 6:47:02 241 1.09 2.15 3.12 6.3 0.174
2018-04-28 6:51:13 241 1.10 2.15 3.12 6.3 0.174
2018-04-28 6:55:24 241 1.11 2.15 3.12 6.3 0.174
2018-04-28 6:59:34 241 1.11 2.15 3.12 6.3 0.174
2018-04-28 7:03:43 241 1.12 2.15 3.12 6.3 0.174
2018-05-05 1:03:24 241 1.44 2.13 3.11 5.2 0.175
2018-05-05 1:07:32 241 1.42 2.13 3.11 5.2 0.175
2018-05-05 1:11:44 241 1.40 2.13 3.11 5.2 0.175
2018-05-05 1:15:54 241 1.38 2.13 3.11 5.2 0.175
2018-05-05 1:20:03 241 1.36 2.13 3.11 5.2 0.175

Article number, page 24 of 88



P. Vernazza et al.: VLT/SPHERE imaging survey of the largest main-belt asteroids: Final results and synthesis ,

Table A.2: continued.

Date UT Exp Airmass ∆ r α Da
(s) (AU) (AU) (◦) (′′)

2018-05-05 2:04:49 241 1.19 2.13 3.11 5.2 0.175
2018-05-05 2:08:59 241 1.18 2.13 3.11 5.2 0.175
2018-05-05 2:13:09 241 1.17 2.13 3.11 5.2 0.175
2018-05-05 2:17:19 241 1.16 2.13 3.11 5.2 0.175
2018-05-05 2:21:29 241 1.15 2.13 3.11 5.2 0.175
2018-05-16 3:44:58 241 1.01 2.13 3.11 5.8 0.175
2018-05-16 3:49:10 241 1.01 2.13 3.11 5.8 0.175
2018-05-16 3:53:21 241 1.01 2.13 3.11 5.8 0.175
2018-05-16 3:57:31 241 1.01 2.13 3.11 5.8 0.175
2018-05-16 4:01:40 241 1.01 2.13 3.11 5.8 0.175
2019-07-28 8:46:26 121 1.43 1.46 2.44 8.3 0.256
2019-07-28 8:48:37 121 1.44 1.46 2.44 8.3 0.256
2019-07-28 8:50:47 121 1.45 1.46 2.44 8.3 0.256
2019-07-28 8:52:58 121 1.47 1.46 2.44 8.3 0.256
2019-07-28 8:55:08 121 1.48 1.46 2.44 8.3 0.256
2019-07-29 4:39:26 121 1.10 1.45 2.44 7.9 0.258
2019-07-29 4:41:36 121 1.10 1.45 2.44 7.9 0.258
2019-07-29 4:43:47 121 1.09 1.45 2.44 7.9 0.258
2019-07-29 4:45:56 121 1.09 1.45 2.44 7.9 0.258
2019-07-29 4:48:06 121 1.09 1.45 2.44 7.9 0.258
2019-07-30 6:46:06 121 1.09 1.45 2.43 7.5 0.258
2019-07-30 6:48:18 121 1.10 1.45 2.43 7.5 0.258
2019-07-30 6:50:28 121 1.10 1.45 2.43 7.5 0.258
2019-07-30 6:52:38 121 1.10 1.45 2.43 7.5 0.258
2019-07-30 6:54:49 121 1.11 1.45 2.43 7.5 0.258
2019-08-04 4:24:32 121 1.08 1.43 2.42 5.7 0.261
2019-08-04 4:26:42 121 1.08 1.43 2.42 5.7 0.261
2019-08-04 4:28:54 121 1.08 1.43 2.42 5.7 0.261
2019-08-04 4:31:05 121 1.08 1.43 2.42 5.7 0.261
2019-08-04 4:33:14 121 1.07 1.43 2.42 5.7 0.261
2019-08-04 5:08:04 121 1.06 1.43 2.42 5.7 0.261
2019-08-04 5:10:15 121 1.05 1.43 2.42 5.7 0.261
2019-08-04 5:12:26 121 1.05 1.43 2.42 5.7 0.261
2019-08-04 5:14:37 121 1.05 1.43 2.42 5.7 0.261
2019-08-04 5:16:47 121 1.05 1.43 2.42 5.7 0.261
2019-08-04 7:32:58 121 1.26 1.43 2.42 5.6 0.261
2019-08-04 7:35:09 121 1.26 1.43 2.42 5.6 0.261
2019-08-04 7:37:20 121 1.27 1.43 2.42 5.6 0.261
2019-08-04 7:39:29 121 1.28 1.43 2.42 5.6 0.261
2019-08-04 7:41:39 121 1.29 1.43 2.42 5.6 0.261
2019-08-05 5:36:40 121 1.06 1.42 2.42 5.3 0.263
2019-08-05 5:38:52 121 1.06 1.42 2.42 5.3 0.263
2019-08-05 5:41:03 121 1.06 1.42 2.42 5.3 0.263
2019-08-05 5:43:12 121 1.06 1.42 2.42 5.3 0.263
2019-08-05 5:45:23 121 1.06 1.42 2.42 5.3 0.263
2019-08-07 8:09:37 121 1.50 1.41 2.42 4.7 0.265
2019-08-07 8:11:49 121 1.52 1.41 2.42 4.7 0.265
2019-08-07 8:14:01 121 1.53 1.41 2.42 4.7 0.265
2019-08-07 8:16:10 121 1.55 1.41 2.42 4.7 0.265
2019-08-07 8:18:20 121 1.56 1.41 2.42 4.7 0.265
2019-08-07 8:20:47 121 1.58 1.41 2.42 4.7 0.265
2019-08-07 8:22:58 121 1.60 1.41 2.42 4.7 0.265
2019-08-07 8:25:09 121 1.61 1.41 2.42 4.7 0.265
2019-08-07 8:27:19 121 1.63 1.41 2.42 4.7 0.265
2019-08-07 8:29:30 121 1.65 1.41 2.42 4.7 0.265
2019-08-07 8:31:58 121 1.67 1.41 2.42 4.7 0.265
2019-08-07 8:34:09 121 1.69 1.41 2.42 4.7 0.265
2019-08-07 8:36:20 121 1.71 1.41 2.42 4.7 0.265
2019-08-07 8:38:30 121 1.73 1.41 2.42 4.7 0.265
2019-08-07 8:40:39 121 1.75 1.41 2.42 4.7 0.265
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Table A.2: continued.

Date UT Exp Airmass ∆ r α Da
(s) (AU) (AU) (◦) (′′)

(18) Melpomene
2018-05-04 1:13:08 241 1.24 2.05 2.79 16.5 0.095
2018-05-04 1:17:18 241 1.23 2.05 2.79 16.5 0.095
2018-05-04 1:21:30 241 1.23 2.05 2.79 16.5 0.095
2018-05-04 1:25:40 241 1.23 2.05 2.79 16.5 0.095
2018-05-04 1:29:49 241 1.23 2.05 2.79 16.5 0.095
2018-05-04 2:15:09 241 1.25 2.05 2.79 16.5 0.095
2018-05-04 2:19:19 241 1.25 2.05 2.79 16.5 0.095
2018-05-04 2:23:29 241 1.26 2.05 2.79 16.5 0.095
2018-05-04 2:27:39 241 1.26 2.05 2.79 16.5 0.095
2018-05-04 2:31:49 241 1.27 2.05 2.79 16.5 0.095
2019-06-21 8:35:25 235 1.45 1.31 2.29 8.4 0.148
2019-06-21 8:39:30 235 1.48 1.31 2.29 8.4 0.148
2019-06-21 8:43:35 235 1.50 1.31 2.29 8.4 0.148
2019-06-21 8:47:38 235 1.53 1.31 2.29 8.4 0.148
2019-06-21 8:51:41 235 1.56 1.31 2.29 8.4 0.148
2019-07-18 6:58:30 235 1.70 1.26 2.23 10.5 0.154
2019-07-18 7:02:36 235 1.73 1.26 2.23 10.5 0.154
2019-07-18 7:06:41 235 1.77 1.26 2.23 10.5 0.154
2019-07-18 7:10:44 235 1.82 1.26 2.23 10.5 0.154
2019-07-18 7:14:49 235 1.86 1.26 2.23 10.5 0.154
2019-08-03 1:49:27 235 1.03 1.30 2.19 17.1 0.150
2019-08-03 1:53:32 235 1.03 1.30 2.19 17.1 0.150
2019-08-03 1:57:37 235 1.02 1.30 2.19 17.1 0.150
2019-08-03 2:01:40 235 1.02 1.30 2.19 17.1 0.150
2019-08-03 2:05:45 235 1.02 1.30 2.19 17.1 0.150
2019-08-06 4:59:38 235 1.44 1.32 2.18 18.3 0.147
2019-08-06 5:03:43 235 1.46 1.32 2.18 18.3 0.147
2019-08-06 5:07:47 235 1.49 1.32 2.18 18.3 0.147
2019-08-06 5:11:51 235 1.52 1.32 2.18 18.3 0.147
2019-08-06 5:15:54 235 1.54 1.32 2.18 18.3 0.147

(19) Fortuna
2018-01-07 5:22:02 241 1.38 1.51 2.40 12.6 0.193
2018-01-07 5:26:13 241 1.37 1.51 2.40 12.6 0.193
2018-01-07 5:30:24 241 1.36 1.51 2.40 12.6 0.193
2018-01-07 5:34:33 241 1.35 1.51 2.40 12.6 0.193
2018-01-07 5:38:43 241 1.34 1.51 2.40 12.6 0.193
2018-01-07 6:30:50 241 1.27 1.51 2.40 12.6 0.193
2018-01-07 6:35:00 241 1.26 1.51 2.40 12.6 0.193
2018-01-07 6:39:11 241 1.26 1.51 2.40 12.6 0.193
2018-01-07 6:43:21 241 1.26 1.51 2.40 12.6 0.193
2018-01-07 6:47:30 241 1.26 1.51 2.40 12.6 0.193
2018-01-07 7:10:33 241 1.26 1.51 2.40 12.6 0.193
2018-01-07 7:14:43 241 1.26 1.51 2.40 12.6 0.193
2018-01-07 7:18:54 241 1.27 1.51 2.40 12.6 0.193
2018-01-07 7:23:03 241 1.27 1.51 2.40 12.6 0.193
2018-01-07 7:27:12 241 1.27 1.51 2.40 12.6 0.193
2018-01-29 4:37:20 241 1.30 1.46 2.44 2.2 0.199
2018-01-29 4:41:30 241 1.29 1.46 2.44 2.2 0.199
2018-01-29 4:45:41 241 1.29 1.46 2.44 2.2 0.199
2018-01-29 4:49:51 241 1.29 1.46 2.44 2.2 0.199
2018-01-29 4:54:00 241 1.28 1.46 2.44 2.2 0.199
2018-02-06 3:05:35 241 1.40 1.47 2.45 2.4 0.198
2018-02-06 3:09:46 241 1.39 1.47 2.45 2.4 0.198
2018-02-06 3:13:57 241 1.38 1.47 2.45 2.4 0.198
2018-02-06 3:18:08 241 1.37 1.47 2.45 2.4 0.198
2018-02-06 3:22:18 241 1.36 1.47 2.45 2.4 0.198
2018-02-06 4:45:44 241 1.30 1.47 2.45 2.4 0.198
2018-02-06 4:49:55 241 1.30 1.47 2.45 2.4 0.198
2018-02-06 4:54:07 241 1.30 1.47 2.45 2.4 0.198
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Table A.2: continued.

Date UT Exp Airmass ∆ r α Da
(s) (AU) (AU) (◦) (′′)

2018-02-06 4:58:17 241 1.30 1.47 2.45 2.4 0.198
2018-02-06 5:02:26 241 1.31 1.47 2.45 2.4 0.198

(21) Lutetia
2019-08-04 6:48:24 241 1.23 1.33 2.05 25.1 0.104
2019-08-04 6:52:35 241 1.22 1.33 2.05 25.1 0.104
2019-08-04 6:56:46 241 1.21 1.33 2.05 25.1 0.104
2019-08-04 7:00:58 241 1.20 1.33 2.05 25.1 0.104
2019-08-04 7:05:08 241 1.19 1.33 2.05 25.1 0.104
2019-08-05 8:41:21 241 1.10 1.32 2.05 24.8 0.104
2019-08-05 8:45:31 241 1.10 1.32 2.05 24.8 0.104
2019-08-05 8:49:41 241 1.10 1.32 2.05 24.8 0.104
2019-08-05 8:53:51 241 1.10 1.32 2.05 24.8 0.104
2019-08-05 8:58:01 241 1.11 1.32 2.05 24.8 0.104
2019-08-29 3:21:15 241 1.86 1.15 2.06 16.5 0.120
2019-08-29 3:25:25 241 1.81 1.15 2.06 16.5 0.120
2019-08-29 3:29:37 241 1.77 1.15 2.06 16.5 0.120
2019-08-29 3:33:47 241 1.73 1.15 2.06 16.5 0.120
2019-08-29 3:37:57 241 1.69 1.15 2.06 16.5 0.120
2019-08-29 3:43:08 241 1.65 1.15 2.06 16.4 0.120
2019-08-29 3:47:19 241 1.62 1.15 2.06 16.4 0.120
2019-08-29 3:51:29 241 1.59 1.15 2.06 16.4 0.120
2019-08-29 3:55:38 241 1.56 1.15 2.06 16.4 0.120
2019-08-29 3:59:48 241 1.53 1.15 2.06 16.4 0.120
2019-08-29 6:00:20 241 1.13 1.15 2.06 16.4 0.120
2019-08-29 6:04:30 241 1.12 1.15 2.06 16.4 0.120
2019-08-29 6:08:41 241 1.12 1.15 2.06 16.4 0.120
2019-08-29 6:12:51 241 1.11 1.15 2.06 16.4 0.120
2019-08-29 6:17:00 241 1.11 1.15 2.06 16.4 0.120
2019-08-29 6:21:47 241 1.11 1.15 2.06 16.4 0.120
2019-08-29 6:25:59 241 1.10 1.15 2.06 16.4 0.120
2019-08-29 6:30:10 241 1.10 1.15 2.06 16.4 0.120
2019-08-29 6:34:19 241 1.10 1.15 2.06 16.4 0.120
2019-08-29 6:38:30 241 1.10 1.15 2.06 16.4 0.120
2019-08-29 7:47:07 241 1.12 1.15 2.06 16.4 0.120
2019-08-29 7:51:18 241 1.12 1.15 2.06 16.4 0.120
2019-08-29 7:55:28 241 1.13 1.15 2.06 16.4 0.120
2019-08-29 7:59:38 241 1.13 1.15 2.06 16.4 0.120
2019-08-29 8:03:49 241 1.14 1.15 2.06 16.4 0.120
2019-08-29 8:08:28 241 1.15 1.15 2.06 16.4 0.120
2019-08-29 8:12:40 241 1.15 1.15 2.06 16.4 0.120
2019-08-29 8:16:51 241 1.16 1.15 2.06 16.4 0.120
2019-08-29 8:21:00 241 1.17 1.15 2.06 16.4 0.120
2019-08-29 8:25:10 241 1.18 1.15 2.06 16.4 0.120
2019-08-31 7:28:27 241 1.11 1.14 2.06 15.5 0.121
2019-08-31 7:32:38 241 1.11 1.14 2.06 15.5 0.121
2019-08-31 7:36:48 241 1.11 1.14 2.06 15.5 0.121
2019-08-31 7:40:58 241 1.12 1.14 2.06 15.5 0.121
2019-08-31 7:45:09 241 1.12 1.14 2.06 15.5 0.121
2019-08-31 8:52:07 241 1.27 1.14 2.06 15.4 0.121
2019-08-31 8:56:18 241 1.28 1.14 2.06 15.4 0.121
2019-08-31 9:00:29 241 1.30 1.14 2.06 15.4 0.121
2019-08-31 9:04:38 241 1.31 1.14 2.06 15.4 0.121
2019-08-31 9:08:48 241 1.33 1.14 2.06 15.4 0.121
2019-09-02 8:18:23 241 1.20 1.13 2.06 14.5 0.122
2019-09-02 8:22:33 241 1.21 1.13 2.06 14.5 0.122
2019-09-02 8:26:44 241 1.22 1.13 2.06 14.5 0.122
2019-09-02 8:30:52 241 1.23 1.13 2.06 14.5 0.122
2019-09-02 8:35:02 241 1.24 1.13 2.06 14.5 0.122
2019-09-04 8:17:32 241 1.22 1.12 2.06 13.6 0.123
2019-09-04 8:21:43 241 1.23 1.12 2.06 13.5 0.123
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Table A.2: continued.

Date UT Exp Airmass ∆ r α Da
(s) (AU) (AU) (◦) (′′)

2019-09-04 8:25:53 241 1.24 1.12 2.06 13.5 0.123
2019-09-04 8:30:01 241 1.25 1.12 2.06 13.5 0.123
2019-09-04 8:34:11 241 1.26 1.12 2.06 13.5 0.123

(24) Themis
2018-12-27 6:43:58 212 1.46 1.86 2.80 7.4 0.154
2018-12-27 6:47:40 212 1.47 1.86 2.80 7.4 0.154
2018-12-27 6:51:20 212 1.47 1.86 2.80 7.4 0.154
2018-12-27 6:55:01 212 1.48 1.86 2.80 7.4 0.154
2018-12-27 6:58:43 212 1.48 1.86 2.80 7.4 0.154
2018-12-29 4:09:36 212 1.71 1.85 2.80 6.7 0.155
2018-12-29 4:13:18 212 1.69 1.85 2.80 6.7 0.155
2018-12-29 4:17:01 212 1.68 1.85 2.80 6.7 0.155
2018-12-29 4:20:43 212 1.66 1.85 2.80 6.7 0.155
2018-12-29 4:24:23 212 1.64 1.85 2.80 6.7 0.155
2019-01-09 5:14:59 212 1.46 1.81 2.79 2.1 0.158
2019-01-09 5:18:42 212 1.46 1.81 2.79 2.1 0.158
2019-01-09 5:22:25 212 1.46 1.81 2.79 2.1 0.158
2019-01-09 5:26:05 212 1.47 1.81 2.79 2.1 0.158
2019-01-09 5:29:47 212 1.47 1.81 2.79 2.1 0.158
2019-01-09 6:07:12 212 1.52 1.81 2.79 2.1 0.158
2019-01-09 6:10:54 212 1.52 1.81 2.79 2.1 0.158
2019-01-09 6:14:37 212 1.53 1.81 2.79 2.1 0.158
2019-01-09 6:18:19 212 1.54 1.81 2.79 2.1 0.158
2019-01-09 6:21:58 212 1.55 1.81 2.79 2.1 0.158
2019-01-13 6:03:21 212 1.56 1.80 2.79 0.5 0.159
2019-01-13 6:07:03 212 1.57 1.80 2.79 0.5 0.159
2019-01-13 6:10:45 212 1.58 1.80 2.79 0.5 0.159
2019-01-13 6:14:27 212 1.59 1.80 2.79 0.5 0.159
2019-01-13 6:18:09 212 1.60 1.80 2.79 0.5 0.159
2019-01-17 2:58:06 212 1.65 1.80 2.78 1.4 0.159
2019-01-17 3:01:49 212 1.63 1.80 2.78 1.4 0.159
2019-01-17 3:05:32 212 1.62 1.80 2.78 1.4 0.159
2019-01-17 3:09:12 212 1.61 1.80 2.78 1.4 0.159
2019-01-17 3:12:52 212 1.59 1.80 2.78 1.4 0.159

(29) Amphitrite
2018-06-08 9:14:21 241 1.64 1.72 2.72 4.7 0.164
2018-06-08 9:18:31 241 1.68 1.72 2.72 4.7 0.164
2018-06-08 9:22:40 241 1.71 1.72 2.72 4.7 0.164
2018-06-08 9:26:50 241 1.75 1.72 2.72 4.7 0.164
2018-06-08 9:31:00 241 1.79 1.72 2.72 4.7 0.164
2019-08-16 6:39:41 241 1.43 1.81 2.44 21.7 0.156
2019-08-16 6:43:52 241 1.42 1.81 2.44 21.7 0.156
2019-08-16 6:48:02 241 1.40 1.81 2.44 21.7 0.156
2019-08-16 6:52:12 241 1.39 1.81 2.44 21.7 0.156
2019-08-16 6:56:22 241 1.37 1.81 2.44 21.7 0.156
2019-08-16 7:21:27 241 1.31 1.81 2.44 21.7 0.156
2019-08-16 7:25:39 241 1.30 1.81 2.44 21.7 0.156
2019-08-16 7:29:51 241 1.29 1.81 2.44 21.7 0.156
2019-08-16 7:34:00 241 1.28 1.81 2.44 21.7 0.156
2019-08-16 7:38:09 241 1.28 1.81 2.44 21.7 0.156
2019-08-16 7:52:05 241 1.26 1.81 2.44 21.7 0.156
2019-08-16 7:56:17 241 1.25 1.81 2.44 21.7 0.156
2019-08-16 8:00:28 241 1.25 1.81 2.44 21.7 0.156
2019-08-16 8:04:37 241 1.24 1.81 2.44 21.7 0.156
2019-08-16 8:08:47 241 1.24 1.81 2.44 21.7 0.156
2019-08-17 6:07:35 241 1.57 1.80 2.44 21.5 0.157
2019-08-17 6:11:44 241 1.55 1.80 2.44 21.5 0.157
2019-08-17 6:15:56 241 1.52 1.80 2.44 21.5 0.157
2019-08-17 6:20:07 241 1.50 1.80 2.44 21.5 0.157
2019-08-17 6:24:17 241 1.48 1.80 2.44 21.5 0.157
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Table A.2: continued.

Date UT Exp Airmass ∆ r α Da
(s) (AU) (AU) (◦) (′′)

2019-08-17 7:40:29 241 1.27 1.79 2.44 21.5 0.158
2019-08-17 7:44:40 241 1.26 1.79 2.44 21.5 0.158
2019-08-17 7:48:51 241 1.26 1.79 2.44 21.5 0.158
2019-08-17 7:53:00 241 1.25 1.79 2.44 21.5 0.158
2019-08-17 7:57:11 241 1.25 1.79 2.44 21.5 0.158
2019-08-17 8:10:55 241 1.24 1.79 2.44 21.5 0.158
2019-08-17 8:15:07 241 1.24 1.79 2.44 21.5 0.158
2019-08-17 8:19:17 241 1.24 1.79 2.44 21.5 0.158
2019-08-17 8:23:28 241 1.23 1.79 2.44 21.5 0.158
2019-08-17 8:27:37 241 1.23 1.79 2.44 21.5 0.158
2019-08-22 6:52:21 241 1.33 1.74 2.44 20.5 0.162
2019-08-22 6:56:32 241 1.32 1.74 2.44 20.5 0.162
2019-08-22 7:00:43 241 1.31 1.74 2.44 20.5 0.162
2019-08-22 7:04:53 241 1.30 1.74 2.44 20.5 0.162
2019-08-22 7:09:04 241 1.29 1.74 2.44 20.5 0.162
2019-08-23 8:09:02 241 1.24 1.73 2.44 20.3 0.163
2019-08-23 8:13:13 241 1.24 1.73 2.44 20.3 0.163
2019-08-23 8:17:25 241 1.24 1.73 2.44 20.3 0.163
2019-08-23 8:21:35 241 1.24 1.73 2.44 20.3 0.163
2019-08-23 8:25:46 241 1.24 1.73 2.44 20.3 0.163
2019-08-29 5:32:19 241 1.53 1.67 2.43 18.8 0.169
2019-08-29 5:36:30 241 1.51 1.67 2.43 18.8 0.169
2019-08-29 5:40:42 241 1.49 1.67 2.43 18.8 0.169
2019-08-29 5:44:53 241 1.47 1.67 2.43 18.8 0.169
2019-08-29 5:49:03 241 1.45 1.67 2.43 18.8 0.169
2017-05-20 1:37:59 200 1.42 2.28 2.64 22.2 0.124
2017-05-20 1:41:30 200 1.43 2.28 2.64 22.2 0.124
2017-05-20 1:45:01 200 1.45 2.28 2.64 22.2 0.124
2017-05-20 1:48:31 200 1.47 2.28 2.64 22.2 0.124
2017-05-20 1:52:00 200 1.48 2.28 2.64 22.2 0.124
2017-05-20 2:19:32 200 1.65 2.28 2.64 22.2 0.124
2017-05-20 2:23:02 200 1.68 2.28 2.64 22.2 0.124
2017-05-20 2:26:32 200 1.71 2.28 2.64 22.2 0.124
2017-05-20 2:29:59 200 1.73 2.28 2.64 22.2 0.124
2017-05-20 2:33:28 200 1.76 2.28 2.64 22.2 0.124

(30) Urania
2018-09-16 5:00:02 227 1.12 1.12 2.12 2.2 0.108
2018-09-16 5:04:00 227 1.12 1.12 2.12 2.2 0.108
2018-09-16 5:07:57 227 1.12 1.12 2.12 2.2 0.108
2018-09-16 5:11:52 227 1.12 1.12 2.12 2.2 0.108
2018-09-16 5:15:49 227 1.12 1.12 2.12 2.2 0.108
2018-09-27 2:17:58 227 1.20 1.12 2.11 4.8 0.108
2018-09-27 2:21:56 227 1.19 1.12 2.11 4.8 0.108
2018-09-27 2:25:54 227 1.18 1.12 2.11 4.8 0.108
2018-09-27 2:29:49 227 1.18 1.12 2.11 4.8 0.108
2018-09-27 2:33:45 227 1.17 1.12 2.11 4.8 0.108
2018-09-27 6:29:55 227 1.45 1.12 2.11 4.9 0.108
2018-09-27 6:33:51 227 1.47 1.12 2.11 4.9 0.108
2018-09-27 6:37:49 227 1.49 1.12 2.11 4.9 0.108
2018-09-27 6:41:45 227 1.51 1.12 2.11 4.9 0.108
2018-09-27 6:45:42 227 1.54 1.12 2.11 4.9 0.108
2018-09-28 3:11:08 227 1.12 1.12 2.11 5.4 0.108
2018-09-28 3:15:05 227 1.11 1.12 2.11 5.4 0.108
2018-09-28 3:19:02 227 1.11 1.12 2.11 5.4 0.108
2018-09-28 3:22:58 227 1.11 1.12 2.11 5.4 0.108
2018-09-28 3:26:54 227 1.11 1.12 2.11 5.4 0.108

(45) Eugenia
2018-05-04 1:41:20 301 1.21 1.82 2.56 18.5 0.142
2018-05-04 1:46:31 301 1.21 1.82 2.56 18.5 0.142
2018-05-04 1:51:42 301 1.21 1.82 2.56 18.5 0.142
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Table A.2: continued.

Date UT Exp Airmass ∆ r α Da
(s) (AU) (AU) (◦) (′′)

2018-05-04 1:56:52 301 1.22 1.82 2.56 18.5 0.142
2018-05-04 2:02:02 301 1.22 1.82 2.56 18.5 0.142
2018-05-04 2:47:27 301 1.29 1.82 2.56 18.5 0.142
2018-05-04 2:52:38 301 1.31 1.82 2.56 18.5 0.142
2018-05-04 2:57:50 301 1.32 1.82 2.56 18.5 0.142
2018-05-04 3:02:59 301 1.33 1.82 2.56 18.5 0.142
2018-05-04 3:08:10 301 1.35 1.82 2.56 18.5 0.142
2018-05-04 3:21:11 301 1.39 1.82 2.56 18.5 0.142
2018-05-04 3:26:22 301 1.41 1.82 2.56 18.5 0.142
2018-05-04 3:31:33 301 1.43 1.82 2.56 18.5 0.142
2018-05-04 3:36:43 301 1.46 1.82 2.56 18.5 0.142
2018-05-04 3:41:54 301 1.48 1.82 2.56 18.5 0.142
2018-05-04 4:36:01 301 1.86 1.82 2.56 18.5 0.142
2018-05-04 4:41:12 301 1.92 1.82 2.56 18.5 0.142
2018-05-04 4:46:25 301 1.97 1.82 2.56 18.5 0.142
2018-05-04 4:51:34 301 2.04 1.82 2.56 18.5 0.142
2018-05-04 4:56:43 301 2.10 1.82 2.56 18.5 0.142
2019-07-28 8:19:08 232 1.69 1.60 2.62 2.0 0.162
2019-07-28 8:23:11 232 1.73 1.60 2.62 2.0 0.162
2019-07-28 8:27:13 232 1.77 1.60 2.62 2.0 0.162
2019-07-28 8:31:14 232 1.81 1.60 2.62 2.0 0.162
2019-07-28 8:35:15 232 1.86 1.60 2.62 2.0 0.162
2019-07-29 7:36:58 232 1.42 1.60 2.62 2.2 0.162
2019-07-29 7:41:00 232 1.44 1.60 2.62 2.2 0.162
2019-07-29 7:45:01 232 1.47 1.60 2.62 2.2 0.162
2019-07-30 7:34:02 232 1.43 1.61 2.62 2.5 0.161
2019-07-30 7:38:04 232 1.45 1.61 2.62 2.5 0.161
2019-07-30 7:42:06 232 1.48 1.61 2.62 2.5 0.161
2019-07-30 7:46:06 232 1.50 1.61 2.62 2.5 0.161
2019-07-30 7:50:07 232 1.53 1.61 2.62 2.5 0.161
2019-08-03 4:12:43 232 1.01 1.62 2.62 3.9 0.160
2019-08-03 5:07:07 232 1.05 1.62 2.62 3.9 0.160
2019-08-03 5:11:09 232 1.05 1.62 2.62 3.9 0.160
2019-08-03 5:15:12 232 1.06 1.62 2.62 3.9 0.160
2019-08-03 5:19:12 232 1.06 1.62 2.62 3.9 0.160
2019-08-03 5:23:12 232 1.07 1.62 2.62 3.9 0.160
2019-08-05 5:07:16 232 1.06 1.62 2.62 4.7 0.160
2019-08-05 5:11:17 232 1.06 1.62 2.62 4.7 0.160
2019-08-05 5:15:20 232 1.07 1.62 2.62 4.7 0.160
2019-08-05 5:19:22 232 1.08 1.62 2.62 4.7 0.160
2019-08-05 5:23:24 232 1.08 1.62 2.62 4.7 0.160
2019-08-06 0:45:14 232 1.39 1.63 2.62 5.1 0.159
2019-08-06 0:49:17 232 1.37 1.63 2.62 5.1 0.159
2019-08-06 0:53:20 232 1.35 1.63 2.62 5.1 0.159
2019-08-06 0:57:21 232 1.33 1.63 2.62 5.1 0.159
2019-08-06 1:01:20 232 1.31 1.63 2.62 5.1 0.159
2019-08-06 5:55:57 232 1.16 1.63 2.62 5.2 0.159
2019-08-06 6:00:00 232 1.17 1.63 2.62 5.2 0.159
2019-08-06 6:04:03 232 1.19 1.63 2.62 5.2 0.159
2019-08-06 6:08:03 232 1.20 1.63 2.62 5.2 0.159
2019-08-06 6:12:03 232 1.21 1.63 2.62 5.2 0.159
2019-08-07 0:34:01 232 1.43 1.63 2.62 5.5 0.159
2019-08-07 0:38:03 232 1.41 1.63 2.62 5.5 0.159
2019-08-07 0:42:05 232 1.38 1.63 2.62 5.5 0.159
2019-08-07 0:46:06 232 1.36 1.63 2.62 5.5 0.159
2019-08-07 0:50:08 232 1.34 1.63 2.62 5.5 0.159

(48) Doris
2017-11-02 3:03:17 301 1.42 1.93 2.92 3.3 0.154
2017-11-02 3:08:28 301 1.40 1.93 2.92 3.3 0.154
2017-11-02 3:13:39 301 1.38 1.93 2.92 3.3 0.154
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Table A.2: continued.

Date UT Exp Airmass ∆ r α Da
(s) (AU) (AU) (◦) (′′)

2017-11-02 3:18:48 301 1.36 1.93 2.92 3.3 0.154
2017-11-02 3:23:57 301 1.35 1.93 2.92 3.3 0.154
2017-11-29 0:19:04 301 1.56 1.99 2.91 8.6 0.149
2017-11-29 0:24:15 301 1.53 1.99 2.91 8.6 0.149
2017-11-29 0:29:27 301 1.50 1.99 2.91 8.6 0.149
2017-11-29 0:34:37 301 1.48 1.99 2.91 8.6 0.149

(51) Nemausa
2018-02-06 3:57:05 226 1.35 1.29 2.22 11.1 0.160
2018-02-06 4:01:00 226 1.33 1.29 2.22 11.1 0.160
2018-02-06 4:04:56 226 1.32 1.29 2.22 11.1 0.160
2018-02-06 4:08:51 226 1.30 1.29 2.22 11.1 0.160
2018-02-06 4:12:47 226 1.29 1.29 2.22 11.1 0.160
2018-02-06 5:49:58 226 1.11 1.29 2.22 11.0 0.160
2018-02-06 5:53:53 226 1.11 1.29 2.22 11.0 0.160
2018-02-06 5:57:48 226 1.11 1.29 2.22 11.0 0.160
2018-02-06 6:01:42 226 1.10 1.29 2.22 11.0 0.160
2018-02-06 6:05:38 226 1.10 1.29 2.22 11.0 0.160

(52) Europa
2018-07-08 6:15:40 244 1.02 2.44 3.43 4.1 0.180
2018-07-08 6:19:55 244 1.02 2.44 3.43 4.1 0.180
2018-07-08 6:24:09 244 1.02 2.44 3.43 4.1 0.180
2018-07-08 6:28:22 244 1.03 2.44 3.43 4.1 0.180
2018-07-08 6:32:35 244 1.03 2.44 3.43 4.1 0.180
2018-07-08 7:17:12 244 1.09 2.44 3.43 4.1 0.180
2018-07-08 7:21:27 244 1.10 2.44 3.43 4.1 0.180
2018-07-08 7:25:42 244 1.10 2.44 3.43 4.1 0.180
2018-07-08 7:29:55 244 1.11 2.44 3.43 4.1 0.180
2018-07-08 7:34:07 244 1.12 2.44 3.43 4.1 0.180
2018-07-08 8:16:10 244 1.25 2.44 3.43 4.1 0.180
2018-07-08 8:20:25 244 1.26 2.44 3.43 4.1 0.180
2018-07-08 8:24:39 244 1.28 2.44 3.43 4.1 0.180
2018-07-08 8:28:52 244 1.30 2.44 3.43 4.1 0.180
2018-07-08 8:33:04 244 1.31 2.44 3.43 4.1 0.180
2018-07-10 1:28:53 244 1.82 2.43 3.43 3.5 0.181
2018-07-10 2:47:21 244 1.29 2.43 3.43 3.5 0.181
2018-07-13 7:35:42 244 1.19 2.42 3.43 2.5 0.182
2018-08-10 5:07:42 244 1.14 2.48 3.43 6.8 0.177
2018-08-10 5:11:56 244 1.15 2.48 3.43 6.8 0.177
2018-08-10 5:16:10 244 1.16 2.48 3.43 6.8 0.177
2018-08-10 5:20:23 244 1.17 2.48 3.43 6.8 0.177
2018-08-10 5:24:36 244 1.18 2.48 3.43 6.8 0.177
2019-07-30 7:05:37 232 1.24 2.65 3.22 16.6 0.166
2019-07-30 7:09:39 232 1.23 2.65 3.22 16.6 0.166
2019-07-30 7:13:41 232 1.22 2.65 3.22 16.6 0.166
2019-07-30 7:17:42 232 1.21 2.65 3.22 16.6 0.166
2019-07-30 7:21:44 232 1.20 2.65 3.22 16.6 0.166
2019-07-30 9:37:15 232 1.10 2.65 3.22 16.6 0.166
2019-07-30 9:41:16 232 1.10 2.65 3.22 16.6 0.166
2019-07-30 9:45:17 232 1.11 2.65 3.22 16.6 0.166
2019-07-30 9:49:19 232 1.11 2.65 3.22 16.6 0.166
2019-07-30 9:53:19 232 1.12 2.65 3.22 16.6 0.166
2019-08-05 6:44:36 232 1.23 2.57 3.21 15.7 0.171
2019-08-05 6:48:36 232 1.22 2.57 3.21 15.7 0.171
2019-08-05 6:52:39 232 1.21 2.57 3.21 15.7 0.171
2019-08-05 6:56:40 232 1.20 2.57 3.21 15.7 0.171
2019-08-05 7:00:42 232 1.19 2.57 3.21 15.7 0.171
2019-08-05 7:14:22 232 1.16 2.57 3.21 15.7 0.171
2019-08-05 7:18:23 232 1.15 2.57 3.21 15.7 0.171
2019-08-05 7:22:25 232 1.15 2.57 3.21 15.7 0.171
2019-08-05 7:26:27 232 1.14 2.57 3.21 15.7 0.171
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Table A.2: continued.

Date UT Exp Airmass ∆ r α Da
(s) (AU) (AU) (◦) (′′)

2019-08-05 7:30:28 232 1.14 2.57 3.21 15.7 0.171
2019-08-05 8:13:59 232 1.09 2.57 3.21 15.7 0.171
2019-08-05 8:18:02 232 1.09 2.57 3.21 15.7 0.171
2019-08-05 8:22:05 232 1.09 2.57 3.21 15.7 0.171
2019-08-05 8:26:07 232 1.09 2.57 3.21 15.7 0.171
2019-08-05 8:30:07 232 1.09 2.57 3.21 15.7 0.171
2019-08-06 8:49:13 232 1.09 2.56 3.21 15.6 0.172
2019-08-06 8:53:15 232 1.09 2.56 3.21 15.6 0.172
2019-08-06 8:57:18 232 1.09 2.56 3.21 15.6 0.172
2019-08-06 9:01:19 232 1.09 2.56 3.21 15.6 0.172
2019-08-06 9:05:20 232 1.09 2.56 3.21 15.6 0.172

(63) Ausonia
2018-09-28 5:33:52 220 1.25 1.41 2.40 5.3 0.091
2018-09-28 5:37:41 220 1.25 1.41 2.40 5.3 0.091
2018-09-28 5:41:32 220 1.26 1.41 2.40 5.3 0.091
2018-09-28 5:45:20 220 1.26 1.41 2.40 5.3 0.091
2018-09-28 5:49:10 220 1.27 1.41 2.40 5.3 0.091
2018-09-28 7:02:13 220 1.44 1.41 2.40 5.3 0.091
2018-09-28 7:06:03 220 1.46 1.41 2.40 5.3 0.091
2018-09-28 7:09:53 220 1.48 1.41 2.40 5.3 0.091
2018-09-28 7:13:40 220 1.49 1.41 2.40 5.3 0.091
2018-09-28 7:17:29 220 1.51 1.41 2.40 5.3 0.091
2018-09-28 7:37:31 220 1.62 1.41 2.40 5.3 0.091
2018-09-28 7:41:22 220 1.65 1.41 2.40 5.3 0.091
2018-09-28 7:45:12 220 1.67 1.41 2.40 5.3 0.091
2018-09-28 7:48:59 220 1.70 1.41 2.40 5.3 0.091
2018-09-28 7:52:47 220 1.73 1.41 2.40 5.3 0.091
2018-09-29 6:43:19 220 1.39 1.41 2.40 4.9 0.091
2018-09-29 6:47:09 220 1.40 1.41 2.40 4.9 0.091
2018-09-29 6:50:59 220 1.42 1.41 2.40 4.9 0.091
2018-09-29 6:54:48 220 1.43 1.41 2.40 4.9 0.091
2018-09-29 6:58:35 220 1.45 1.41 2.40 4.9 0.091
2018-09-29 7:10:10 220 1.50 1.41 2.40 4.9 0.091
2018-09-29 7:13:59 220 1.52 1.41 2.40 4.9 0.091
2018-09-29 7:17:48 220 1.54 1.41 2.40 4.9 0.091
2018-09-29 7:21:37 220 1.56 1.41 2.40 4.9 0.091
2018-09-29 7:25:25 220 1.58 1.41 2.40 4.9 0.091

(88) Thisbe
2018-07-08 6:47:58 235 1.05 1.34 2.34 6.1 0.224
2018-07-08 6:52:01 235 1.05 1.34 2.34 6.1 0.224
2018-07-08 6:56:07 235 1.06 1.34 2.34 6.1 0.224
2018-07-08 7:00:11 235 1.06 1.34 2.34 6.1 0.224
2018-07-08 7:04:15 235 1.07 1.34 2.34 6.1 0.224
2018-07-08 7:46:49 235 1.16 1.34 2.34 6.1 0.224
2018-07-08 7:50:54 235 1.17 1.34 2.34 6.1 0.224
2018-07-08 7:54:59 235 1.18 1.34 2.34 6.1 0.224
2018-07-08 7:59:02 235 1.19 1.34 2.34 6.1 0.224
2018-07-08 8:03:06 235 1.20 1.34 2.34 6.1 0.224
2018-07-10 3:09:47 235 1.21 1.33 2.34 5.3 0.226
2018-07-10 3:13:52 235 1.19 1.33 2.34 5.3 0.226
2018-07-10 3:17:57 235 1.18 1.33 2.34 5.3 0.226
2018-07-10 3:22:01 235 1.17 1.33 2.34 5.3 0.226
2018-07-10 3:26:05 235 1.16 1.33 2.34 5.3 0.226
2018-07-10 4:13:40 235 1.06 1.33 2.34 5.3 0.226
2018-07-10 4:17:45 235 1.06 1.33 2.34 5.3 0.226
2018-07-10 4:21:50 235 1.05 1.33 2.34 5.3 0.226
2018-07-10 4:25:53 235 1.05 1.33 2.34 5.3 0.226
2018-07-10 4:29:56 235 1.04 1.33 2.34 5.2 0.226
2018-07-10 5:16:19 235 1.01 1.33 2.34 5.2 0.226
2018-07-10 5:20:22 235 1.01 1.33 2.34 5.2 0.226
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Table A.2: continued.

Date UT Exp Airmass ∆ r α Da
(s) (AU) (AU) (◦) (′′)

2018-07-10 5:24:27 235 1.01 1.33 2.34 5.2 0.226
2018-07-10 5:28:31 235 1.01 1.33 2.34 5.2 0.226
2018-07-10 5:32:34 235 1.01 1.33 2.34 5.2 0.226
2018-07-14 1:07:32 235 1.86 1.32 2.34 3.5 0.228
2018-07-14 1:11:36 235 1.81 1.32 2.34 3.5 0.228
2018-07-14 1:15:41 235 1.77 1.32 2.34 3.4 0.228
2018-07-14 1:19:45 235 1.73 1.32 2.34 3.4 0.228
2018-07-14 1:23:48 235 1.69 1.32 2.34 3.4 0.228

(130) Elektra
2019-07-30 8:32:46 220 1.13 1.76 2.67 11.7 0.157
2019-07-30 8:36:36 220 1.14 1.76 2.67 11.7 0.157
2019-07-30 8:40:26 220 1.15 1.76 2.67 11.7 0.157
2019-07-30 8:44:14 220 1.16 1.76 2.67 11.7 0.157
2019-07-30 8:48:03 220 1.17 1.76 2.67 11.7 0.157
2019-07-30 9:00:11 220 1.20 1.76 2.67 11.7 0.157
2019-07-30 9:04:01 220 1.21 1.76 2.67 11.7 0.157
2019-07-30 9:07:52 220 1.23 1.76 2.67 11.7 0.157
2019-07-30 9:11:40 220 1.24 1.76 2.67 11.7 0.157
2019-07-30 9:15:30 220 1.25 1.76 2.67 11.7 0.157
2019-08-04 4:41:51 220 1.15 1.72 2.66 9.9 0.160
2019-08-04 4:45:40 220 1.15 1.72 2.66 9.9 0.160
2019-08-04 4:49:31 220 1.14 1.72 2.66 9.9 0.160
2019-08-04 4:53:19 220 1.13 1.72 2.66 9.9 0.160
2019-08-04 4:57:08 220 1.12 1.72 2.66 9.9 0.160
2019-08-04 6:14:35 220 1.03 1.72 2.66 9.9 0.160
2019-08-04 6:18:23 220 1.03 1.72 2.66 9.9 0.160
2019-08-04 6:22:14 220 1.03 1.72 2.66 9.9 0.160
2019-08-04 6:26:03 220 1.03 1.72 2.66 9.9 0.160
2019-08-04 6:29:53 220 1.03 1.72 2.66 9.9 0.160
2019-08-05 9:17:43 220 1.36 1.71 2.66 9.5 0.161
2019-08-05 9:21:34 220 1.38 1.71 2.66 9.5 0.161
2019-08-05 9:25:23 220 1.40 1.71 2.66 9.5 0.161
2019-08-05 9:29:12 220 1.42 1.71 2.66 9.5 0.161
2019-08-05 9:33:01 220 1.44 1.71 2.66 9.5 0.161
2019-08-06 5:29:18 220 1.06 1.70 2.66 9.1 0.162
2019-08-06 5:33:09 220 1.05 1.70 2.66 9.1 0.162
2019-08-06 5:36:59 220 1.05 1.70 2.66 9.1 0.162
2019-08-06 5:40:48 220 1.05 1.70 2.66 9.1 0.162
2019-08-06 5:44:36 220 1.04 1.70 2.66 9.1 0.162

(145) Adeona
2017-12-31 6:45:40 301 1.89 1.34 2.29 7.8 0.148
2017-12-31 6:50:50 301 1.90 1.34 2.29 7.8 0.148
2017-12-31 6:56:00 301 1.92 1.34 2.29 7.8 0.148
2017-12-31 7:01:08 301 1.93 1.34 2.29 7.8 0.148
2017-12-31 7:06:17 301 1.95 1.34 2.29 7.8 0.148
2018-01-01 4:58:56 301 1.90 1.34 2.29 7.5 0.148
2018-01-01 5:04:07 301 1.89 1.34 2.29 7.5 0.148
2018-01-01 5:09:18 301 1.87 1.34 2.29 7.5 0.148
2018-01-01 5:14:27 301 1.86 1.34 2.29 7.5 0.148
2018-01-01 5:19:37 301 1.85 1.34 2.29 7.5 0.148
2018-01-07 5:55:57 301 1.91 1.32 2.29 5.7 0.150
2018-01-07 6:01:08 301 1.92 1.32 2.29 5.7 0.150
2018-01-07 6:06:19 301 1.93 1.32 2.29 5.7 0.150
2018-01-07 6:11:29 301 1.94 1.32 2.29 5.7 0.150
2018-01-07 6:16:39 301 1.96 1.32 2.29 5.7 0.150

(173) Ino
2018-09-15 8:41:57 220 1.64 1.21 2.20 5.4 0.165
2018-09-15 8:45:46 220 1.67 1.21 2.20 5.4 0.165
2018-09-15 8:49:37 220 1.70 1.21 2.20 5.4 0.165
2018-09-15 8:53:27 220 1.74 1.21 2.20 5.4 0.165
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Table A.2: continued.

Date UT Exp Airmass ∆ r α Da
(s) (AU) (AU) (◦) (′′)

2018-09-15 8:57:16 220 1.78 1.21 2.20 5.4 0.165
2018-09-27 2:45:57 220 1.08 1.21 2.19 7.6 0.165
2018-09-27 2:49:47 220 1.08 1.21 2.19 7.6 0.165
2018-09-27 2:53:38 220 1.07 1.21 2.19 7.6 0.165
2018-09-27 2:57:26 220 1.07 1.21 2.19 7.6 0.165
2018-09-27 3:01:16 220 1.06 1.21 2.19 7.6 0.165
2018-09-27 7:03:32 220 1.34 1.21 2.19 7.7 0.165
2018-09-27 7:07:22 220 1.35 1.21 2.19 7.7 0.165
2018-09-27 7:11:12 220 1.37 1.21 2.19 7.7 0.165
2018-09-27 7:14:59 220 1.39 1.21 2.19 7.7 0.165
2018-09-27 7:18:48 220 1.41 1.21 2.19 7.7 0.165
2018-09-27 7:31:03 220 1.49 1.21 2.19 7.7 0.165
2018-09-27 7:34:50 220 1.51 1.21 2.19 7.7 0.165
2018-09-27 7:38:40 220 1.54 1.21 2.19 7.7 0.165
2018-09-27 7:42:29 220 1.57 1.21 2.19 7.7 0.165
2018-09-27 7:46:18 220 1.60 1.21 2.19 7.7 0.165
2018-09-28 2:44:04 220 1.08 1.21 2.19 8.0 0.165
2018-09-28 2:47:53 220 1.07 1.21 2.19 8.0 0.165
2018-09-28 2:51:43 220 1.07 1.21 2.19 8.0 0.165
2018-09-28 2:55:33 220 1.06 1.21 2.19 8.0 0.165
2018-09-28 2:59:21 220 1.06 1.21 2.19 8.0 0.165

(187) Lamberta
2018-03-15 9:05:28 301 1.13 1.24 2.10 18.0 0.157
2018-03-15 9:10:39 301 1.14 1.24 2.10 18.0 0.157
2018-03-15 9:15:51 301 1.15 1.24 2.10 18.0 0.157
2018-03-15 9:21:00 301 1.17 1.24 2.10 18.0 0.157
2018-03-15 9:26:10 301 1.18 1.24 2.10 18.0 0.157
2018-03-26 8:21:08 301 1.13 1.16 2.09 13.4 0.168
2018-03-26 8:26:17 301 1.14 1.16 2.09 13.4 0.168
2018-03-26 8:31:26 301 1.16 1.16 2.09 13.4 0.168
2018-03-26 8:36:35 301 1.17 1.16 2.09 13.4 0.168
2018-03-26 8:41:43 301 1.18 1.16 2.09 13.4 0.168
2018-04-20 8:13:18 217 1.63 1.07 2.07 1.4 0.182
2018-04-20 8:17:05 217 1.66 1.07 2.07 1.4 0.182
2018-04-20 8:20:51 217 1.70 1.07 2.07 1.4 0.182
2018-04-20 8:24:36 217 1.73 1.07 2.07 1.4 0.182
2018-04-20 8:28:21 217 1.77 1.07 2.07 1.4 0.182
2018-04-24 6:21:56 217 1.17 1.07 2.07 2.8 0.182
2018-04-24 6:25:42 217 1.18 1.07 2.07 2.8 0.182
2018-04-24 6:29:28 217 1.19 1.07 2.07 2.8 0.182
2018-04-24 6:33:13 217 1.21 1.07 2.07 2.8 0.182
2018-04-24 6:36:58 217 1.22 1.07 2.07 2.8 0.182
2018-05-04 5:15:45 217 1.13 1.08 2.07 8.2 0.180
2018-05-04 5:19:30 217 1.14 1.08 2.07 8.2 0.180
2018-05-04 5:23:17 217 1.14 1.08 2.07 8.2 0.180
2018-05-04 5:27:03 217 1.15 1.08 2.07 8.2 0.180
2018-05-04 5:30:49 217 1.16 1.08 2.07 8.2 0.180

(230) Athamantis
2018-09-26 1:08:34 219 1.14 1.39 2.26 16.0 0.117
2018-09-26 1:12:22 219 1.14 1.39 2.26 16.0 0.117
2018-09-26 1:16:12 219 1.14 1.39 2.26 16.0 0.117
2018-09-26 1:23:47 219 1.13 1.39 2.26 16.0 0.117
2018-09-26 3:20:06 219 1.43 1.40 2.26 16.3 0.116
2018-09-26 3:23:55 219 1.41 1.40 2.26 16.3 0.116
2018-09-26 3:27:45 219 1.39 1.40 2.26 16.3 0.116
2018-09-26 3:31:30 219 1.37 1.40 2.26 16.3 0.116
2018-09-26 3:35:19 219 1.36 1.40 2.26 16.3 0.116
2018-09-28 5:01:48 219 1.68 1.41 2.26 16.7 0.115
2018-09-28 5:05:38 219 1.72 1.41 2.26 16.7 0.115
2018-09-28 5:09:27 219 1.75 1.41 2.26 16.7 0.115
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Table A.2: continued.

Date UT Exp Airmass ∆ r α Da
(s) (AU) (AU) (◦) (′′)

2018-09-28 5:13:14 219 1.79 1.41 2.26 16.7 0.115
2018-09-28 5:17:01 219 1.83 1.41 2.26 16.7 0.115

(324) Bamberga
2018-12-22 6:15:22 160 1.74 1.69 2.54 13.9 0.185
2018-12-22 6:18:12 160 1.73 1.69 2.54 13.9 0.185
2018-12-22 6:21:03 160 1.72 1.69 2.54 13.9 0.185
2018-12-22 6:23:52 160 1.71 1.69 2.54 13.9 0.185
2018-12-22 6:26:42 160 1.70 1.69 2.54 13.9 0.185
2018-12-23 6:33:58 160 1.68 1.69 2.54 13.5 0.185
2018-12-23 6:36:48 160 1.67 1.69 2.54 13.5 0.185
2018-12-23 6:39:38 160 1.67 1.69 2.54 13.5 0.185
2018-12-23 6:42:27 160 1.66 1.69 2.54 13.5 0.185
2018-12-23 6:45:16 160 1.66 1.69 2.54 13.5 0.185
2019-01-09 5:42:56 160 1.65 1.65 2.60 6.5 0.190
2019-01-09 5:45:47 160 1.65 1.65 2.60 6.5 0.190
2019-01-09 5:48:37 160 1.64 1.65 2.60 6.5 0.190
2019-01-09 5:51:25 160 1.64 1.65 2.60 6.5 0.190
2019-01-09 5:54:15 160 1.64 1.65 2.60 6.5 0.190
2019-01-10 5:16:44 160 1.67 1.65 2.61 6.1 0.190
2019-01-10 5:19:33 160 1.67 1.65 2.61 6.1 0.190
2019-01-10 5:22:24 160 1.66 1.65 2.61 6.1 0.190
2019-01-10 5:25:12 160 1.66 1.65 2.61 6.1 0.190
2019-01-10 5:28:02 160 1.66 1.65 2.61 6.1 0.190
2019-01-13 6:38:41 160 1.72 1.65 2.62 4.9 0.190
2019-01-13 6:41:31 160 1.73 1.65 2.62 4.9 0.190
2019-01-13 6:44:20 160 1.73 1.65 2.62 4.9 0.190
2019-01-13 6:47:10 160 1.74 1.65 2.62 4.9 0.190
2019-01-13 6:49:59 160 1.75 1.65 2.62 4.9 0.190
2019-01-16 3:29:00 160 1.97 1.66 2.63 3.9 0.189
2019-01-16 3:31:50 160 1.95 1.66 2.63 3.9 0.189
2019-01-16 3:34:41 160 1.93 1.66 2.63 3.9 0.189
2019-01-16 3:37:30 160 1.91 1.66 2.63 3.9 0.189
2019-01-16 3:40:20 160 1.90 1.66 2.63 3.9 0.189
2019-01-16 3:43:53 160 1.88 1.66 2.63 3.9 0.189
2019-01-16 3:46:43 160 1.86 1.66 2.63 3.9 0.189
2019-01-16 3:49:33 160 1.85 1.66 2.63 3.9 0.189
2019-01-16 3:52:22 160 1.84 1.66 2.63 3.9 0.189
2019-01-16 3:55:10 160 1.82 1.66 2.63 3.9 0.189
2019-01-16 4:22:44 160 1.73 1.66 2.63 3.9 0.189
2019-01-16 4:25:33 160 1.72 1.66 2.63 3.9 0.189
2019-01-16 4:28:25 160 1.71 1.66 2.63 3.9 0.189
2019-01-16 4:31:15 160 1.70 1.66 2.63 3.9 0.189
2019-01-16 4:34:04 160 1.70 1.66 2.63 3.9 0.189
2019-01-17 4:22:01 160 1.71 1.66 2.63 3.6 0.189
2019-01-17 4:24:52 160 1.71 1.66 2.63 3.6 0.189
2019-01-17 4:27:42 160 1.70 1.66 2.63 3.6 0.189
2019-01-17 4:30:30 160 1.69 1.66 2.63 3.6 0.189
2019-01-17 4:33:19 160 1.69 1.66 2.63 3.6 0.189
2017-08-19 1:50:03 201 1.07 1.67 2.31 22.9 0.187
2017-08-19 1:53:34 201 1.08 1.67 2.31 22.9 0.187
2017-08-19 1:57:05 201 1.08 1.67 2.31 22.9 0.187
2017-08-19 2:00:32 201 1.09 1.67 2.31 22.9 0.187
2017-08-19 2:04:02 201 1.09 1.67 2.31 22.9 0.187
2017-08-22 2:26:44 201 1.16 1.69 2.30 23.5 0.185
2017-08-22 2:30:14 201 1.17 1.69 2.30 23.5 0.185
2017-08-22 2:33:44 201 1.18 1.69 2.30 23.5 0.185
2017-08-22 2:37:14 201 1.19 1.69 2.30 23.5 0.185
2017-08-22 2:40:43 201 1.20 1.69 2.30 23.5 0.185
2017-06-23 5:45:06 201 1.06 1.53 2.53 6.1 0.205
2017-06-23 5:48:35 201 1.06 1.53 2.53 6.1 0.205
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Table A.2: continued.

Date UT Exp Airmass ∆ r α Da
(s) (AU) (AU) (◦) (′′)

2017-06-23 5:52:06 201 1.06 1.53 2.53 6.1 0.205
2017-06-23 5:55:35 201 1.07 1.53 2.53 6.1 0.205
2017-06-23 5:59:04 201 1.07 1.53 2.53 6.1 0.205
2017-07-14 4:24:00 201 1.08 1.51 2.45 11.3 0.207
2017-07-14 4:27:31 201 1.09 1.51 2.45 11.3 0.207
2017-07-14 4:31:02 201 1.09 1.51 2.45 11.3 0.207
2017-07-14 4:34:31 201 1.10 1.51 2.45 11.3 0.207
2017-07-14 4:38:01 201 1.10 1.51 2.45 11.3 0.207
2017-07-20 3:34:24 201 1.05 1.52 2.43 13.5 0.206
2017-07-20 3:37:55 201 1.06 1.52 2.43 13.5 0.206
2017-07-20 3:41:26 201 1.06 1.52 2.43 13.5 0.206
2017-07-20 3:44:55 201 1.07 1.52 2.43 13.5 0.206
2017-07-20 3:48:24 201 1.07 1.52 2.43 13.5 0.206
2017-07-25 4:41:20 201 1.22 1.53 2.41 15.4 0.205
2017-07-25 4:44:50 201 1.24 1.53 2.41 15.4 0.205
2017-07-25 4:48:21 201 1.25 1.53 2.41 15.4 0.205
2017-07-25 4:51:49 201 1.26 1.53 2.41 15.4 0.205
2017-07-25 4:55:19 201 1.27 1.53 2.41 15.4 0.205
2017-07-29 2:09:03 201 1.02 1.55 2.39 16.8 0.202
2017-07-29 2:12:33 201 1.02 1.55 2.39 16.8 0.202
2017-07-29 2:16:04 201 1.03 1.55 2.39 16.8 0.202
2017-07-29 2:19:32 201 1.03 1.55 2.39 16.8 0.202
2017-07-29 2:23:02 201 1.03 1.55 2.39 16.8 0.202

(354) Eleonora
2018-11-23 6:21:32 170 1.09 1.79 2.66 12.4 0.127
2018-11-23 6:24:30 170 1.09 1.79 2.66 12.4 0.127
2018-11-23 6:27:30 170 1.09 1.79 2.66 12.4 0.127
2018-11-23 6:30:30 170 1.09 1.79 2.66 12.4 0.127
2018-11-23 6:33:30 170 1.09 1.79 2.66 12.4 0.127
2018-11-27 6:03:03 170 1.08 1.77 2.66 11.5 0.129
2018-11-27 6:06:02 170 1.08 1.77 2.66 11.5 0.129
2018-11-27 6:09:04 170 1.09 1.77 2.66 11.5 0.129
2018-11-27 6:12:03 170 1.09 1.77 2.66 11.5 0.129
2018-11-27 6:15:04 170 1.09 1.77 2.66 11.5 0.129
2018-11-27 7:25:52 170 1.16 1.77 2.66 11.5 0.129
2018-11-27 7:28:52 170 1.17 1.77 2.66 11.5 0.129
2018-11-27 7:31:51 170 1.17 1.77 2.66 11.5 0.129
2018-11-27 7:34:51 170 1.18 1.77 2.66 11.5 0.129
2018-11-27 7:37:50 170 1.19 1.77 2.66 11.5 0.129
2018-11-28 8:06:06 170 1.28 1.76 2.65 11.2 0.129
2018-11-28 8:09:07 170 1.29 1.76 2.65 11.2 0.129
2018-11-28 8:12:08 170 1.30 1.76 2.65 11.2 0.129
2018-11-28 8:15:07 170 1.31 1.76 2.65 11.2 0.129
2018-11-28 8:18:06 170 1.33 1.76 2.65 11.2 0.129
2018-12-18 1:27:13 170 1.49 1.71 2.63 9.1 0.133
2018-12-18 1:30:14 170 1.48 1.71 2.63 9.1 0.133
2018-12-18 1:33:15 170 1.46 1.71 2.63 9.1 0.133
2018-12-18 1:36:12 170 1.44 1.71 2.63 9.1 0.133
2018-12-18 1:39:13 170 1.43 1.71 2.63 9.1 0.133
2018-12-21 4:27:55 170 1.09 1.71 2.63 9.4 0.133
2018-12-21 4:30:56 170 1.10 1.71 2.63 9.4 0.133
2018-12-21 4:33:57 170 1.10 1.71 2.63 9.4 0.133
2018-12-21 4:36:55 170 1.10 1.71 2.63 9.4 0.133
2018-12-21 4:39:55 170 1.10 1.71 2.63 9.4 0.133
2018-12-21 4:43:31 170 1.10 1.71 2.63 9.4 0.133
2018-12-21 4:46:31 170 1.11 1.71 2.63 9.4 0.133
2018-12-21 4:49:32 170 1.11 1.71 2.63 9.4 0.133
2018-12-21 4:52:31 170 1.11 1.71 2.63 9.4 0.133
2018-12-21 4:55:31 170 1.11 1.71 2.63 9.4 0.133

(511) Davida
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Table A.2: continued.

Date UT Exp Airmass ∆ r α Da
(s) (AU) (AU) (◦) (′′)

2018-08-31 3:47:30 235 1.38 2.15 3.04 10.5 0.191
2018-08-31 3:51:34 235 1.35 2.15 3.04 10.5 0.191
2018-08-31 3:55:38 235 1.33 2.15 3.04 10.5 0.191
2018-09-05 8:40:19 235 1.17 2.12 3.04 9.4 0.194
2018-09-05 8:44:23 235 1.18 2.12 3.04 9.4 0.194
2018-09-05 8:48:27 235 1.19 2.12 3.04 9.4 0.194
2018-09-05 8:52:32 235 1.20 2.12 3.04 9.4 0.194
2018-09-05 8:56:36 235 1.22 2.12 3.04 9.4 0.194
2018-09-05 9:14:15 235 1.28 2.12 3.04 9.4 0.194
2018-09-05 9:18:20 235 1.30 2.12 3.04 9.4 0.194
2018-09-05 9:22:26 235 1.32 2.12 3.04 9.4 0.194
2018-09-05 9:26:31 235 1.33 2.12 3.04 9.4 0.194
2018-09-05 9:30:34 235 1.35 2.12 3.04 9.4 0.194
2018-09-06 4:57:49 235 1.07 2.11 3.03 9.2 0.195
2018-09-06 5:01:53 235 1.07 2.11 3.03 9.2 0.195
2018-09-06 5:05:58 235 1.06 2.11 3.03 9.2 0.195
2018-09-06 5:10:02 235 1.05 2.11 3.03 9.2 0.195
2018-09-06 5:14:07 235 1.05 2.11 3.03 9.2 0.195
2018-09-06 5:23:52 235 1.04 2.11 3.03 9.2 0.195
2018-09-06 5:27:57 235 1.03 2.11 3.03 9.2 0.195
2018-09-06 5:32:01 235 1.03 2.11 3.03 9.2 0.195
2018-09-06 5:36:04 235 1.03 2.11 3.03 9.2 0.195
2018-09-06 5:40:08 235 1.02 2.11 3.03 9.2 0.195
2018-09-06 9:22:13 235 1.33 2.11 3.03 9.2 0.195
2018-09-06 9:26:18 235 1.35 2.11 3.03 9.2 0.195
2018-09-06 9:30:23 235 1.37 2.11 3.03 9.2 0.195
2018-09-06 9:34:27 235 1.40 2.11 3.03 9.2 0.195
2018-09-06 9:38:31 235 1.42 2.11 3.03 9.2 0.195
2018-09-08 6:51:16 235 1.01 2.10 3.03 8.8 0.196
2018-09-08 6:55:21 235 1.02 2.10 3.03 8.8 0.196
2018-09-08 6:59:27 235 1.02 2.10 3.03 8.8 0.196
2018-09-08 7:03:31 235 1.02 2.10 3.03 8.8 0.196
2018-09-08 7:07:35 235 1.03 2.10 3.03 8.8 0.196

Notes.
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Table A.3: Optical disk-integrated data used for the shape modeling. We only list lightcurves that have not been published or that
have not been a subject of a shape modeling study (i.e., lightcurves are not available in DAMIT). For each lightcurve, the table gives
the epoch, the number of individual measurements Np, asteroid’s distances to the Earth ∆ and the Sun r, phase angle ϕ, photometric
filter and the reference. For new data, we provide either the observer, the telescope, or the campaign name instead of the reference.

Epoch Np ∆ r ϕ Filter Reference
(AU) (AU) (◦)

(1) Ceres
1953-01-30.1 61 2.12 2.68 19.7 V Ahmad (1954)
1953-02-01.1 60 2.14 2.67 20.0 V Ahmad (1954)
1953-02-03.1 59 2.17 2.67 20.3 V Ahmad (1954)
1953-02-08.1 61 2.23 2.67 20.9 V Ahmad (1954)
1958-01-10.3 42 1.63 2.60 3.8 V Gehrels & Owings (1962)
1965-10-23.6 64 2.14 2.95 13.2 V Chang et al. (1981)
1970-10-10.3 31 1.92 2.87 7.3 V Taylor et al. (1976)
1975-10-03.0 70 2.22 2.78 19.2 V Tedesco et al. (1983)
1975-10-15.0 83 2.07 2.77 17.1 V Tedesco et al. (1983)
1975-10-29.0 70 1.93 2.76 13.4 V Tedesco et al. (1983)
1975-11-01.4 33 1.89 2.76 12.3 V Tedesco et al. (1983)
1975-11-05.0 114 1.87 2.75 11.1 V Tedesco et al. (1983)
1975-11-15.0 81 1.80 2.75 7.3 V Tedesco et al. (1983)
1975-11-28.0 37 1.75 2.74 2.0 V Tedesco et al. (1983)
1975-11-28.0 88 1.75 2.74 2.0 V Tedesco et al. (1983)
1975-12-09.3 71 1.75 2.73 3.7 V Tedesco et al. (1983)
1975-12-10.5 185 1.75 2.73 4.1 V Tedesco et al. (1983)
1975-12-10.9 125 1.76 2.73 4.4 V Schober (1976)
1975-12-11.3 124 1.76 2.73 4.5 V Tedesco et al. (1983)
1975-12-12.7 22 1.76 2.72 5.1 V Tedesco et al. (1983)
1975-12-21.8 46 1.80 2.72 8.9 V Tedesco et al. (1983)
1975-12-23.9 114 1.81 2.72 9.7 V Tedesco et al. (1983)
1976-01-03.4 62 1.88 2.71 13.4 V Tedesco et al. (1983)
1976-01-16.8 37 2.00 2.70 17.3 V Tedesco et al. (1983)
1984-11-20.2 24 1.83 2.80 5.0 V Millis et al. (1987)
1984-11-20.3 29 1.83 2.80 5.1 V Millis et al. (1987)
1986-03-03.0 21 1.59 2.55 6.6 V Hollis (1988)
1986-03-03.0 28 1.59 2.55 6.6 V Hollis (1988)
2006-08-12 87 1.99 2.98 4.6 C Grice et al. (2017)
2006-08-16 81 1.99 2.98 4.9 C Grice et al. (2017)
2006-08-26 70 2.02 2.98 7.2 C Grice et al. (2017)
2006-08-27 69 2.02 2.98 7.4 C Grice et al. (2017)
2006-08-30 85 2.04 2.98 8.3 C Grice et al. (2017)
2006-08-31 90 2.04 2.98 8.6 C Grice et al. (2017)
2006-09-02 55 2.06 2.98 9.2 C Grice et al. (2017)
2006-09-10 61 2.11 2.98 11.4 C Grice et al. (2017)
2006-09-18 28 2.18 2.98 13.5 C Grice et al. (2017)
2006-09-20 54 2.20 2.98 14.0 C Grice et al. (2017)
2006-09-22 40 2.22 2.99 14.5 C Grice et al. (2017)
2006-09-23 35 2.23 2.99 14.7 C Grice et al. (2017)
2006-09-24 43 2.24 2.99 14.9 C Grice et al. (2017)
2011-09-13.3 300 1.99 2.97 5.5 R Reddy et al. (2015)
2011-09-16.3 147 1.99 2.97 5.3 R Reddy et al. (2015)
2011-09-25.2 204 2.00 2.97 6.2 R Reddy et al. (2015)
2011-09-27.3 465 2.00 2.96 6.7 R Reddy et al. (2015)
2011-10-02.2 94 2.02 2.96 7.9 V Reddy et al. (2015)

(3) Juno
1989-01-31.0 287 1.57 2.49 10.6 V Dotto et al. (1995)
1991-08-18.1 37 1.98 2.83 13.2 V Hainaut-Rouelle et al. (1995)
2013-09-24.9 98 1.89 2.56 19.5 C Maurice Audejean

(9) Metis
2014-03-28.1 50 1.92 2.63 18.2 C Pierre Aurard, Louise Dalmon

Nathan Payre, Julien His
Paul Sabin, Olivier Labrevoir
Raoul Behrend
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Table A.3: continued.

Epoch Np ∆ r ϕ Filter Reference
(AU) (AU) (◦)

2017-4-11.9 129 1.65 2.36 20.5 C D. Molina, GaiaGOSA
2017-4-13.0 188 1.66 2.36 20.8 C D. Molina, GaiaGOSA
2017-4-19.0 102 1.73 2.37 22.0 V Adrian Jones, GaiaGOSA

(13) Egeria
2006-05-07 41 2.10 2.75 18.6 C Grice et al. (2017)
2006-05-08 52 2.09 2.75 18.4 C Grice et al. (2017)
2006-05-09 74 2.08 2.75 18.2 C Grice et al. (2017)
2006-05-10 96 2.07 2.75 18.0 C Grice et al. (2017)
2006-05-25 57 1.94 2.76 14.8 C Grice et al. (2017)
2006-05-30 77 1.90 2.76 13.5 C Grice et al. (2017)
2006-05-31 78 1.89 2.76 13.2 C Grice et al. (2017)
2006-06-03 75 1.87 2.76 12.4 C Grice et al. (2017)
2006-06-04 58 1.87 2.76 12.2 C Grice et al. (2017)
2006-06-05 54 1.86 2.76 11.9 C Grice et al. (2017)
2006-06-07 30 1.85 2.76 11.4 C Grice et al. (2017)
2006-06-08 50 1.85 2.76 11.1 C Grice et al. (2017)
2006-06-09 103 1.84 2.76 10.9 C Grice et al. (2017)
2006-06-15 135 1.82 2.77 9.4 C Grice et al. (2017)
2009-05-05 40 2.02 2.41 24.3 C Grice et al. (2017)
2009-05-06 52 2.03 2.41 24.3 C Grice et al. (2017)
2013-03-06.3 308 1.59 2.37 18.3 V Vishnu Reddy
2013-03-06.3 324 1.59 2.37 18.3 V Vishnu Reddy
2017-01-11.0 664 1.44 2.37 10.3 V L. Socha
2019-8-20.4 1340 1.82 2.76 9.5 Rc TRAPPIST South

(15) Eunomia
2006-05-30 37 2.01 2.62 20.2 C Grice et al. (2017)
2006-05-31 36 2.00 2.62 20.1 C Grice et al. (2017)
2006-06-03 45 1.96 2.62 19.6 C Grice et al. (2017)
2006-06-04 29 1.94 2.61 19.4 C Grice et al. (2017)
2006-06-05 49 1.93 2.61 19.2 C Grice et al. (2017)
2006-06-07 54 1.90 2.61 18.9 C Grice et al. (2017)
2006-06-08 62 1.89 2.61 18.7 C Grice et al. (2017)
2006-06-09 61 1.88 2.60 18.5 C Grice et al. (2017)
2006-06-10 113 1.87 2.60 18.3 C Grice et al. (2017)
2009-04-12 78 2.16 3.12 5.7 C Grice et al. (2017)
2009-04-13 116 2.16 3.12 5.8 C Grice et al. (2017)
2009-04-14 50 2.16 3.13 5.9 C Grice et al. (2017)
2009-04-18 39 2.17 3.13 6.6 C Grice et al. (2017)
2009-04-18 46 2.17 3.13 6.6 C Grice et al. (2017)
2009-04-21 16 2.18 3.13 7.3 C Grice et al. (2017)
2009-05-09 51 2.29 3.13 11.9 C Grice et al. (2017)
2009-05-10 57 2.30 3.13 12.1 C Grice et al. (2017)
2009-05-12 71 2.31 3.13 12.6 C Grice et al. (2017)
2009-05-13 48 2.32 3.13 12.8 C Grice et al. (2017)
2009-05-18 76 2.37 3.14 14.0 C Grice et al. (2017)
2009-05-19 75 2.38 3.14 14.2 C Grice et al. (2017)
2009-05-20 61 2.39 3.14 14.4 C Grice et al. (2017)
2009-05-21 50 2.40 3.14 14.6 C Grice et al. (2017)
2009-05-22 57 2.41 3.14 14.8 C Grice et al. (2017)
2009-05-26 67 2.46 3.14 15.5 C Grice et al. (2017)
2009-06-09 44 2.62 3.14 17.5 C Grice et al. (2017)
2009-06-12 52 2.66 3.14 17.8 C Grice et al. (2017)
2009-07-02 42 2.93 3.14 18.9 C Grice et al. (2017)
2012-01-09 226 1.50 2.26 19.3 C Grice et al. (2017)
2012-01-10 143 1.51 2.27 19.6 C Grice et al. (2017)
2012-01-11 228 1.52 2.27 19.8 C Grice et al. (2017)
2012-01-12 193 1.53 2.27 20.1 C Grice et al. (2017)
2012-01-13 201 1.54 2.27 20.3 C Grice et al. (2017)
2012-01-14 169 1.55 2.27 20.5 C Grice et al. (2017)
2012-01-15 212 1.56 2.27 20.8 C Grice et al. (2017)

Article number, page 39 of 88



A&A proofs: manuscript no. output

Table A.3: continued.

Epoch Np ∆ r ϕ Filter Reference
(AU) (AU) (◦)

2012-01-16 207 1.57 2.27 21.0 C Grice et al. (2017)
2012-01-18 194 1.60 2.28 21.4 C Grice et al. (2017)
2012-01-19 145 1.61 2.28 21.7 C Grice et al. (2017)
2012-01-20 79 1.62 2.28 21.9 C Grice et al. (2017)
2012-01-21 141 1.63 2.28 22.1 C Grice et al. (2017)
2012-01-22 183 1.64 2.28 22.2 C Grice et al. (2017)
2012-01-23 123 1.66 2.29 22.4 C Grice et al. (2017)
2012-01-26 163 1.69 2.29 22.9 C Grice et al. (2017)
2013-01-10 243 2.50 2.94 18.7 C Grice et al. (2017)
2013-01-11 214 2.49 2.94 18.6 C Grice et al. (2017)
2013-01-13 259 2.46 2.94 18.4 C Grice et al. (2017)
2013-01-14 159 2.45 2.94 18.2 C Grice et al. (2017)
2013-01-15 267 2.44 2.94 18.1 C Grice et al. (2017)
2013-01-16 192 2.43 2.95 18.0 C Grice et al. (2017)
2013-01-17 279 2.42 2.95 17.8 C Grice et al. (2017)
2013-01-18 33 2.40 2.95 17.7 C Grice et al. (2017)
2013-01-23 315 2.35 2.96 16.9 C Grice et al. (2017)
2013-01-24 434 2.34 2.96 16.7 C Grice et al. (2017)
2013-01-27 447 2.31 2.96 16.2 C Grice et al. (2017)
2013-02-01 356 2.26 2.97 15.1 C Grice et al. (2017)
2013-02-03 355 2.24 2.97 14.7 C Grice et al. (2017)
2017-04-08 66 2.20 2.90 16.3 C D. Molina, GaiaGosa
2018-06-15 70 2.28 3.09 13.4 C A. Chapman, GaiaGosa
2018-06-16 62 2.29 3.09 13.6 C A. Chapman, GaiaGosa
2018-06-22 89 2.34 3.08 15.0 C A. Chapman, GaiaGosa
2018-06-26 121 2.38 3.08 15.8 C A. Chapman, GaiaGosa

(18) Melpomene
2007-02-18 39 1.48 2.37 13.4 C Grice et al. (2017)
2007-02-22 44 1.52 2.38 14.9 C Grice et al. (2017)
2007-02-24 84 1.54 2.38 15.6 C Grice et al. (2017)
2007-02-25 120 1.55 2.39 16.0 C Grice et al. (2017)
2007-03-02 134 1.61 2.40 17.5 C Grice et al. (2017)
2007-03-04 47 1.63 2.40 18.1 C Grice et al. (2017)
2007-03-05 41 1.64 2.40 18.4 C Grice et al. (2017)
2007-03-06 55 1.65 2.41 18.7 C Grice et al. (2017)
2007-03-07 60 1.67 2.41 18.9 C Grice et al. (2017)
2007-03-08 38 1.68 2.41 19.2 C Grice et al. (2017)
2007-03-10 45 1.70 2.42 19.6 C Grice et al. (2017)
2007-03-11 45 1.72 2.42 19.9 C Grice et al. (2017)
2008-03-10 53 2.10 2.78 17.1 C Grice et al. (2017)
2008-03-13 42 2.06 2.78 16.5 C Grice et al. (2017)
2008-03-18 109 2.01 2.78 15.3 C Grice et al. (2017)
2008-03-21 126 1.98 2.78 14.6 C Grice et al. (2017)
2008-04-01 50 1.88 2.77 11.4 C Grice et al. (2017)
2008-04-13 58 1.81 2.76 7.7 C Grice et al. (2017)
2008-04-14 59 1.80 2.76 7.4 C Grice et al. (2017)
2008-04-17 56 1.79 2.76 6.6 C Grice et al. (2017)
2008-04-18 126 1.79 2.76 6.3 C Grice et al. (2017)
2008-04-22 72 1.78 2.76 5.6 C Grice et al. (2017)
2008-04-23 53 1.77 2.76 5.5 C Grice et al. (2017)
2008-04-24 42 1.77 2.76 5.4 C Grice et al. (2017)
2008-04-27 55 1.77 2.75 5.3 C Grice et al. (2017)
2008-04-28 45 1.77 2.75 5.4 C Grice et al. (2017)
2008-04-29 65 1.77 2.75 5.4 C Grice et al. (2017)
2008-05-04 65 1.77 2.75 6.3 C Grice et al. (2017)
2008-05-04 69 1.77 2.75 6.3 C Grice et al. (2017)
2008-05-06 71 1.77 2.75 6.8 C Grice et al. (2017)
2008-05-09 63 1.78 2.74 7.6 C Grice et al. (2017)
2008-05-10 95 1.78 2.74 7.9 C Grice et al. (2017)
2008-05-11 97 1.78 2.74 8.2 C Grice et al. (2017)
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Table A.3: continued.

Epoch Np ∆ r ϕ Filter Reference
(AU) (AU) (◦)

2008-05-12 59 1.78 2.74 8.5 C Grice et al. (2017)
2008-05-13 75 1.79 2.74 8.9 C Grice et al. (2017)
2008-05-14 94 1.79 2.74 9.2 C Grice et al. (2017)
2008-05-19 76 1.81 2.73 10.9 C Grice et al. (2017)
2008-05-20 83 1.82 2.73 11.2 C Grice et al. (2017)
2008-05-21 103 1.82 2.73 11.5 C Grice et al. (2017)
2008-05-22 103 1.83 2.73 11.8 C Grice et al. (2017)
2008-05-26 70 1.85 2.73 13.1 C Grice et al. (2017)
2008-05-27 40 1.86 2.72 13.4 C Grice et al. (2017)
2008-05-28 55 1.86 2.72 13.7 C Grice et al. (2017)
2008-06-01 61 1.89 2.72 14.9 C Grice et al. (2017)
2008-06-02 59 1.90 2.72 15.2 C Grice et al. (2017)
2008-06-23 45 2.09 2.69 19.9 C Grice et al. (2017)
2008-06-24 97 2.10 2.69 20.1 C Grice et al. (2017)
2008-06-25 95 2.11 2.69 20.2 C Grice et al. (2017)
2008-06-26 76 2.12 2.69 20.4 C Grice et al. (2017)
2008-06-29 105 2.16 2.68 20.8 C Grice et al. (2017)
2008-07-01 103 2.18 2.68 21.1 C Grice et al. (2017)
2008-07-02 101 2.19 2.68 21.2 C Grice et al. (2017)
2009-06-27 47 1.57 1.90 32.4 C Grice et al. (2017)
2009-06-29 44 1.55 1.89 32.4 C Grice et al. (2017)
2009-06-30 51 1.54 1.89 32.4 C Grice et al. (2017)
2009-07-18 45 1.34 1.86 32.0 C Grice et al. (2017)
2009-07-19 45 1.33 1.86 32.0 C Grice et al. (2017)
2009-07-20 46 1.32 1.86 31.9 C Grice et al. (2017)
2009-07-21 45 1.31 1.86 31.8 C Grice et al. (2017)
2009-07-24 47 1.28 1.85 31.6 C Grice et al. (2017)
2009-07-24 51 1.28 1.85 31.6 C Grice et al. (2017)
2009-07-25 53 1.27 1.85 31.5 C Grice et al. (2017)
2009-08-02 55 1.19 1.84 30.5 C Grice et al. (2017)
2009-08-03 76 1.18 1.84 30.3 C Grice et al. (2017)
2009-08-06 135 1.15 1.84 29.9 C Grice et al. (2017)
2009-08-13 42 1.09 1.83 28.5 C Grice et al. (2017)
2009-08-15 69 1.07 1.83 28.0 C Grice et al. (2017)
2009-08-17 42 1.05 1.82 27.5 C Grice et al. (2017)
2009-08-17 47 1.06 1.82 27.5 C Grice et al. (2017)
2009-08-18 52 1.05 1.82 27.2 C Grice et al. (2017)
2009-08-19 59 1.04 1.82 26.9 C Grice et al. (2017)
2009-08-20 50 1.03 1.82 26.7 C Grice et al. (2017)
2009-08-20 61 1.03 1.82 26.7 C Grice et al. (2017)
2009-08-20 63 1.03 1.82 26.7 C Grice et al. (2017)
2009-08-21 49 1.02 1.82 26.4 C Grice et al. (2017)
2009-08-22 40 1.01 1.82 26.1 C Grice et al. (2017)
2009-10-08 56 0.81 1.79 9.1 C Grice et al. (2017)
2009-10-14 43 0.82 1.79 9.7 C Grice et al. (2017)
2009-10-16 51 0.82 1.79 10.2 C Grice et al. (2017)
2009-11-04 71 0.89 1.80 17.9 C Grice et al. (2017)
2009-11-06 74 0.90 1.80 18.7 C Grice et al. (2017)
2009-11-08 73 0.91 1.80 19.6 C Grice et al. (2017)
2009-11-09 75 0.92 1.80 20.0 C Grice et al. (2017)
2009-11-11 54 0.93 1.80 20.8 C Grice et al. (2017)
2009-11-12 68 0.94 1.80 21.1 C Grice et al. (2017)
2009-11-13 63 0.94 1.81 21.5 C Grice et al. (2017)
2009-11-14 71 0.95 1.81 21.9 C Grice et al. (2017)
2009-11-18 61 0.98 1.81 23.3 C Grice et al. (2017)
2009-11-19 75 0.99 1.81 23.6 C Grice et al. (2017)
2009-11-20 68 0.99 1.81 24.0 C Grice et al. (2017)
2009-11-23 46 1.02 1.81 24.9 C Grice et al. (2017)
2009-11-24 70 1.03 1.81 25.2 C Grice et al. (2017)
2009-11-25 141 1.03 1.81 25.5 C Grice et al. (2017)
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Epoch Np ∆ r ϕ Filter Reference
(AU) (AU) (◦)

2011-02-03 93 1.96 2.70 16.3 C Grice et al. (2017)
2011-02-05 92 1.94 2.70 15.8 C Grice et al. (2017)
2011-02-06 70 1.93 2.70 15.5 C Grice et al. (2017)
2011-02-07 91 1.92 2.70 15.2 C Grice et al. (2017)
2011-02-16 69 1.85 2.71 12.3 C Grice et al. (2017)
2011-02-16 115 1.85 2.71 12.3 C Grice et al. (2017)
2011-02-22 77 1.81 2.72 10.1 C Grice et al. (2017)
2011-02-24 77 1.80 2.72 9.3 C Grice et al. (2017)
2011-03-01 72 1.78 2.73 7.4 C Grice et al. (2017)
2011-03-02 77 1.78 2.73 7.0 C Grice et al. (2017)
2011-03-22 41 1.76 2.75 3.5 C Grice et al. (2017)
2011-03-22 47 1.76 2.75 3.5 C Grice et al. (2017)
2011-03-23 75 1.76 2.75 3.8 C Grice et al. (2017)
2011-03-23 75 1.76 2.75 3.8 C Grice et al. (2017)
2011-03-25 68 1.77 2.75 4.6 C Grice et al. (2017)
2011-03-27 65 1.78 2.75 5.3 C Grice et al. (2017)
2019-8-18.2 697 1.39 2.15 22.3 Rc TRAPPIST South
2019-8-26.2 831 1.44 2.13 24.5 Rc TRAPPIST South
2019-8-31.1 406 1.48 2.12 25.7 Rc TRAPPIST South

(21) Lutetia
2007-04-17.6 66 1.61 2.40 18.3 R Julian Oey
2007-04-20.7 235 1.58 2.39 17.5 R Julian Oey
2007-04-28.5 38 1.50 2.38 14.9 R Julian Oey
2007-04-28.8 23 1.49 2.38 14.9 R Julian Oey
2007-05-01.6 22 1.47 2.37 13.8 R Julian Oey
2007-06-10.6 142 1.30 2.30 5.5 R Julian Oey
2007-06-13.6 131 1.30 2.29 7.0 R Julian Oey
2007-06-20.6 86 1.31 2.28 10.5 R Julian Oey
2007-06-21.6 95 1.32 2.28 11.0 R Julian Oey
2007-06-22.6 64 1.32 2.28 11.4 R Julian Oey
2007-06-23.4 40 1.32 2.27 11.9 R Julian Oey
2007-06-30.6 26 1.36 2.26 15.1 R Julian Oey
2007-07-04.5 96 1.38 2.26 16.6 R Julian Oey
2019-9-12.4 17 1.10 2.07 9.5 R TRAPPIST North and South
2019-9-12.4 626 1.10 2.07 9.7 R TRAPPIST North and South

(24) Themis
2006-09-15 44 2.50 3.28 12.7 C Grice et al. (2017)
2009-03-19 64 2.26 2.96 15.6 C Grice et al. (2017)
2009-03-20 64 2.25 2.96 15.4 C Grice et al. (2017)
2009-03-22 71 2.23 2.97 15.0 C Grice et al. (2017)
2009-03-23 70 2.22 2.97 14.7 C Grice et al. (2017)
2009-03-26 41 2.19 2.97 14.0 C Grice et al. (2017)
2009-03-27 77 2.18 2.97 13.7 C Grice et al. (2017)
2009-03-28 85 2.17 2.97 13.5 C Grice et al. (2017)
2009-03-29 86 2.17 2.97 13.2 C Grice et al. (2017)
2009-04-01 76 2.14 2.98 12.4 C Grice et al. (2017)
2009-04-06 94 2.10 2.98 10.9 C Grice et al. (2017)
2009-04-18 68 2.04 3.00 6.8 C Grice et al. (2017)
2009-05-03 139 2.01 3.02 1.2 C Grice et al. (2017)
2009-05-05 283 2.01 3.02 0.4 C Grice et al. (2017)
2009-05-11 62 2.02 3.03 2.0 C Grice et al. (2017)
2009-05-12 85 2.03 3.03 2.3 C Grice et al. (2017)
2009-05-13 58 2.03 3.03 2.7 C Grice et al. (2017)
2009-05-18 88 2.05 3.04 4.6 C Grice et al. (2017)
2009-05-19 92 2.05 3.04 5.0 C Grice et al. (2017)
2009-05-25 83 2.08 3.05 7.1 C Grice et al. (2017)
2009-05-26 101 2.09 3.05 7.5 C Grice et al. (2017)
2009-06-17 80 2.29 3.08 13.8 C Grice et al. (2017)
2009-06-17 101 2.29 3.08 13.8 C Grice et al. (2017)
2009-06-17 119 2.29 3.08 13.8 C Grice et al. (2017)
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Epoch Np ∆ r ϕ Filter Reference
(AU) (AU) (◦)

2009-06-18 81 2.30 3.08 14.0 C Grice et al. (2017)
2009-06-18 99 2.30 3.08 14.0 C Grice et al. (2017)
2009-06-18 117 2.30 3.08 14.0 C Grice et al. (2017)
2009-06-28 44 2.42 3.09 16.0 C Grice et al. (2017)
2009-07-16 126 2.66 3.11 18.2 C Grice et al. (2017)
2009-07-18 120 2.69 3.12 18.3 C Grice et al. (2017)
2009-07-19 103 2.71 3.12 18.4 C Grice et al. (2017)
2009-07-21 107 2.74 3.12 18.5 C Grice et al. (2017)
2010-06-11 84 2.64 3.46 11.4 C Grice et al. (2017)
2010-06-17 82 2.59 3.46 9.9 C Grice et al. (2017)
2010-06-18 41 2.58 3.46 9.7 C Grice et al. (2017)
2010-06-19 82 2.57 3.47 9.4 C Grice et al. (2017)
2010-06-20 82 2.57 3.47 9.1 C Grice et al. (2017)
2010-07-02 84 2.50 3.47 5.6 C Grice et al. (2017)
2010-07-12 50 2.47 3.48 2.4 C Grice et al. (2017)
2010-07-12 81 2.47 3.48 2.4 C Grice et al. (2017)
2010-07-13 75 2.47 3.48 2.1 C Grice et al. (2017)
2010-07-13 82 2.47 3.48 2.1 C Grice et al. (2017)
2010-07-18 61 2.47 3.48 0.5 C Grice et al. (2017)
2010-07-20 69 2.47 3.48 0.4 C Grice et al. (2017)
2010-07-21 115 2.47 3.48 0.6 C Grice et al. (2017)
2010-07-31 83 2.49 3.49 3.9 C Grice et al. (2017)
2010-08-03 44 2.51 3.49 4.8 C Grice et al. (2017)
2010-08-07 81 2.53 3.49 6.0 C Grice et al. (2017)
2010-08-11 35 2.56 3.50 7.3 C Grice et al. (2017)
2010-08-12 43 2.56 3.50 7.5 C Grice et al. (2017)
2010-08-13 55 2.57 3.50 7.8 C Grice et al. (2017)
2010-08-15 87 2.58 3.50 8.3 C Grice et al. (2017)
2010-08-16 76 2.59 3.50 8.6 C Grice et al. (2017)
2017-12-06 99 2.53 3.22 14.3 C D. Molina, GaiaGosa
2017-09-21.2 255 2.42 3.30 9.6 R Emmanuel Jehin
2017-09-22.2 315 2.41 3.30 9.3 R Emmanuel Jehin
2017-09-23.2 308 2.40 3.30 9.0 R Emmanuel Jehin
2017-09-24.2 362 2.39 3.30 8.7 R Emmanuel Jehin
2017-11-08.9 698 2.31 3.25 6.8 R Emmanuel Jehin
2017-11-09.9 628 2.32 3.25 7.0 R Emmanuel Jehin
2017-11-09.9 698 2.32 3.25 7.1 R Emmanuel Jehin
2017-12-28 100 2.81 3.19 17.4 C A. Jones, GaiaGosa
2018-01-29 35 3.24 3.15 17.7 C A. Jones, GaiaGosa
2019-01-17.3 678 1.80 2.78 1.4 Rc TRAPPIST South
2019-01-20.3 707 1.80 2.78 2.6 Rc TRAPPIST South
2019-01-28.3 714 1.82 2.78 6.0 Rc TRAPPIST South

(30) Urania
2020-5-07.9 72 2.11 2.58 22.0 Rc TRAPPIST North
2020-5-10.0 158 2.14 2.59 22.2 Rc TRAPPIST North
2020-5-22.0 147 2.30 2.60 22.9 Rc TRAPPIST North
2020-5-22.9 81 2.31 2.60 22.9 Rc TRAPPIST North
2020-5-24.0 179 2.33 2.60 22.9 Rc TRAPPIST North
2020-5-27.0 145 2.37 2.60 22.9 Rc TRAPPIST North
2020-5-29.0 162 2.40 2.60 22.9 Rc TRAPPIST North

(45) Eugenia
2008-01-25 97 2.22 2.90 16.1 C Grice et al. (2017)
2008-01-30 30 2.28 2.90 17.1 C Grice et al. (2017)
2008-02-02 32 2.31 2.90 17.6 C Grice et al. (2017)
2008-02-04 68 2.34 2.90 17.9 C Grice et al. (2017)
2009-01-18 80 2.03 2.63 19.3 C Grice et al. (2017)
2009-01-20 77 2.00 2.63 19.0 C Grice et al. (2017)
2009-01-21 64 1.99 2.63 18.8 C Grice et al. (2017)
2009-01-23 39 1.97 2.63 18.5 C Grice et al. (2017)
2009-01-24 43 1.96 2.63 18.3 C Grice et al. (2017)
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Epoch Np ∆ r ϕ Filter Reference
(AU) (AU) (◦)

2009-01-24 104 1.96 2.63 18.2 C Grice et al. (2017)
2009-01-25 42 1.95 2.63 18.0 C Grice et al. (2017)
2009-01-26 47 1.93 2.63 17.8 C Grice et al. (2017)
2009-01-27 76 1.92 2.63 17.6 C Grice et al. (2017)
2009-01-28 81 1.91 2.63 17.3 C Grice et al. (2017)
2009-01-29 48 1.90 2.63 17.1 C Grice et al. (2017)
2009-01-30 78 1.89 2.62 16.9 C Grice et al. (2017)
2009-01-31 39 1.88 2.62 16.6 C Grice et al. (2017)
2009-02-01 54 1.87 2.62 16.4 C Grice et al. (2017)
2009-02-16 58 1.72 2.61 11.7 C Grice et al. (2017)
2009-02-18 72 1.71 2.61 11.0 C Grice et al. (2017)
2009-02-21 72 1.69 2.61 9.9 C Grice et al. (2017)
2009-03-01 72 1.64 2.60 6.6 C Grice et al. (2017)
2009-03-01 78 1.64 2.60 6.6 C Grice et al. (2017)
2009-03-02 74 1.63 2.60 6.2 C Grice et al. (2017)
2009-03-02 77 1.63 2.60 6.2 C Grice et al. (2017)
2009-03-04 51 1.63 2.60 5.4 C Grice et al. (2017)
2009-03-15 45 1.60 2.59 1.9 C Grice et al. (2017)
2009-03-15 131 1.60 2.59 1.9 C Grice et al. (2017)
2009-03-16 27 1.60 2.59 2.0 C Grice et al. (2017)
2009-03-19 56 1.60 2.59 2.7 C Grice et al. (2017)
2009-03-19 63 1.60 2.59 2.7 C Grice et al. (2017)
2009-03-20 78 1.60 2.59 3.0 C Grice et al. (2017)
2009-03-21 60 1.60 2.59 3.5 C Grice et al. (2017)
2009-03-21 74 1.60 2.59 3.4 C Grice et al. (2017)
2009-03-22 61 1.60 2.59 3.9 C Grice et al. (2017)
2009-03-22 73 1.60 2.59 3.8 C Grice et al. (2017)
2009-03-23 73 1.60 2.59 4.2 C Grice et al. (2017)
2009-03-28 52 1.61 2.58 6.4 C Grice et al. (2017)
2009-03-28 53 1.61 2.58 6.4 C Grice et al. (2017)
2009-03-30 57 1.62 2.58 7.3 C Grice et al. (2017)
2009-03-30 59 1.62 2.58 7.3 C Grice et al. (2017)
2009-04-01 58 1.62 2.58 8.1 C Grice et al. (2017)
2009-04-01 59 1.62 2.58 8.1 C Grice et al. (2017)
2009-04-02 51 1.63 2.58 8.5 C Grice et al. (2017)
2009-04-02 59 1.63 2.58 8.5 C Grice et al. (2017)
2009-04-03 53 1.63 2.58 8.9 C Grice et al. (2017)
2009-04-03 59 1.63 2.58 8.9 C Grice et al. (2017)
2009-04-10 82 1.66 2.57 11.7 C Grice et al. (2017)
2009-04-12 48 1.68 2.57 12.5 C Grice et al. (2017)
2009-04-13 48 1.68 2.57 12.9 C Grice et al. (2017)
2009-04-16 36 1.70 2.57 13.9 C Grice et al. (2017)
2009-04-16 49 1.70 2.57 13.9 C Grice et al. (2017)
2009-04-19 40 1.72 2.57 15.0 C Grice et al. (2017)
2009-06-12 36 2.29 2.54 23.6 C Grice et al. (2017)
2010-05-23 63 1.96 2.57 20.7 C Grice et al. (2017)
2010-06-05 55 1.83 2.58 18.1 C Grice et al. (2017)
2010-06-18 30 1.72 2.59 14.3 C Grice et al. (2017)
2010-06-19 66 1.72 2.59 14.1 C Grice et al. (2017)
2010-07-01 43 1.65 2.60 9.6 C Grice et al. (2017)
2010-07-02 39 1.64 2.60 9.2 C Grice et al. (2017)
2010-07-13 66 1.61 2.61 4.8 C Grice et al. (2017)
2010-07-13 79 1.61 2.61 4.8 C Grice et al. (2017)
2010-07-16 80 1.60 2.61 3.6 C Grice et al. (2017)
2010-07-16 85 1.60 2.61 3.6 C Grice et al. (2017)
2010-07-18 63 1.60 2.61 2.9 C Grice et al. (2017)
2010-07-19 107 1.60 2.61 2.6 C Grice et al. (2017)
2010-07-20 60 1.60 2.61 2.3 C Grice et al. (2017)
2010-07-20 135 1.60 2.61 2.3 C Grice et al. (2017)
2010-07-21 70 1.60 2.62 2.1 C Grice et al. (2017)
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2010-07-21 135 1.60 2.62 2.1 C Grice et al. (2017)
2010-07-31 64 1.62 2.62 4.2 C Grice et al. (2017)
2010-08-01 91 1.62 2.62 4.6 C Grice et al. (2017)
2010-08-02 69 1.63 2.63 5.0 C Grice et al. (2017)
2010-08-03 91 1.63 2.63 5.4 C Grice et al. (2017)
2010-08-04 86 1.63 2.63 5.8 C Grice et al. (2017)
2010-08-06 89 1.64 2.63 6.6 C Grice et al. (2017)
2010-08-07 82 1.65 2.63 7.0 C Grice et al. (2017)
2010-08-10 91 1.66 2.63 8.2 C Grice et al. (2017)
2010-08-11 87 1.67 2.63 8.6 C Grice et al. (2017)
2010-08-13 96 1.68 2.63 9.4 C Grice et al. (2017)
2010-08-14 59 1.69 2.63 9.8 C Grice et al. (2017)
2010-08-15 75 1.69 2.64 10.1 C Grice et al. (2017)
2010-08-16 51 1.70 2.64 10.5 C Grice et al. (2017)
2010-08-17 112 1.71 2.64 10.9 C Grice et al. (2017)
2010-08-25 85 1.77 2.64 13.6 C Grice et al. (2017)
2010-08-28 35 1.80 2.65 14.5 C Grice et al. (2017)
2010-08-29 81 1.81 2.65 14.8 C Grice et al. (2017)
2010-09-02 91 1.85 2.65 15.9 C Grice et al. (2017)
2010-09-03 47 1.86 2.65 16.2 C Grice et al. (2017)
2010-09-04 76 1.87 2.65 16.4 C Grice et al. (2017)
2010-09-09 41 1.92 2.66 17.6 C Grice et al. (2017)
2010-09-10 71 1.94 2.66 17.8 C Grice et al. (2017)
2010-09-11 70 1.95 2.66 18.1 C Grice et al. (2017)
2010-09-12 49 1.96 2.66 18.3 C Grice et al. (2017)
2010-09-13 66 1.97 2.66 18.5 C Grice et al. (2017)
2017-1-23 200 2.18 2.91 15.1 C A. Jones, GaiaGosa
2017-1-23 32 2.19 2.91 15.3 C D. Molina, GaiaGosa
2018-3-7.4 1155 1.62 2.60 5.4 R TRAPPIST South
2018-4-20.1 610 1.70 2.57 14.2 R Stéphane Fauvaud
2018-4-21.1 513 1.71 2.56 14.6 R Stéphane Fauvaud

(48) Doris
2009-03-01 34 2.64 3.23 15.6 C Grice et al. (2017)
2009-03-02 39 2.62 3.23 15.4 C Grice et al. (2017)
2009-03-19 46 2.44 3.24 12.0 C Grice et al. (2017)
2009-03-20 61 2.43 3.24 11.7 C Grice et al. (2017)
2009-03-21 63 2.42 3.25 11.5 C Grice et al. (2017)
2009-03-22 60 2.41 3.25 11.2 C Grice et al. (2017)
2009-03-23 62 2.40 3.25 11.0 C Grice et al. (2017)
2009-03-26 34 2.38 3.25 10.1 C Grice et al. (2017)
2009-03-27 77 2.37 3.25 9.9 C Grice et al. (2017)
2009-03-28 84 2.37 3.25 9.6 C Grice et al. (2017)
2009-04-01 79 2.34 3.25 8.4 C Grice et al. (2017)
2009-04-06 124 2.31 3.25 6.9 C Grice et al. (2017)
2009-04-13 148 2.28 3.26 4.6 C Grice et al. (2017)
2009-04-20 46 2.26 3.26 2.4 C Grice et al. (2017)
2009-04-22 35 2.26 3.26 1.9 C Grice et al. (2017)
2009-04-23 61 2.26 3.26 1.7 C Grice et al. (2017)
2009-04-27 62 2.26 3.27 1.7 C Grice et al. (2017)
2009-04-28 73 2.26 3.27 1.9 C Grice et al. (2017)
2009-05-01 70 2.27 3.27 2.6 C Grice et al. (2017)
2009-05-03 70 2.27 3.27 3.2 C Grice et al. (2017)
2009-05-03 72 2.27 3.27 3.2 C Grice et al. (2017)
2009-05-03 122 2.27 3.27 3.2 C Grice et al. (2017)
2009-05-11 37 2.30 3.27 5.8 C Grice et al. (2017)
2009-05-11 68 2.30 3.27 5.8 C Grice et al. (2017)
2009-05-11 80 2.30 3.27 5.8 C Grice et al. (2017)
2009-05-12 84 2.31 3.27 6.1 C Grice et al. (2017)
2009-05-12 85 2.31 3.27 6.1 C Grice et al. (2017)
2009-05-12 93 2.31 3.27 6.1 C Grice et al. (2017)

Article number, page 45 of 88



A&A proofs: manuscript no. output

Table A.3: continued.

Epoch Np ∆ r ϕ Filter Reference
(AU) (AU) (◦)

2009-05-13 87 2.31 3.27 6.4 C Grice et al. (2017)
2009-05-13 91 2.31 3.27 6.4 C Grice et al. (2017)
2009-05-14 88 2.32 3.27 6.7 C Grice et al. (2017)
2009-05-14 94 2.32 3.27 6.7 C Grice et al. (2017)
2009-05-15 71 2.32 3.27 7.1 C Grice et al. (2017)
2009-05-15 78 2.32 3.27 7.1 C Grice et al. (2017)
2009-05-16 54 2.33 3.27 7.4 C Grice et al. (2017)
2009-05-17 85 2.33 3.28 7.7 C Grice et al. (2017)
2009-05-17 86 2.33 3.28 7.7 C Grice et al. (2017)
2009-05-18 85 2.34 3.28 8.0 C Grice et al. (2017)
2009-05-18 86 2.34 3.28 8.0 C Grice et al. (2017)
2009-05-18 95 2.34 3.28 7.9 C Grice et al. (2017)
2009-05-19 76 2.35 3.28 8.3 C Grice et al. (2017)
2009-05-19 78 2.35 3.28 8.3 C Grice et al. (2017)
2009-05-19 100 2.35 3.28 8.2 C Grice et al. (2017)
2009-05-21 37 2.36 3.28 8.8 C Grice et al. (2017)
2009-05-21 100 2.36 3.28 8.9 C Grice et al. (2017)
2009-05-22 100 2.37 3.28 9.2 C Grice et al. (2017)
2009-05-23 96 2.38 3.28 9.5 C Grice et al. (2017)
2009-05-25 42 2.39 3.28 10.0 C Grice et al. (2017)
2009-05-25 63 2.39 3.28 10.0 C Grice et al. (2017)
2009-05-25 73 2.39 3.28 10.0 C Grice et al. (2017)
2009-05-26 64 2.40 3.28 10.3 C Grice et al. (2017)
2009-05-26 77 2.40 3.28 10.3 C Grice et al. (2017)
2009-05-26 101 2.40 3.28 10.3 C Grice et al. (2017)
2009-05-28 67 2.42 3.28 10.8 C Grice et al. (2017)
2009-05-29 69 2.43 3.28 11.1 C Grice et al. (2017)
2009-05-30 65 2.44 3.28 11.4 C Grice et al. (2017)
2009-06-12 50 2.57 3.29 14.2 C Grice et al. (2017)
2014-3-13.2 694 2.15 3.14 2.9 R Stéphane Fauvaud, Florian Livet
2014-3-14.2 522 2.15 3.14 2.5 R Stéphane Fauvaud, Florian Livet

(51) Nemausa
2009-09-26 35 1.79 2.48 19.9 C Grice et al. (2017)
2009-09-26 44 1.79 2.48 19.9 C Grice et al. (2017)
2009-10-02 37 1.73 2.48 18.5 C Grice et al. (2017)
2009-10-09 46 1.66 2.47 16.6 C Grice et al. (2017)
2009-10-09 52 1.66 2.47 16.6 C Grice et al. (2017)
2009-10-12 47 1.63 2.47 15.6 C Grice et al. (2017)
2009-10-12 76 1.64 2.47 15.6 C Grice et al. (2017)
2009-10-13 41 1.63 2.47 15.3 C Grice et al. (2017)
2009-10-13 60 1.63 2.47 15.3 C Grice et al. (2017)
2009-10-14 63 1.62 2.47 15.0 C Grice et al. (2017)
2009-10-14 73 1.62 2.47 15.0 C Grice et al. (2017)
2009-10-15 37 1.61 2.47 14.7 C Grice et al. (2017)
2009-10-15 41 1.61 2.47 14.6 C Grice et al. (2017)
2009-10-16 66 1.60 2.47 14.3 C Grice et al. (2017)
2009-10-16 70 1.60 2.47 14.3 C Grice et al. (2017)
2009-10-19 51 1.58 2.47 13.3 C Grice et al. (2017)
2009-10-19 51 1.58 2.47 13.3 C Grice et al. (2017)
2009-10-20 26 1.57 2.47 12.9 C Grice et al. (2017)
2009-10-21 60 1.57 2.46 12.5 C Grice et al. (2017)
2009-10-21 77 1.57 2.46 12.6 C Grice et al. (2017)
2009-10-22 67 1.56 2.46 12.2 C Grice et al. (2017)
2009-10-23 76 1.55 2.46 11.8 C Grice et al. (2017)
2009-10-24 76 1.55 2.46 11.5 C Grice et al. (2017)
2009-10-25 78 1.54 2.46 11.1 C Grice et al. (2017)
2009-10-29 65 1.52 2.46 9.6 C Grice et al. (2017)
2009-10-30 58 1.52 2.46 9.3 C Grice et al. (2017)
2009-10-30 72 1.52 2.46 9.3 C Grice et al. (2017)
2009-11-06 78 1.49 2.46 6.9 C Grice et al. (2017)
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Epoch Np ∆ r ϕ Filter Reference
(AU) (AU) (◦)

2009-11-08 44 1.49 2.45 6.4 C Grice et al. (2017)
2009-11-09 39 1.49 2.45 6.2 C Grice et al. (2017)
2009-11-11 40 1.48 2.45 5.9 C Grice et al. (2017)
2009-11-12 38 1.48 2.45 5.7 C Grice et al. (2017)
2009-11-13 49 1.48 2.45 5.7 C Grice et al. (2017)
2009-11-14 28 1.48 2.45 5.6 C Grice et al. (2017)
2009-11-17 28 1.48 2.45 5.7 C Grice et al. (2017)
2009-11-19 34 1.48 2.45 6.0 C Grice et al. (2017)
2009-11-19 44 1.48 2.45 6.1 C Grice et al. (2017)
2009-11-19 57 1.48 2.45 6.0 C Grice et al. (2017)
2009-11-20 47 1.48 2.45 6.2 C Grice et al. (2017)
2009-11-21 44 1.48 2.45 6.5 C Grice et al. (2017)
2009-11-24 45 1.49 2.44 7.3 C Grice et al. (2017)
2009-11-26 31 1.49 2.44 7.9 C Grice et al. (2017)
2009-11-26 58 1.49 2.44 8.0 C Grice et al. (2017)
2009-11-27 50 1.50 2.44 8.3 C Grice et al. (2017)
2009-12-04 44 1.52 2.44 10.9 C Grice et al. (2017)
2009-12-04 55 1.52 2.44 10.9 C Grice et al. (2017)
2009-12-05 32 1.53 2.44 11.2 C Grice et al. (2017)
2009-12-05 56 1.53 2.44 11.2 C Grice et al. (2017)
2009-12-05 59 1.53 2.44 11.2 C Grice et al. (2017)
2009-12-06 56 1.53 2.44 11.6 C Grice et al. (2017)
2009-12-06 61 1.53 2.44 11.6 C Grice et al. (2017)
2009-12-07 43 1.54 2.44 12.0 C Grice et al. (2017)
2009-12-07 57 1.54 2.44 12.0 C Grice et al. (2017)
2009-12-08 36 1.54 2.44 12.3 C Grice et al. (2017)
2009-12-08 50 1.54 2.44 12.4 C Grice et al. (2017)
2009-12-08 52 1.54 2.44 12.4 C Grice et al. (2017)
2009-12-09 42 1.55 2.43 12.7 C Grice et al. (2017)
2009-12-09 45 1.55 2.43 12.7 C Grice et al. (2017)
2009-12-11 31 1.56 2.43 13.4 C Grice et al. (2017)
2009-12-12 35 1.57 2.43 13.8 C Grice et al. (2017)
2009-12-14 11 1.58 2.43 14.5 C Grice et al. (2017)
2009-12-19 43 1.62 2.43 16.2 C Grice et al. (2017)
2009-12-31 40 1.72 2.42 19.6 C Grice et al. (2017)
2010-01-01 34 1.73 2.42 19.8 C Grice et al. (2017)
2010-01-10 29 1.83 2.41 21.7 C Grice et al. (2017)
2011-02-24 89 1.46 2.21 20.8 C Grice et al. (2017)
2011-03-25 65 1.25 2.21 9.6 C Grice et al. (2017)
2011-03-27 54 1.25 2.21 8.6 C Grice et al. (2017)
2012-8-17.2 630 1.54 2.51 8.1 R Stéphane Fauvaud
2012-8-18.2 682 1.53 2.51 7.6 R Stéphane Fauvaud
2016-11-14.9 242 1.66 2.50 14.6 R Martin Lehký, BE600
2019-11-8.9 214 2.43 2.51 23.1 Rc TRAPPIST North
2019-10-24.2 287 2.22 2.50 23.4 Rc TRAPPIST South
2019-10-26.2 248 2.25 2.50 23.4 Rc TRAPPIST South
2019-10-28.1 299 2.27 2.50 23.4 Rc TRAPPIST South
2019-11-14.1 44 2.50 2.51 22.8 Rc TRAPPIST South
2019-11-14.1 233 2.50 2.51 22.8 Rc TRAPPIST North
2019-11-14.9 155 2.51 2.51 22.7 Rc TRAPPIST North

(52) Europa
2007-05-11 80 2.89 3.41 15.8 C Grice et al. (2017)
2007-05-16 72 2.82 3.42 15.2 C Grice et al. (2017)
2007-05-17 72 2.81 3.42 15.0 C Grice et al. (2017)
2007-06-16 39 2.51 3.42 8.7 C Grice et al. (2017)
2007-06-19 63 2.49 3.42 7.8 C Grice et al. (2017)
2007-06-20 52 2.48 3.42 7.6 C Grice et al. (2017)
2007-07-05 50 2.42 3.42 2.9 C Grice et al. (2017)
2007-07-22 66 2.42 3.42 3.1 C Grice et al. (2017)
2008-06-30 52 2.99 3.28 17.9 C Grice et al. (2017)
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Epoch Np ∆ r ϕ Filter Reference
(AU) (AU) (◦)

2008-07-01 55 2.97 3.27 17.9 C Grice et al. (2017)
2008-07-02 64 2.96 3.27 17.9 C Grice et al. (2017)
2008-07-12 64 2.81 3.27 17.3 C Grice et al. (2017)
2008-07-25 57 2.64 3.25 15.8 C Grice et al. (2017)
2008-07-28 89 2.60 3.25 15.4 C Grice et al. (2017)
2008-07-30 45 2.58 3.25 15.1 C Grice et al. (2017)
2008-08-04 82 2.52 3.25 14.1 C Grice et al. (2017)
2008-08-05 87 2.50 3.25 13.9 C Grice et al. (2017)
2008-08-06 81 2.49 3.24 13.7 C Grice et al. (2017)
2008-08-07 79 2.48 3.24 13.5 C Grice et al. (2017)
2008-08-09 55 2.46 3.24 13.1 C Grice et al. (2017)
2008-08-10 51 2.45 3.24 12.9 C Grice et al. (2017)
2008-08-11 70 2.44 3.24 12.7 C Grice et al. (2017)
2008-08-12 82 2.43 3.24 12.4 C Grice et al. (2017)
2008-08-22 63 2.34 3.23 9.9 C Grice et al. (2017)
2008-08-26 75 2.30 3.23 8.7 C Grice et al. (2017)
2008-09-03 87 2.26 3.22 6.3 C Grice et al. (2017)
2008-09-04 88 2.25 3.22 6.0 C Grice et al. (2017)
2008-09-05 93 2.25 3.22 5.7 C Grice et al. (2017)
2008-09-11 112 2.22 3.21 3.9 C Grice et al. (2017)
2008-09-11 113 2.22 3.21 3.9 C Grice et al. (2017)
2008-09-12 139 2.22 3.21 3.7 C Grice et al. (2017)
2008-09-12 139 2.22 3.21 3.7 C Grice et al. (2017)
2008-09-20 84 2.21 3.20 2.6 C Grice et al. (2017)
2008-09-21 86 2.21 3.20 2.6 C Grice et al. (2017)
2008-09-28 67 2.21 3.20 4.1 C Grice et al. (2017)
2008-09-30 66 2.22 3.19 4.7 C Grice et al. (2017)
2008-10-04 50 2.23 3.19 5.9 C Grice et al. (2017)
2008-10-09 110 2.25 3.19 7.4 C Grice et al. (2017)
2008-10-18 64 2.30 3.18 10.1 C Grice et al. (2017)
2008-10-24 48 2.35 3.17 11.8 C Grice et al. (2017)
2008-10-26 55 2.37 3.17 12.3 C Grice et al. (2017)
2008-10-28 55 2.38 3.17 12.8 C Grice et al. (2017)
2008-10-30 38 2.40 3.16 13.3 C Grice et al. (2017)
2008-10-31 64 2.41 3.16 13.5 C Grice et al. (2017)
2008-11-01 61 2.42 3.16 13.7 C Grice et al. (2017)
2008-11-03 60 2.44 3.16 14.1 C Grice et al. (2017)
2008-11-15 47 2.58 3.15 16.3 C Grice et al. (2017)
2008-11-16 45 2.59 3.15 16.4 C Grice et al. (2017)
2009-11-01 53 2.12 2.82 16.4 C Grice et al. (2017)
2009-11-08 77 2.04 2.82 14.8 C Grice et al. (2017)
2009-11-09 70 2.03 2.82 14.5 C Grice et al. (2017)
2009-11-11 79 2.01 2.81 14.0 C Grice et al. (2017)
2009-11-12 77 2.00 2.81 13.7 C Grice et al. (2017)
2010-01-10 43 1.88 2.79 9.9 C Grice et al. (2017)
2010-01-14 67 1.91 2.78 11.3 C Grice et al. (2017)
2010-01-15 75 1.92 2.78 11.6 C Grice et al. (2017)
2010-01-17 76 1.93 2.78 12.2 C Grice et al. (2017)
2010-01-19 74 1.95 2.78 12.9 C Grice et al. (2017)
2010-01-21 55 1.96 2.78 13.5 C Grice et al. (2017)
2010-01-23 44 1.98 2.78 14.1 C Grice et al. (2017)
2011-02-03 79 2.29 2.92 16.7 C Grice et al. (2017)
2011-02-03 91 2.29 2.92 16.7 C Grice et al. (2017)
2011-02-05 62 2.26 2.93 16.3 C Grice et al. (2017)
2011-02-05 98 2.26 2.93 16.3 C Grice et al. (2017)
2011-02-06 34 2.25 2.93 16.1 C Grice et al. (2017)
2011-02-06 37 2.25 2.93 16.1 C Grice et al. (2017)
2011-02-07 39 2.24 2.93 15.9 C Grice et al. (2017)
2011-02-07 111 2.24 2.93 15.9 C Grice et al. (2017)
2011-02-16 84 2.16 2.94 13.8 C Grice et al. (2017)
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Epoch Np ∆ r ϕ Filter Reference
(AU) (AU) (◦)

2011-02-22 97 2.11 2.94 12.2 C Grice et al. (2017)
2011-02-24 92 2.09 2.94 11.6 C Grice et al. (2017)
2011-03-01 72 2.06 2.95 10.1 C Grice et al. (2017)
2011-03-02 92 2.05 2.95 9.8 C Grice et al. (2017)
2011-03-23 80 1.99 2.97 3.5 C Grice et al. (2017)
2011-03-25 69 1.99 2.97 3.2 C Grice et al. (2017)
2011-03-27 63 1.99 2.97 3.2 C Grice et al. (2017)
2012-06-11 42 2.36 3.37 2.4 C Grice et al. (2017)
2012-06-27 42 2.40 3.38 5.4 C Grice et al. (2017)
2019-8-27.4 635 2.33 3.19 11.2 Rc TRAPPIST South

(88) Thisbe
2006-12-04 10 2.61 3.20 15.7 C Grice et al. (2017)
2007-02-03 59 2.25 3.22 3.1 C Grice et al. (2017)
2007-02-10 28 2.27 3.22 5.5 C Grice et al. (2017)
2007-02-22 42 2.34 3.22 9.4 C Grice et al. (2017)
2007-02-24 52 2.36 3.22 10.0 C Grice et al. (2017)
2007-03-03 60 2.42 3.22 12.0 C Grice et al. (2017)
2007-03-03 81 2.42 3.22 12.0 C Grice et al. (2017)
2007-03-07 46 2.46 3.22 13.0 C Grice et al. (2017)
2007-03-10 40 2.49 3.22 13.7 C Grice et al. (2017)
2007-03-10 40 2.49 3.22 13.7 C Grice et al. (2017)
2008-02-14 47 2.36 2.96 17.1 C Grice et al. (2017)
2008-02-17 50 2.32 2.96 16.6 C Grice et al. (2017)
2008-03-01 71 2.16 2.94 14.0 C Grice et al. (2017)
2008-03-02 80 2.15 2.94 13.7 C Grice et al. (2017)
2008-03-10 66 2.06 2.92 11.6 C Grice et al. (2017)
2008-03-13 53 2.03 2.92 10.7 C Grice et al. (2017)
2008-03-19 47 1.98 2.91 8.7 C Grice et al. (2017)
2008-03-27 156 1.93 2.90 6.0 C Grice et al. (2017)
2008-03-28 115 1.93 2.90 5.6 C Grice et al. (2017)
2008-03-29 100 1.92 2.89 5.3 C Grice et al. (2017)
2008-06-10 90 2.22 2.77 19.7 C Grice et al. (2017)
2008-06-22 39 2.35 2.75 21.1 C Grice et al. (2017)
2008-06-24 77 2.37 2.75 21.3 C Grice et al. (2017)
2008-06-25 74 2.38 2.75 21.3 C Grice et al. (2017)
2009-06-01 77 1.91 2.31 25.6 C Grice et al. (2017)
2009-06-01 77 1.91 2.31 25.6 C Grice et al. (2017)
2009-06-17 83 1.73 2.31 24.1 C Grice et al. (2017)
2009-06-18 51 1.72 2.31 23.9 C Grice et al. (2017)
2009-06-26 97 1.64 2.31 22.6 C Grice et al. (2017)
2009-06-27 83 1.63 2.31 22.4 C Grice et al. (2017)
2009-06-29 75 1.61 2.31 22.0 C Grice et al. (2017)
2009-06-30 82 1.60 2.31 21.8 C Grice et al. (2017)
2009-07-02 69 1.58 2.31 21.3 C Grice et al. (2017)
2009-07-13 80 1.48 2.31 18.3 C Grice et al. (2017)
2009-07-13 81 1.48 2.31 18.3 C Grice et al. (2017)
2009-07-14 43 1.47 2.31 17.9 C Grice et al. (2017)
2009-07-14 83 1.47 2.31 17.9 C Grice et al. (2017)
2009-07-15 60 1.47 2.31 17.6 C Grice et al. (2017)
2009-07-15 68 1.47 2.31 17.6 C Grice et al. (2017)
2009-07-16 86 1.46 2.31 17.3 C Grice et al. (2017)
2009-07-16 88 1.46 2.31 17.3 C Grice et al. (2017)
2009-07-16 92 1.46 2.31 17.3 C Grice et al. (2017)
2009-07-17 88 1.45 2.31 17.0 C Grice et al. (2017)
2009-07-18 75 1.44 2.31 16.6 C Grice et al. (2017)
2009-07-18 91 1.45 2.31 16.7 C Grice et al. (2017)
2009-07-18 97 1.44 2.31 16.6 C Grice et al. (2017)
2009-07-19 88 1.44 2.31 16.3 C Grice et al. (2017)
2009-07-19 94 1.44 2.31 16.3 C Grice et al. (2017)
2009-07-20 108 1.43 2.31 15.9 C Grice et al. (2017)
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Epoch Np ∆ r ϕ Filter Reference
(AU) (AU) (◦)

2009-07-20 109 1.43 2.31 15.9 C Grice et al. (2017)
2009-07-21 68 1.42 2.31 15.6 C Grice et al. (2017)
2009-07-21 112 1.42 2.31 15.5 C Grice et al. (2017)
2009-07-21 114 1.42 2.31 15.5 C Grice et al. (2017)
2009-07-22 55 1.42 2.31 15.2 C Grice et al. (2017)
2009-07-22 75 1.42 2.31 15.2 C Grice et al. (2017)
2009-07-23 57 1.41 2.31 14.8 C Grice et al. (2017)
2009-07-23 58 1.41 2.31 14.8 C Grice et al. (2017)
2009-07-24 69 1.40 2.31 14.4 C Grice et al. (2017)
2009-07-24 70 1.40 2.31 14.4 C Grice et al. (2017)
2009-07-24 93 1.41 2.31 14.5 C Grice et al. (2017)
2009-07-25 75 1.40 2.31 14.0 C Grice et al. (2017)
2009-07-25 82 1.40 2.31 14.0 C Grice et al. (2017)
2009-07-25 92 1.40 2.31 14.1 C Grice et al. (2017)
2009-07-26 63 1.39 2.31 13.6 C Grice et al. (2017)
2009-07-26 74 1.39 2.31 13.6 C Grice et al. (2017)
2009-07-27 79 1.39 2.31 13.2 C Grice et al. (2017)
2009-07-27 81 1.39 2.31 13.2 C Grice et al. (2017)
2009-07-28 38 1.38 2.31 12.8 C Grice et al. (2017)
2009-07-29 60 1.38 2.32 12.4 C Grice et al. (2017)
2009-07-29 75 1.38 2.32 12.4 C Grice et al. (2017)
2009-07-31 39 1.37 2.32 11.6 C Grice et al. (2017)
2009-07-31 47 1.37 2.32 11.6 C Grice et al. (2017)
2009-08-01 63 1.36 2.32 11.2 C Grice et al. (2017)
2009-08-01 65 1.36 2.32 11.2 C Grice et al. (2017)
2009-08-01 84 1.36 2.32 11.2 C Grice et al. (2017)
2009-08-02 62 1.36 2.32 10.7 C Grice et al. (2017)
2009-08-02 69 1.36 2.32 10.7 C Grice et al. (2017)
2009-08-02 86 1.36 2.32 10.8 C Grice et al. (2017)
2009-08-03 81 1.35 2.32 10.3 C Grice et al. (2017)
2009-08-03 84 1.35 2.32 10.4 C Grice et al. (2017)
2009-08-04 84 1.35 2.32 9.9 C Grice et al. (2017)
2009-08-04 87 1.35 2.32 9.9 C Grice et al. (2017)
2009-08-10 51 1.33 2.32 7.3 C Grice et al. (2017)
2009-08-10 91 1.33 2.32 7.3 C Grice et al. (2017)
2009-08-10 91 1.33 2.32 7.3 C Grice et al. (2017)
2009-08-11 58 1.33 2.32 6.8 C Grice et al. (2017)
2009-08-11 71 1.33 2.32 6.8 C Grice et al. (2017)
2009-08-12 50 1.33 2.32 6.4 C Grice et al. (2017)
2009-08-12 55 1.33 2.32 6.4 C Grice et al. (2017)
2009-08-13 69 1.32 2.32 6.0 C Grice et al. (2017)
2009-08-13 69 1.32 2.32 6.0 C Grice et al. (2017)
2009-08-13 70 1.32 2.32 6.1 C Grice et al. (2017)
2009-08-14 67 1.32 2.32 5.6 C Grice et al. (2017)
2009-08-14 68 1.32 2.32 5.6 C Grice et al. (2017)
2009-08-15 66 1.32 2.32 5.2 C Grice et al. (2017)
2009-08-15 69 1.32 2.32 5.2 C Grice et al. (2017)
2009-08-15 94 1.32 2.32 5.2 C Grice et al. (2017)
2009-08-16 54 1.32 2.32 4.8 C Grice et al. (2017)
2009-08-16 71 1.32 2.32 4.8 C Grice et al. (2017)
2009-08-17 66 1.32 2.32 4.5 C Grice et al. (2017)
2009-08-17 69 1.32 2.32 4.5 C Grice et al. (2017)
2009-08-18 69 1.32 2.32 4.1 C Grice et al. (2017)
2009-08-18 70 1.32 2.32 4.1 C Grice et al. (2017)
2009-08-19 55 1.32 2.32 3.8 C Grice et al. (2017)
2009-08-19 67 1.32 2.32 3.8 C Grice et al. (2017)
2009-08-20 67 1.32 2.32 3.6 C Grice et al. (2017)
2009-08-20 67 1.32 2.32 3.6 C Grice et al. (2017)
2009-08-20 93 1.32 2.32 3.6 C Grice et al. (2017)
2009-08-21 69 1.32 2.32 3.4 C Grice et al. (2017)
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Epoch Np ∆ r ϕ Filter Reference
(AU) (AU) (◦)

2009-08-21 71 1.32 2.32 3.4 C Grice et al. (2017)
2009-08-21 88 1.32 2.32 3.4 C Grice et al. (2017)
2009-08-22 39 1.32 2.33 3.3 C Grice et al. (2017)
2009-08-22 46 1.32 2.33 3.3 C Grice et al. (2017)
2009-08-22 70 1.32 2.33 3.3 C Grice et al. (2017)
2009-08-23 59 1.32 2.33 3.2 C Grice et al. (2017)
2009-08-23 62 1.32 2.33 3.2 C Grice et al. (2017)
2009-08-23 69 1.32 2.33 3.2 C Grice et al. (2017)
2009-08-23 89 1.32 2.33 3.2 C Grice et al. (2017)
2009-08-24 79 1.32 2.33 3.3 C Grice et al. (2017)
2009-08-24 79 1.32 2.33 3.3 C Grice et al. (2017)
2009-08-24 94 1.32 2.33 3.3 C Grice et al. (2017)
2009-08-24 95 1.32 2.33 3.3 C Grice et al. (2017)
2009-08-25 79 1.32 2.33 3.4 C Grice et al. (2017)
2009-08-25 79 1.32 2.33 3.4 C Grice et al. (2017)
2009-08-26 79 1.32 2.33 3.6 C Grice et al. (2017)
2009-08-26 79 1.32 2.33 3.6 C Grice et al. (2017)
2009-08-27 67 1.32 2.33 3.8 C Grice et al. (2017)
2009-08-27 68 1.32 2.33 3.8 C Grice et al. (2017)
2009-08-27 79 1.32 2.33 3.8 C Grice et al. (2017)
2009-08-28 77 1.33 2.33 4.1 C Grice et al. (2017)
2009-08-28 79 1.33 2.33 4.1 C Grice et al. (2017)
2009-08-29 19 1.33 2.33 4.4 C Grice et al. (2017)
2009-08-30 100 1.33 2.33 4.7 C Grice et al. (2017)
2009-09-06 43 1.35 2.33 7.6 C Grice et al. (2017)
2009-09-06 141 1.35 2.33 7.5 C Grice et al. (2017)
2009-09-09 56 1.37 2.34 8.9 C Grice et al. (2017)
2009-09-10 69 1.37 2.34 9.3 C Grice et al. (2017)
2009-09-10 88 1.37 2.34 9.2 C Grice et al. (2017)
2009-09-12 71 1.38 2.34 10.1 C Grice et al. (2017)
2009-09-13 66 1.39 2.34 10.5 C Grice et al. (2017)
2009-09-18 81 1.42 2.34 12.5 C Grice et al. (2017)
2009-09-21 50 1.44 2.34 13.7 C Grice et al. (2017)
2009-09-23 71 1.46 2.35 14.4 C Grice et al. (2017)
2009-09-24 40 1.47 2.35 14.8 C Grice et al. (2017)
2009-09-25 93 1.47 2.35 15.1 C Grice et al. (2017)
2009-09-26 98 1.48 2.35 15.5 C Grice et al. (2017)
2009-10-03 146 1.54 2.35 17.7 C Grice et al. (2017)
2009-10-04 75 1.55 2.36 18.0 C Grice et al. (2017)
2009-10-06 91 1.57 2.36 18.5 C Grice et al. (2017)
2009-10-07 62 1.58 2.36 18.8 C Grice et al. (2017)
2009-10-08 47 1.59 2.36 19.0 C Grice et al. (2017)
2009-10-14 48 1.66 2.36 20.5 C Grice et al. (2017)
2009-10-16 43 1.68 2.37 20.9 C Grice et al. (2017)
2009-10-18 38 1.70 2.37 21.3 C Grice et al. (2017)
2011-02-16 6 2.62 3.09 17.5 C Grice et al. (2017)
2019-11-2.1 606 1.95 2.84 10.9 Rc TRAPPIST South
2019-10-25.4 399 2.00 2.82 13.5 Rc TRAPPIST North
2019-10-30.1 488 1.97 2.83 12.0 Rc TRAPPIST North
2019-11-23.1 116 1.89 2.87 2.8 Rc TRAPPIST North
2019-11-24.3 415 1.89 2.87 2.4 Rc TRAPPIST South

(145) Adeona
1979-03-24.4 6 1.47 2.38 12.4 V Harris & Young (1989)
1979-03-25.2 10 1.48 2.38 12.6 V Harris & Young (1989)
1981-09-16.2 35 1.93 2.90 6.9 V Debehogne et al. (1982)
1981-09-19.2 27 1.94 2.89 7.3 V Debehogne et al. (1982)
1983-01-10.0 106 1.32 2.29 4.9 V Burchi et al. (1985)
1983-01-11.0 100 1.32 2.29 5.2 V Burchi et al. (1985)
1983-01-13.0 81 1.32 2.29 5.8 V Burchi et al. (1985)
2006-06-17 44 1.91 2.90 6.2 C Grice et al. (2017)
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Epoch Np ∆ r ϕ Filter Reference
(AU) (AU) (◦)

2006-06-18 57 1.92 2.90 6.6 C Grice et al. (2017)
2006-06-19 46 1.93 2.90 6.9 C Grice et al. (2017)
2006-06-20 37 1.93 2.90 7.3 C Grice et al. (2017)
2006-06-23 49 1.95 2.91 8.4 C Grice et al. (2017)
2006-06-24 37 1.96 2.91 8.8 C Grice et al. (2017)
2006-07-03 64 2.03 2.92 11.7 C Grice et al. (2017)
2006-08-10 21 2.49 2.95 19.1 C Grice et al. (2017)
2007-07-12 58 2.26 3.03 14.6 C Grice et al. (2017)
2007-07-14 48 2.24 3.03 14.2 C Grice et al. (2017)
2007-08-17 57 2.03 3.00 6.3 C Grice et al. (2017)
2007-08-19 48 2.03 3.00 6.1 C Grice et al. (2017)
2007-08-20 88 2.02 3.00 6.1 C Grice et al. (2017)
2007-09-08 101 2.05 2.99 8.6 C Grice et al. (2017)
2007-09-09 75 2.06 2.99 8.8 C Grice et al. (2017)
2007-09-10 62 2.06 2.99 9.1 C Grice et al. (2017)
2007-09-16 71 2.09 2.98 10.7 C Grice et al. (2017)
2007-09-17 57 2.10 2.98 11.0 C Grice et al. (2017)
2007-09-20 28 2.12 2.98 11.7 C Grice et al. (2017)
2008-12-02.3 373 1.41 2.39 1.7 R Stephens (2009)
2008-12-03.2 195 1.41 2.39 1.2 R Stephens (2009)
2008-12-04.2 145 1.41 2.39 0.9 R Stephens (2009)
2008-12-06.3 322 1.40 2.39 0.9 R Stephens (2009)
2008-12-10.3 371 1.40 2.38 2.7 R Stephens (2009)
2008-12-19.3 204 1.42 2.37 7.3 R Stephens (2009)
2008-12-20.2 507 1.42 2.37 7.7 R Stephens (2009)
2008-12-21.2 491 1.42 2.37 8.2 R Stephens (2009)
2010-03-11 34 1.86 2.57 18.2 C Grice et al. (2017)
2010-03-18 57 1.80 2.58 16.5 C Grice et al. (2017)
2010-03-19 44 1.79 2.58 16.2 C Grice et al. (2017)
2010-03-19 58 1.79 2.58 16.2 C Grice et al. (2017)
2010-03-21 54 1.78 2.59 15.6 C Grice et al. (2017)
2010-03-21 58 1.78 2.59 15.6 C Grice et al. (2017)
2010-03-24 59 1.76 2.59 14.7 C Grice et al. (2017)
2010-03-24 105 1.76 2.59 14.7 C Grice et al. (2017)
2010-03-25 56 1.75 2.59 14.4 C Grice et al. (2017)
2010-03-25 57 1.75 2.59 14.3 C Grice et al. (2017)
2010-04-06 94 1.69 2.61 10.4 C Grice et al. (2017)
2010-04-08 91 1.68 2.61 9.7 C Grice et al. (2017)
2010-04-10 58 1.67 2.62 8.9 C Grice et al. (2017)
2010-04-10 100 1.67 2.62 9.0 C Grice et al. (2017)
2010-04-12 108 1.66 2.62 8.3 C Grice et al. (2017)
2010-04-13 99 1.66 2.62 8.0 C Grice et al. (2017)
2010-04-17 70 1.65 2.63 6.7 C Grice et al. (2017)
2010-04-22 37 1.65 2.64 5.5 C Grice et al. (2017)
2010-04-23 33 1.65 2.64 5.4 C Grice et al. (2017)
2010-05-02 36 1.66 2.65 5.5 C Grice et al. (2017)
2010-05-05 57 1.67 2.66 6.2 C Grice et al. (2017)
2010-05-07 73 1.68 2.66 6.7 C Grice et al. (2017)
2010-05-20 73 1.75 2.68 10.8 C Grice et al. (2017)
2010-06-02 47 1.87 2.70 14.8 C Grice et al. (2017)
2010-06-11 45 1.96 2.71 17.0 C Grice et al. (2017)
2010-04-05.4 275 1.69 2.61 10.9 R Pilcher (2010)
2010-04-06.4 254 1.69 2.61 10.6 R Pilcher (2010)
2010-04-07.4 266 1.68 2.61 10.2 R Pilcher (2010)
2010-04-18.3 197 1.65 2.63 6.6 R Pilcher (2010)
2010-04-19.3 277 1.65 2.63 6.3 R Pilcher (2010)
2010-04-23.3 139 1.65 2.64 5.5 R Pilcher (2010)
2010-04-25.3 323 1.65 2.64 5.2 R Pilcher (2010)
2010-05-02.3 235 1.66 2.65 5.4 R Pilcher (2010)
2010-05-11.3 327 1.70 2.66 7.7 R Pilcher (2010)
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Epoch Np ∆ r ϕ Filter Reference
(AU) (AU) (◦)

2010-06-01.2 147 1.85 2.70 14.3 R Pilcher (2010)
2010-06-02.3 193 1.86 2.70 14.6 R Pilcher (2010)
2011-06-12 15 2.28 3.06 14.1 C Grice et al. (2017)
2011-07-09 40 2.09 3.06 6.8 C Grice et al. (2017)
2011-07-19 24 2.06 3.06 4.6 C Grice et al. (2017)
2011-07-21 33 2.06 3.06 4.4 C Grice et al. (2017)
2011-07-29 47 2.07 3.06 4.8 C Grice et al. (2017)
2011-07-31 49 2.07 3.06 5.2 C Grice et al. (2017)
2011-08-01 44 2.07 3.06 5.4 C Grice et al. (2017)
2011-08-08 22 2.10 3.06 7.3 C Grice et al. (2017)
2012-10-12 51 1.69 2.66 6.9 C Grice et al. (2017)
2012-11-18 36 1.74 2.60 13.0 C Grice et al. (2017)
2017-11-13 85 1.74 2.32 23.0 C Podlewska-Gaca et al. (2020)
2017-11-17 83 1.69 2.32 22.3 C Podlewska-Gaca et al. (2020)
2017-11-26 75 1.59 2.31 20.3 C Podlewska-Gaca et al. (2020)
2018-2-15.2 948 1.46 2.29 16.9 R TRAPPIST North
2018-2-23.1 578 1.53 2.29 19.4 R TRAPPIST North
2018-2-26.0 302 1.55 2.29 20.3 R TRAPPIST North
2018-3-25.0 444 1.84 2.29 25.0 R TRAPPIST North
2018-01-11.2 157 1.32 2.29 5.3 V Warner (2018)
2018-01-12.3 274 1.32 2.29 5.3 V Warner (2018)
2018-01-18.3 323 1.33 2.29 6.4 V Warner (2018)
2018-01-19.3 315 1.33 2.29 6.7 V Warner (2018)

(173) Ino
1977-08-25.2 64 1.26 2.27 4.0 V Schober (1978)
1977-08-26.2 51 1.26 2.27 3.6 V Schober (1978)
1977-09-11.2 85 1.25 2.25 5.9 V Schober (1978)
1983-01-10.8 104 1.69 2.37 20.5 V di Martino & Cacciatori (1984)
1988-01-05.2 23 1.78 2.72 7.9 V Debehogne et al. (1990)
1988-01-06.2 32 1.78 2.72 7.6 V Debehogne et al. (1990)
1988-01-07.2 30 1.78 2.72 7.2 V Debehogne et al. (1990)
1988-01-08.2 23 1.78 2.72 6.8 V Debehogne et al. (1990)
1994-04-08.1 7 2.37 3.26 9.4 B Denchev et al. (1998)
1994-04-08.1 7 2.37 3.26 9.4 V Denchev et al. (1998)
2008-06-01 81 2.05 3.01 7.1 C Grice et al. (2017)
2008-06-05 94 2.05 3.01 7.6 C Grice et al. (2017)
2008-06-24 141 2.10 2.97 11.9 C Grice et al. (2017)
2009-07-18 57 1.77 2.22 26.5 C Grice et al. (2017)
2009-07-19 49 1.75 2.22 26.5 C Grice et al. (2017)
2009-07-20 55 1.74 2.22 26.4 C Grice et al. (2017)
2009-07-24 62 1.70 2.21 26.0 C Grice et al. (2017)
2009-07-25 65 1.69 2.21 25.9 C Grice et al. (2017)
2009-08-15 72 1.46 2.20 22.5 C Grice et al. (2017)
2009-08-20 79 1.42 2.19 21.2 C Grice et al. (2017)
2009-08-21 81 1.41 2.19 21.0 C Grice et al. (2017)
2009-08-21 82 1.41 2.19 21.0 C Grice et al. (2017)
2009-08-22 59 1.40 2.19 20.7 C Grice et al. (2017)
2009-08-22 79 1.40 2.19 20.7 C Grice et al. (2017)
2009-08-22 84 1.40 2.19 20.7 C Grice et al. (2017)
2009-08-24 69 1.38 2.19 20.2 C Grice et al. (2017)
2009-08-27 115 1.36 2.19 19.2 C Grice et al. (2017)
2009-09-02 104 1.32 2.19 17.3 C Grice et al. (2017)
2009-09-03 148 1.31 2.18 17.0 C Grice et al. (2017)
2009-09-15 69 1.24 2.18 12.8 C Grice et al. (2017)
2009-09-15 79 1.24 2.18 12.8 C Grice et al. (2017)
2009-09-15 79 1.24 2.18 12.8 C Grice et al. (2017)
2009-09-18 77 1.23 2.18 11.8 C Grice et al. (2017)
2009-09-18 77 1.23 2.18 11.8 C Grice et al. (2017)
2009-09-21 82 1.22 2.18 10.7 C Grice et al. (2017)
2009-09-22 70 1.22 2.18 10.5 C Grice et al. (2017)
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Epoch Np ∆ r ϕ Filter Reference
(AU) (AU) (◦)

2009-09-23 87 1.22 2.18 10.2 C Grice et al. (2017)
2009-09-25 89 1.21 2.18 9.6 C Grice et al. (2017)
2009-09-26 76 1.21 2.18 9.4 C Grice et al. (2017)
2009-10-08 71 1.21 2.18 8.6 C Grice et al. (2017)
2009-10-12 77 1.21 2.18 9.3 C Grice et al. (2017)
2009-10-16 62 1.22 2.18 10.3 C Grice et al. (2017)
2009-10-16 75 1.22 2.18 10.3 C Grice et al. (2017)
2009-10-18 75 1.23 2.18 10.9 C Grice et al. (2017)
2009-10-19 59 1.23 2.18 11.2 C Grice et al. (2017)
2009-10-20 77 1.24 2.18 11.5 C Grice et al. (2017)
2009-10-21 75 1.24 2.18 11.9 C Grice et al. (2017)
2009-10-22 75 1.24 2.18 12.2 C Grice et al. (2017)
2009-10-23 78 1.25 2.18 12.6 C Grice et al. (2017)
2009-10-24 79 1.25 2.18 12.9 C Grice et al. (2017)
2009-10-25 79 1.26 2.18 13.2 C Grice et al. (2017)
2009-11-06 85 1.33 2.18 17.3 C Grice et al. (2017)
2009-11-08 81 1.35 2.18 18.0 C Grice et al. (2017)
2009-11-09 87 1.35 2.18 18.3 C Grice et al. (2017)
2009-11-14 83 1.39 2.18 19.7 C Grice et al. (2017)
2009-11-16 55 1.41 2.18 20.3 C Grice et al. (2017)
2009-11-16 55 1.41 2.18 20.3 C Grice et al. (2017)
2009-11-18 73 1.43 2.18 20.8 C Grice et al. (2017)
2009-11-19 65 1.44 2.19 21.0 C Grice et al. (2017)
2009-11-20 63 1.45 2.19 21.3 C Grice et al. (2017)
2009-11-20 80 1.45 2.19 21.3 C Grice et al. (2017)
2009-11-21 58 1.46 2.19 21.5 C Grice et al. (2017)
2009-12-05 109 1.60 2.19 24.2 C Grice et al. (2017)
2009-12-06 107 1.61 2.20 24.3 C Grice et al. (2017)
2011-02-05 63 2.01 2.98 2.7 C Grice et al. (2017)
2011-02-07 60 2.01 2.99 1.9 C Grice et al. (2017)
2011-03-23.0 271 2.28 3.06 13.5 C Pierre Antonini
2013-07-09.0 130 1.61 2.60 6.0 C Arnaud Leroy, Romain Montaigut
2013-07-10.0 241 1.61 2.60 5.8 C Arnaud Leroy, Romain Montaigut
2013-07-11.0 238 1.60 2.60 5.7 C Arnaud Leroy, Romain Montaigut

(187) Lamberta
2009-02-16 41 1.58 2.12 26.0 C Grice et al. (2017)
2009-03-01 39 1.43 2.11 23.9 C Grice et al. (2017)
2009-03-02 42 1.42 2.11 23.7 C Grice et al. (2017)
2009-03-20 66 1.25 2.10 18.6 C Grice et al. (2017)
2009-03-21 69 1.24 2.10 18.3 C Grice et al. (2017)
2009-03-22 70 1.23 2.10 17.9 C Grice et al. (2017)
2009-03-27 73 1.20 2.09 15.9 C Grice et al. (2017)
2009-03-28 84 1.19 2.09 15.5 C Grice et al. (2017)
2009-03-29 82 1.18 2.09 15.1 C Grice et al. (2017)
2009-04-01 79 1.16 2.09 13.7 C Grice et al. (2017)
2009-04-06 192 1.14 2.09 11.4 C Grice et al. (2017)
2009-04-18 43 1.09 2.09 5.4 C Grice et al. (2017)
2009-05-03 155 1.09 2.09 4.6 C Grice et al. (2017)
2009-05-10 87 1.10 2.09 8.1 C Grice et al. (2017)
2009-05-11 49 1.10 2.09 8.7 C Grice et al. (2017)
2009-05-12 91 1.11 2.09 9.1 C Grice et al. (2017)
2009-05-13 53 1.11 2.09 9.6 C Grice et al. (2017)
2009-05-18 97 1.13 2.09 12.0 C Grice et al. (2017)
2009-05-19 58 1.14 2.09 12.5 C Grice et al. (2017)
2009-05-21 41 1.15 2.09 13.4 C Grice et al. (2017)
2009-05-25 66 1.17 2.09 15.3 C Grice et al. (2017)
2009-05-26 103 1.18 2.09 15.7 C Grice et al. (2017)
2009-06-01 155 1.22 2.10 18.1 C Grice et al. (2017)
2009-06-12 66 1.30 2.10 21.7 C Grice et al. (2017)
2009-06-17 101 1.35 2.11 23.1 C Grice et al. (2017)
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Epoch Np ∆ r ϕ Filter Reference
(AU) (AU) (◦)

2009-06-18 99 1.36 2.11 23.3 C Grice et al. (2017)
2009-06-27 81 1.45 2.12 25.2 C Grice et al. (2017)
2009-06-28 43 1.46 2.12 25.4 C Grice et al. (2017)
2010-08-08 43 2.17 3.00 13.0 C Grice et al. (2017)
2010-09-04 66 2.07 3.06 4.3 C Grice et al. (2017)
2018-5-18.3 1169 1.14 2.07 15.1 Rc TRAPPIST South
2018-5-19.3 1246 1.15 2.07 15.5 Rc TRAPPIST South

(230) Athamantis
2006-02-17.6 21 1.96 2.53 21.0 R Julian Oey
2020-04-01.9 19 2.00 2.45 23.3 V Alberto Garcia Sanchez, GaiaGosa
2020-04-03.9 9 2.03 2.45 23.4 V Alberto Garcia Sanchez, GaiaGosa
2020-02-20.0 239 1.56 2.42 14.0 V Josep M. Bosch, GaiaGosa
2020-03-25.9 16 1.91 2.45 22.5 V Alberto Garcia Sanchez, GaiaGosa
2020-03-28.0 13 1.94 2.45 22.7 V Alberto Garcia Sanchez, GaiaGosa
2020-03-28.9 17 1.95 2.45 22.9 V Alberto Garcia Sanchez, GaiaGosa

(324) Bamberga
1958-02-26.2 64 2.35 3.34 1.4 V Gehrels & Owings (1962)
1978-09-09.1 62 1.11 1.79 30.7 V Scaltriti et al. (1980)
1978-09-12.0 108 1.09 1.79 30.0 V Scaltriti et al. (1980)
1978-09-14.0 119 1.07 1.79 29.6 V Scaltriti et al. (1980)
1978-10-08.0 77 0.95 1.81 22.1 V Scaltriti et al. (1980)
1978-10-11.0 24 0.94 1.82 20.9 V Scaltriti et al. (1980)
1978-10-11.9 19 0.94 1.82 20.6 V Scaltriti et al. (1980)
1978-10-11.9 40 0.94 1.82 20.6 V Scaltriti et al. (1980)
1978-10-13.0 16 0.93 1.82 20.1 V Scaltriti et al. (1980)
1978-10-13.0 35 0.93 1.82 20.2 V Scaltriti et al. (1980)
1978-10-14.0 18 0.93 1.82 19.8 V Scaltriti et al. (1980)
1978-10-21.0 123 0.92 1.83 17.0 V Scaltriti et al. (1980)
1978-10-23.4 9 0.91 1.84 16.1 V Scaltriti et al. (1980)
1978-10-24.9 38 0.91 1.84 15.5 V Scaltriti et al. (1980)
1978-11-01.9 101 0.91 1.86 13.1 V Scaltriti et al. (1980)
1978-11-08.4 12 0.92 1.87 11.9 V Scaltriti et al. (1980)
1978-11-17.9 54 0.95 1.89 12.3 V Scaltriti et al. (1980)
2007-04-23.6 44 2.66 3.59 7.2 C Hiromi and Hiroko Hamanowa
2007-04-26.5 86 2.68 3.59 8.0 C Hiromi and Hiroko Hamanowa
2007-04-27.6 106 2.68 3.58 8.2 C Hiromi and Hiroko Hamanowa
2007-04-28.7 43 2.69 3.58 8.5 C Hiromi and Hiroko Hamanowa
2007-04-30.5 96 2.70 3.58 9.0 C Hiromi and Hiroko Hamanowa
2007-05-03.5 30 2.73 3.58 9.8 C Hiromi and Hiroko Hamanowa
2007-05-04.5 41 2.73 3.58 10.0 C Hiromi and Hiroko Hamanowa
2007-05-07.6 117 2.76 3.58 10.7 C Hiromi and Hiroko Hamanowa
2007-05-08.5 65 2.77 3.58 10.9 C Hiromi and Hiroko Hamanowa
2007-05-11.5 86 2.80 3.58 11.6 C Hiromi and Hiroko Hamanowa
2007-05-13.5 40 2.82 3.58 12.0 C Hiromi and Hiroko Hamanowa
2007-05-14.5 88 2.83 3.58 12.2 C Hiromi and Hiroko Hamanowa
2007-05-15.5 76 2.84 3.58 12.4 C Hiromi and Hiroko Hamanowa
2007-05-17.5 73 2.86 3.58 12.8 C Hiromi and Hiroko Hamanowa
2007-05-21.5 31 2.90 3.58 13.5 C Hiromi and Hiroko Hamanowa
2007-05-22.5 32 2.92 3.58 13.7 C Hiromi and Hiroko Hamanowa
2007-05-22.9 16 2.92 3.58 13.7 C Pierre Antonini
2007-05-23.9 13 2.93 3.57 13.9 C Pierre Antonini
2007-05-24.9 19 2.94 3.57 14.0 C Pierre Antonini
2007-06-11.5 24 3.17 3.56 16.0 C Hiromi and Hiroko Hamanowa
2007-06-16.5 32 3.24 3.56 16.3 C Hiromi and Hiroko Hamanowa
2007-06-17.5 14 3.25 3.56 16.4 C Hiromi and Hiroko Hamanowa
2007-06-19.5 28 3.28 3.56 16.4 C Hiromi and Hiroko Hamanowa
2007-06-25.5 12 3.36 3.55 16.6 C Hiromi and Hiroko Hamanowa
2019-2-20.2 111 1.90 2.75 12.5 Rc TRAPPIST South
2019-2-21.2 116 1.91 2.76 12.8 Rc TRAPPIST South
2019-2-22.1 148 1.92 2.76 13.0 Rc TRAPPIST North
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(AU) (AU) (◦)

2019-2-23.2 112 1.93 2.76 13.4 Rc TRAPPIST South
2019-2-25.2 302 1.96 2.77 13.9 Rc TRAPPIST South
2019-2-26.0 129 1.97 2.77 14.2 Rc TRAPPIST North
2019-3-1.2 108 2.01 2.78 15.0 Rc TRAPPIST South
2019-3-5.2 61 2.07 2.80 16.0 Rc TRAPPIST South
2019-3-7.0 36 2.09 2.80 16.3 C Jakub Krajewski
2019-3-7.1 60 2.09 2.80 16.4 Rc TRAPPIST South
2019-3-8.2 103 2.11 2.81 16.6 Rc TRAPPIST South
2019-3-8.6 231 2.11 2.81 16.7 R SOAO
2019-3-13.2 104 2.18 2.82 17.5 Rc TRAPPIST South
2019-3-15.1 52 2.21 2.83 17.9 Rc TRAPPIST North
2019-3-20.1 162 2.28 2.85 18.5 Rc TRAPPIST North
2019-3-21.1 66 2.30 2.85 18.7 Rc TRAPPIST South
2019-3-23.0 131 2.33 2.86 18.9 Rc TRAPPIST North
2019-4-2.1 58 2.50 2.89 19.7 Rc TRAPPIST South
2019-4-7.1 70 2.58 2.91 19.9 Rc TRAPPIST South
2019-4-8.1 165 2.60 2.91 19.9 Rc TRAPPIST North and South
2019-4-14.1 118 2.70 2.93 20.0 Rc TRAPPIST North and South
2019-4-15.0 152 2.72 2.93 20.0 Rc TRAPPIST South
2019-4-16.0 89 2.73 2.93 20.0 Rc TRAPPIST North
2019-4-19.1 45 2.79 2.94 19.9 Rc TRAPPIST South
2020-2-18.3 207 2.76 3.55 10.7 Rc TRAPPIST North and South
2020-2-19.2 119 2.75 3.55 10.5 Rc TRAPPIST North
2020-2-20.3 117 2.74 3.55 10.2 Rc TRAPPIST South
2020-2-21.4 131 2.73 3.55 10.0 Rc TRAPPIST South
2020-2-22.2 235 2.72 3.56 9.7 Rc TRAPPIST North and South
2020-2-23.2 112 2.71 3.56 9.5 Rc TRAPPIST North
2020-2-24.4 245 2.70 3.56 9.3 Rc TRAPPIST South
2020-2-25.4 124 2.69 3.56 9.0 Rc TRAPPIST South
2020-2-26.4 121 2.69 3.56 8.7 Rc TRAPPIST North
2020-2-27.4 248 2.68 3.56 8.5 Rc TRAPPIST South

(354) Eleonora
2007-09-03 74 2.30 3.10 13.2 C Grice et al. (2017)
2007-09-06 74 2.33 3.10 13.9 C Grice et al. (2017)
2007-09-08 65 2.35 3.10 14.3 C Grice et al. (2017)
2007-09-09 69 2.36 3.10 14.5 C Grice et al. (2017)
2007-09-16 57 2.44 3.10 15.9 C Grice et al. (2017)
2007-09-18 40 2.47 3.10 16.2 C Grice et al. (2017)
2007-09-18 51 2.47 3.10 16.2 C Grice et al. (2017)
2007-09-25 53 2.56 3.10 17.2 C Grice et al. (2017)
2007-09-25 70 2.56 3.10 17.2 C Grice et al. (2017)
2007-09-26 15 2.58 3.10 17.3 C Grice et al. (2017)
2008-08-04 46 2.56 3.03 18.6 C Grice et al. (2017)
2008-08-05 42 2.54 3.03 18.5 C Grice et al. (2017)
2008-08-06 40 2.53 3.03 18.4 C Grice et al. (2017)
2008-08-07 42 2.52 3.03 18.3 C Grice et al. (2017)
2008-08-08 45 2.51 3.03 18.2 C Grice et al. (2017)
2008-08-09 43 2.49 3.02 18.1 C Grice et al. (2017)
2008-08-10 45 2.48 3.02 18.0 C Grice et al. (2017)
2008-08-11 47 2.47 3.02 17.8 C Grice et al. (2017)
2008-08-12 59 2.45 3.02 17.7 C Grice et al. (2017)
2008-08-18 124 2.38 3.02 16.9 C Grice et al. (2017)
2008-08-26 49 2.29 3.01 15.5 C Grice et al. (2017)
2008-09-03 67 2.21 3.00 13.9 C Grice et al. (2017)
2008-09-04 68 2.20 3.00 13.7 C Grice et al. (2017)
2008-09-05 72 2.20 3.00 13.5 C Grice et al. (2017)
2008-09-11 75 2.15 3.00 12.1 C Grice et al. (2017)
2008-09-12 95 2.14 3.00 11.9 C Grice et al. (2017)
2008-09-20 55 2.09 2.99 10.1 C Grice et al. (2017)
2008-09-21 74 2.08 2.99 9.9 C Grice et al. (2017)

Article number, page 56 of 88



P. Vernazza et al.: VLT/SPHERE imaging survey of the largest main-belt asteroids: Final results and synthesis ,

Table A.3: continued.
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2008-09-27 37 2.06 2.98 8.7 C Grice et al. (2017)
2008-09-28 72 2.05 2.98 8.5 C Grice et al. (2017)
2008-09-30 84 2.05 2.98 8.2 C Grice et al. (2017)
2008-10-03 39 2.04 2.98 7.9 C Grice et al. (2017)
2008-10-04 39 2.04 2.98 7.8 C Grice et al. (2017)
2008-10-09 83 2.03 2.97 7.6 C Grice et al. (2017)
2008-10-10 95 2.03 2.97 7.6 C Grice et al. (2017)
2008-10-10 97 2.03 2.97 7.6 C Grice et al. (2017)
2008-10-11 129 2.03 2.97 7.6 C Grice et al. (2017)
2008-10-11 130 2.03 2.97 7.6 C Grice et al. (2017)
2008-10-17 56 2.03 2.97 8.2 C Grice et al. (2017)
2008-10-17 59 2.03 2.97 8.2 C Grice et al. (2017)
2008-10-18 63 2.03 2.96 8.3 C Grice et al. (2017)
2008-10-18 69 2.03 2.97 8.3 C Grice et al. (2017)
2008-10-24 47 2.05 2.96 9.4 C Grice et al. (2017)
2008-10-25 61 2.05 2.96 9.6 C Grice et al. (2017)
2008-10-26 68 2.06 2.96 9.8 C Grice et al. (2017)
2008-10-28 49 2.07 2.96 10.3 C Grice et al. (2017)
2008-10-30 44 2.08 2.95 10.7 C Grice et al. (2017)
2008-10-31 75 2.08 2.95 11.0 C Grice et al. (2017)
2008-11-01 52 2.09 2.95 11.2 C Grice et al. (2017)
2008-11-03 73 2.10 2.95 11.7 C Grice et al. (2017)
2008-11-04 40 2.10 2.95 11.9 C Grice et al. (2017)
2008-11-07 50 2.12 2.95 12.6 C Grice et al. (2017)
2008-11-15 38 2.18 2.94 14.4 C Grice et al. (2017)
2008-11-16 58 2.19 2.94 14.7 C Grice et al. (2017)
2008-11-18 65 2.21 2.93 15.1 C Grice et al. (2017)
2008-11-19 63 2.21 2.93 15.3 C Grice et al. (2017)
2008-11-21 61 2.23 2.93 15.7 C Grice et al. (2017)
2008-11-23 35 2.25 2.93 16.1 C Grice et al. (2017)
2008-11-24 54 2.26 2.93 16.2 C Grice et al. (2017)
2008-11-25 50 2.27 2.93 16.4 C Grice et al. (2017)
2008-11-27 47 2.29 2.93 16.8 C Grice et al. (2017)
2008-11-28 45 2.30 2.92 16.9 C Grice et al. (2017)
2009-12-01 38 1.92 2.53 20.2 C Grice et al. (2017)
2009-12-08 88 1.84 2.53 18.8 C Grice et al. (2017)
2009-12-09 47 1.83 2.53 18.6 C Grice et al. (2017)
2009-12-30 120 1.63 2.51 12.2 C Grice et al. (2017)
2010-01-05 70 1.59 2.51 9.8 C Grice et al. (2017)
2010-01-05 73 1.59 2.51 9.8 C Grice et al. (2017)
2010-01-07 39 1.57 2.51 9.0 C Grice et al. (2017)
2010-01-07 40 1.57 2.51 9.0 C Grice et al. (2017)
2010-01-10 59 1.56 2.51 7.8 C Grice et al. (2017)
2010-01-10 62 1.56 2.51 7.8 C Grice et al. (2017)
2010-01-11 55 1.56 2.51 7.4 C Grice et al. (2017)
2010-01-11 67 1.56 2.51 7.4 C Grice et al. (2017)
2010-01-14 51 1.54 2.50 6.2 C Grice et al. (2017)
2010-01-15 59 1.54 2.50 5.8 C Grice et al. (2017)
2010-01-15 61 1.54 2.50 5.8 C Grice et al. (2017)
2010-01-17 60 1.53 2.50 5.0 C Grice et al. (2017)
2010-01-17 61 1.53 2.50 5.0 C Grice et al. (2017)
2010-01-18 30 1.53 2.50 4.7 C Grice et al. (2017)
2010-01-19 62 1.53 2.50 4.3 C Grice et al. (2017)
2010-01-21 50 1.52 2.50 3.8 C Grice et al. (2017)
2010-01-23 62 1.52 2.50 3.4 C Grice et al. (2017)
2010-02-04 35 1.53 2.49 6.0 C Grice et al. (2017)
2010-02-06 90 1.53 2.49 6.8 C Grice et al. (2017)
2010-02-08 68 1.54 2.49 7.6 C Grice et al. (2017)
2010-02-09 79 1.54 2.49 8.0 C Grice et al. (2017)
2010-02-28 109 1.66 2.49 15.5 C Grice et al. (2017)
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Table A.3: continued.

Epoch Np ∆ r ϕ Filter Reference
(AU) (AU) (◦)

2011-04-05 30 2.10 2.74 18.4 C Grice et al. (2017)
2011-04-09 45 2.07 2.75 17.7 C Grice et al. (2017)
2011-04-17 130 2.00 2.76 16.2 C Grice et al. (2017)
2011-04-23 113 1.96 2.77 14.9 C Grice et al. (2017)
2013-10-03 246 2.09 2.86 15.2 C Grice et al. (2017)
2013-10-05 254 2.07 2.85 14.8 C Grice et al. (2017)
2020-5-1.2 191 1.73 2.63 12.2 Rc TRAPPIST North
2020-5-3.1 747 1.74 2.63 12.6 Rc TRAPPIST North
2020-5-5.2 281 1.75 2.63 13.0 Rc TRAPPIST North
2020-5-9.2 344 1.77 2.64 13.9 Rc TRAPPIST North
2020-5-28.1 604 1.93 2.66 18.0 Rc TRAPPIST North

Notes. Gaia-GOSA (Gaia-Ground-based Observational Service for Asteroids, www.gaiagosa.eu), SOAO – Sobaeksan Optical Astronomy Ob-
servatory.

Appendix B: Individual mosaics

Comparison between VLT/SPHERE/ZIMPOL deconvolved images of our targets (top row) and the corresponding synthetic images
generated by OASIS of our MPCD (second row) and ADAM (third row) shape models. The red arrows indicate the direction of the
spin axis. Fourth and fifth rows: residuals in units of instrumental noise between the observed images and the synthetic images of
the MPCD and ADAM shape models, respectively.
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Fig. B.1: (1) Ceres.
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