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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 > 200 km 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 gcm™ (87 Sylvia) to ~4.3 g cm™ (22 Kalliope). Furthermore, the density
distribution appears to be strongly bimodal with volatile-poor (p > 2.7 gcm™3) and volatile-rich (p < 2.2 gcm™) bodies. Finally, our
survey along with previous observations provides evidence in support of the possibility that some C-complex bodies could be intrinsi-
cally 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) Europa, (511)
Davida) had been the subject of in-depth studies using the first-
generation high-angular-resolution imaging systems operating in

* Tables A.2 and A.3 are only available at the CDS via anonymous ftp
to cdsarc.u-strasbg.fr (130.79.128.5) or viahttp://cdsarc.
u-strasbg.fr/viz-bin/cat/J/A+A/654/A56

** 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
models are available at https://observations.lam. fr/astero/

" Deceased.

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, 2010; Schmidt et al. 2009; 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 excellent seeing conditions and/or
when the targets were at opposition, leading to suboptimal res-
olution for the observations of these bodies (Hanus et al. 2017).
It follows that until recently, the 3D shape, and therefore density,
(when combining the volume estimate with available mass esti-
mates) and surface topography of the vast majority of the largest
(D = 100 km) main-belt asteroids have remained poorly con-
strained. The improved capabilities of the SPHERE/ZIMPOL
instrument operating at the diffraction limit in the optical (angu-
lar resolution of ~20 mas at 600 nm) have opened new doors into
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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?

— 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 sur-
vey also comprised 19 asteroids with 100 km < D < 200 km
and 3 objects with 85 km < D < 100 km. Importantly, our sur-
vey 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;
Viikinkoski et al. 2018; Fétick et al. 2019; Carry et al. 2019,
2021; Hanus et al. 2019, 2020; Yang et al. 2020b; Ferrais et al.
2020; Marsset et al. 2020; Dudzinski et al. 2020; Marchis et al.
2021; Broz et al. 2021) and we briefly summarize some of these
findings below.

Our observations of (4) Vesta have allowed us to recover
most of the main topographic features present across its sur-
face, unveiled by the NASA Dawn mission (Fétick et al. 2019).
This includes the south pole impact basin and its prominent cen-
tral peak, several D > 25 km-sized craters, and also Matronalia
Rupes, including its steep scarp and its small and large arcs.
Observations 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 velocities
on that body (Marsset et al. 2020). (10) Hygiea observations
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
mission, imply a primordial shape close to that of a Jacobi ellip-
soid and a density compatible with that of stony-iron meteorites
(Viikinkoski et al. 2018; Ferrais et al. 2020). Observations of
(31) Euphrosyne, the tenth largest asteroid, allowed the discov-
ery of a satellite (Yang et al. 2020b) and observations of (41)
Daphne and (87) Sylvia, two multiple systems, imply a homo-
geneous internal 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 collisional 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
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have allowed us to substantially revise its mass and volume esti-
mates (Marchis et al. 2021; Broz 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 diame-
ter remained greater than at least 85% of that at opposition), (ii)
every ~60° in rotation phase in order to obtain a satisfactory sur-
face 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 Table A.2 for a complete
list of all observations). All ZIMPOL observations were obtained
in the narrowband imaging configuration (N_R filter; filter cen-
tral 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
deconvolved with the MISTRAL algorithm (Fusco et al. 2003;
Mugnier 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 observa-
tion. However, because the deconvolution with the stellar PSF
was not systematically producing satisfactory results, we investi-
gated alternative methods to increase the sharpness of the image.
We noticed that in several cases, we reached a better result by
using 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 parame-
ters (Fétick et al. 2019). We therefore switched to a systematically
parametric PSF to deconvolve our images (e.g., Fétick et al. 2019;
Viikinkoski 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 Fig. 1, we show one deconvolved image of
every large programme target whereas Fig. A.1 shows one image
per epoch for each target.
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(10) Hygiea (704) Interamnia

(52) Europa (511) Davida (87) Sylvia (15) Eunomia

(31) Euphrosyne (324) Bamberga

(88) Thisbe (48) Doris (19) Fortuna (24) Themis

Fig. 1. (A) VLT/SPHERE images of all D > 210 km 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. continued. (B) VLT/SPHERE deconvolved images of all D < 210 km asteroid targets with the MISTRAL algorithm (Fusco et al. 2003).

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 DAMIT! database (Durech et al. 2010) and supple-
mented them with additional data either from a different source

I https://astro.troja.mff.cuni.cz/projects/damit/
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(such as ALCDEF?) 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 Table A.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
et al. (2017). Photometry for several asteroids was obtained by
the TRAPPIST telescopes (Jehin et al. 2011) and through the

2 https://minplanobs.org/alcdef/
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Gaia-GOSA?® 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 & Dudzinski 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-
struct the 3D shape of an asteroid using not only light curves but
also AO data (Dudzinski 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-
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 images
(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
methods. 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
inferred dimensions (a, b, ¢ and the volume equivalent diame-
ter) 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, 2016). Although Ceres
and Vesta are the two main-belt asteroids with the largest angu-
lar diameter, we are confident that our volume estimates for the
remaining large programme targets should reach uncertainties of
a few percent at most (<10%). Indeed, our inferred values for
the volume equivalent diameter of (21) Lutetia (one of the small-
est targets within our observing programme) with the ADAM
(D=100%2 km) and MPCD (D =98 +2 km) models are com-
patible with that derived from the Rosetta observations (D=
98 +2 km) (Sierks et al. 2011).

Finally, we computed the geometric albedo of our tar-
gets using our diameter estimates in tandem with the most
recent estimates 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

3 http://www.gaiagosa.eu/
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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 asphericity as a func-
tion 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 tar-
gets 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.

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 sphericity index
as well as the (model — ellipsoid) average residual are reported
for every target as a function of their volume equivalent 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 demon-
strate 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, (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-
pared the c/a axes ratio of all targets to their rotation period. It
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Table 1. Taxonomic type, volume-equivalent diameter (D), mass (m), density (p), geometric albedo, and c/a ratio of our large programme targets.

Asteroid Class  Family (F) D m Jol Albedo cla
Satellite (S) [km] [10'8 kg] [g cm™?]

1 Ceres® C 9394+0.2 938.40+0.01 2.161+0.001 0.096  0.9247 +0.0003
2 Pallas B F 511 +4 2042 2.7 2.92 +0.08 0.155 0.79 +£0.03
3 Juno S F 254 +2 270+2.4 3.15+0.28 0.202 0.78 +0.02

4  Vesta® \" F 5232+02 259.0+0.1 3.453 +0.004 0.38 0.7769 + 0.0004
6 Hebe S 195+3 124+24 3.18 +0.64 0.268 0.75 +0.04
7 Iris S 199+ 10 13.5+223 3.26+0.74 0.279 0.58 +£0.07
8 Flora S F 146 +2 40+1.6 24+1.0 0.224 0.82+0.05
9 Metis K 173 £2 8.0+19 2.94+0.70 0.18 0.61 =0.05
10 Hygiea C F 433 +8 874+69 2.06 +0.20 0.063 0.94 +0.05
11 Parthenope S F 149 +2 55+04 3.20+0.27 0.187 0.88 +0.05
12 Victoria A 116 +2 27+1.3 34+1.7 0.167 0.69 +0.03
13 Egeria Ch 202 +3 92+21 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 1412 45+09 3.06 +0.62 0.221 0.81 +£0.06
19  Fortuna Ch 211 £2 8.8+14 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 1505 7.7+04 4.36+0.50 0.198 0.59+0.02
24 Themis C F 208 +£3 6.2+29 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 3727 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 69+29 1.32+0.55 0.066 0.72 +£0.01
51 Nemausa Cgh 150 +3 39+1.6 22+09 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 +4 143+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 43+32 3.0+£22 0.216 0.7+0.03
128 Nemesis C F 163 +5 34+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 24+03 1.52+0.21 0.048 0.92+0.03
173 Ino Xc 145+3 22+13 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 1182 3.0+£0.3 345+041 0.152 0.18 +0.02
230 Athamantis S 118 2 23+1.1 27+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+2.7 318+ 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+5 352+5.1 1.84+0.28 0.067 0.86+0.03

Notes. Uncertainties correspond to 1o~ 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.

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 rota-
tion period below 6h and a c/a axis ratio <0.65 (except 31
Euphrosyne). We also compared the distribution of the rota-
tion period within the two groups of the bimodality (Fig. 5). It
appears that on average, elongated objects possess a shorter rota-
tion period (average: 6.4 h) with respect to more spherical bodies
(average: 12.2 h). In particular, 16 out of the 18 (~89%) more
elongated objects possess a rotation period of shorter than 8 h.
However, the distribution of the more spherical bodies appears
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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).

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 bodies fall along the Maclaurin sequence. The only
body falling onto the dumb-bell sequence is 216 Kleopatra. Next,
we computed both the mean distance in the H and Q space
(md) and the reduced chi-square to evaluate the impact of the
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Fig. 3. Histogram of the distance between the asphericity of our targets
and the linear best fit to the whole sample. The distribution appears
bimodal at first order and the dip test rejects the unimodality of the
distribution with a 99% confidence level.
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Fig. 4. Relationship between the rotation period of large asteroids and
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physical properties with a correlation coefficient of r=0.48 (N =42), a
99.8% confidence level that this correlation 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).

shape, bulk composition (density), and size on the distance of
the bodies to the Maclaurin sequence. Concerning the calcula-
tion of the reduced chi-square, we removed both Ceres and Vesta
from the computation because of their extremely small error bars
compared to the other objects. It is interesting to note that:

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

— Low-density (p < 22 gcm™) volatile-rich bodies
(md=0.017; ¥*=0.77) tend to be closer to the Maclaurin
sequence than volatile-poor bodies with p > 2.7 gem™
(md=0.033; y* = 1.12).

— Bodies with volume-equivalent diameters above 200 km
(md=0.022; x>=0.63) tend to be closer to the Maclaurin
sequence than bodies with a volume-equivalent diameter of
less than 200 km (md =0.030; y2 = 1.21).
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Fig. 5. Distribution of the rotation period of “elongated” and ““spheri-
cal” bodies (see text). All but two “elongated” bodies possess a rotation
period shorter than 8 h.

— 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 (p > 2.7 gcm™)
bodies and then four volatile-rich (p < 2.2 gcm™) 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 (y* =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 bodies
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 deter-
mined 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 esti-
mates 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 esti-
mates following a bimodal distribution, we selected the peak
corresponding to the most meaningful density rather than the
average value.

AS56, page 7 of 48



A&A 654, A56 (2021)

0.6 """" L L L A B

0.5

0.4

Dumb bell sequence
Jacobi sequence

Normalized angular velocity (Q)

IENEENRENE KNENRENEN SRRRRRNNEE RNV ARRNNE SRR RRRNNNE FRRNRRRET!

0.1 7 |- - — — Maclaurin sequence

? a e  "Spherical" bodies (md=0.017; x*<0.36)

/ "Elongated" bodies (md=0.035; x°=1.69)
00 wwwwwwwww Low v v nnnny Lov v nnnnn Lov v v unn | A A | R A
0_6_“"“"\““"‘\““““I“““‘\“““"\"““‘

0.5

0.4

0.3

0.2

(AR R RN RN RRRRRREY

%

~~~~~~~~ Dumb bell sequence
Jacobi sequence
— — — Maclaurin sequence
e  "Volatile-rich" bodies (md=0.017; ¢’=0.77)
e "Volatile-poor" bodies (md=0.033; x’=1.121
‘ E

Normalized angular velocity (Q)

0.1

~

T

00F vennn.
0.6 ]
3 05° i
> E E
g . ]
o 04- E
> E E
8 E
> 0.3F E
c E ]
© o 7
3 E 1
N 021 105 =
g e ... Dumb bell sequence ]
= E # Jacobi sequence B
2 01 :—32¢4( - — — Maclaurin sequence =
E A ® "D>200km" bodies (md=0.022; x*=0.63) -
E/ "D<200km" bodies (md=0.030; x’=1.21) 1
0.0 ..., TP PP I A I

0.0 0.1 0.2 0.3 0.4 0.5 0.6

Specific angular momentum (H)

Fig. 6. Comparison of the specific angular momentum and the nor-
malized angular velocity of our targets with the expected values 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 Maclau-
rin sequence are indicated in each panel. We note that (216) Kleopatra
is not included in these calculations. Large volatile-rich spherical bod-
ies that fall very close to the Maclaurin sequence are highlighted in the
bottom panel.

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; Hanus§ et al. 2017,
Pajuelo et al. 2018) to Fig. 7 to slightly improve the statistics. The
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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 gecm™ (P-type
asteroids (87) Sylvia and (107) Camilla) to ~4.3 gcm™ (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 (Omean =3.26 g cm™ 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 (Omean =1.69 gem™ for C-, Cgh-
/Ch- and P-type asteroids; Vernazza et al. 2015a; Vernazza &
Beck 2017). This dichotomy in density is confirmed by apply-
ing 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 geo-
metric albedo below 0.1 and a density below 2.2 gcm™ and
(b) asteroids with a geometric albedo higher than 0.145 and
a density greater than 2.7 gcm™. 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 signif-
icantly lower than that of chondrule-rich meteorites. Conversely,
chondrule-rich extra-terrestrial materials (ordinary chondrites,
enstatite chondrites, but also CV/CK chondrites) have been asso-
ciated with asteroid types (S, E, M, K) that usually possess a
geometric albedo of greater than 0.14. In short, the relative abun-
dance 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 ana-
log 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 (ps=3.05 gcm™ versus poc =3.33 gem™>,
pchjcgh = 1.7 gcem™ versus poy =2.13 gem™3; regarding mete-
orites, 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 bod-
ies. 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 with respect to
smaller ones (median diameters for small S and C-types: 141 and
208 km respectively) (Prarges = 3.08 g cm ™3, Pemans = 3.01 g cm™3,
Plargec = 1.84 gcm‘3, Psmalic = 1.65 gcm‘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
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density trend between larger and smaller S- and C-type bodies
suggest that the amount of macroporosity decreases with increas-
ing 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 >10' kg.

6. Surface topography

As expected, the main topographic features observed in the
images are impact craters and basins. Thanks to the unprece-
dented resolution of SPHERE/ZIMPOL, craters with minimum
diameters of D ~25-70 km (depending on the geocentric dis-
tance 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
between volatile-poor and volatile-rich bodies which cannot
solely be explained by the difference in heliocentric distance. As
a matter of fact, volatile-rich bodies are located on average fur-
ther 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 diame-
ters 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 images 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) using 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 velocities). A dedicated paper presenting an in-depth
analysis of all impact craters detected by our survey is in
preparation.

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
programme.

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 > 100 km possess shapes
compatible with that of an ellipsoid and whose departure from
a perfect ellipsoid strongly increases with decreasing size. Fur-
thermore, 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 spher-
ical 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).
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Table 2. Overview of the current knowledge regarding the surface and bulk composition of large asteroids (D > 100 km) 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

However, only a handful of bodies are really close to
the Maclaurin sequence (y>=0.0064). These are all large
(D > 220 km) volatile-rich (p <2.2 gcm™) bodies. The “equi-
librium” 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 interiors
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 geo-
logically active. In their cases, late major impacts have excavated
a fraction of their volume without affecting the rest of the over-
all shape, leading them to depart from the equilibrium figure.
For smaller volatile-poor bodies, this mechanism is in competi-
tion with re-accumulation following a large catastrophic impact
(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)
Euphrosyne) that are members of a large collisional family
that formed following a catastrophic disruption belong to the
“spherical” group. Numerical simulations of such impact events
(Vernazza et al. 2020; Yang et al. 2020b,a) imply that the par-
ent bodies were entirely disrupted and that the largest remnants
formed via re-accumulation and that their shapes should be
rather spherical, 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 spherical and
close to that of an ellipsoid. Conversely, smaller impacts cause
the shape to become less spherical and to increase its departure
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
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composition of asteroids provided that their interiors contain a
minimal fraction (<20%) of macroporosity. This is likely the
case for the largest (D >100 km) asteroids whereas the interi-
ors of smaller bodies (D < 100 km) 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 interi-
ors of the most massive bodies (with m > 10" kg). However,
this assumes that the bulk density of meteorites is represen-
tative of that of their parent bodies. Most importantly, our
analysis reveals a strong dichotomy in density between volatile-
poor (p=3.26 gcm™3) and volatile-rich (ps = 1.69 gcm™) bod-
ies.

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
constrain the formation and evolution of the main taxonomic
classes (Table 2). We note that we do not discuss the case of
our single V-type target 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 (p, > 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, 2011; Ockert-Bell et al. 2010;
Shepard et al. 2015), (3) CB and CH chondrites (e.g., Hardersen
et al. 2011; Shepard et al. 2015; Krdmer Ruggiu et al. 2021), and
(4) anomalous metal-rich chondrites (e.g., Reddy et al. 2019).
While stony-iron meteorites (mesosiderites, pallasites) could be
plausible analogs for these asteroid types because of their sim-
ilarity in density, their spectral properties appear to be at odds
with those of these asteroid types (Ferrais et al., in prep.). 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 prep.).

Besides Lutetia, which has been associated with enstatite
chondrites (Vernazza et al. 2009, 2011), none of the remaining
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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 aster-
oids, 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 objects.
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 micron and/or
~3 micron feature (Psyche, Kalliope and Kleopatra; Hardersen
et al. 2011; Usui et al. 2019) whereas Lutetia is featureless 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 ~ 100 km body (Lutetia, Kleopa-
tra) should be in the 15-25% range whereas it should be below
10% for a D > 150 km body (Psyche, Kalliope), then the aver-
age density of the materials making up these bodies should be
in the ~4.0-4.8 gcm™ range. In the case of Lutetia, assum-
ing an EC-like surface composition (pgc =3.45-3.80 gcm™3;
Macke et al. 2010), a denser interior may be implied, and there-
fore 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
prep.). For the remaining bodies, CH chondrites or a mixture of
CH and CB chondrites (Ferrais et al., in prep.) may be plausi-
ble analogs, whereas CB chondrites alone seem excluded given
their high density (ocg ~ 5 gcm™; 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 undifferentiated
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,
including (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 composition
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 vari-
ation 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; Hanus et al. 2019; Dudzinski et al. 2020),
implying — contrary to asteroid (4) Vesta — the absence of large-
scale differentiation for these bodies, which is in agreement
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
despite 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 um 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™) bring Pallas closer to
rocky bodies (Marsset et al. 2020), in particular S-type asteroids.
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
originating 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 ref-
erences 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 proper-
ties 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
consistent with those of CM chondrites and some level of macro-
porosity (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 unsam-
pled by our meteorite collections, similar to P- and D-type
asteroids (Vernazza et al. 2015a, 2017). Notably, these abun-
dant asteroid types (DeMeo & Carry 2013) comprise — similarly
to S-types — a high number of large asteroid families such as
the Hygiea, Themis, Euphrosyne, Nemesis, and Polana-Eulalia
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families (see Broz et al. 2013; Nesvorny et al. 2015 for further
information on asteroid families). Considering that asteroid fam-
ilies are a major source of meteorites (this is well supported by
the connection between the Vesta family and the HED mete-
orites), 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 sur-
faces (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 inter-
planetary 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. Spec-
troscopic observations of these bodies in the 3um region (Takir
& Emery 2012; Usui et al. 2019) have allowed their surface com-
positions and thermal histories to be refined. It appears that most
of the large C-type asteroids are found to possess a ~2.7 um fea-
ture associated with the presence of hydrated 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 gcm’3) is the same within uncertainties as that of
CM-like C-types (1.70 gcm™). 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
macroporosity 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 Sect. 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 gcm™. This implies an average bulk
composition for large C types that likely consists of material
that is less dense than CM chondrites (ocy =2.13 gcm‘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 gcm’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™ (52 Europa) and 2.16 g cm™ (1 Ceres) and
for which the macroporosity may be negligible. We speculate
that the thermal histories of these bodies may be an important
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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 den-
sities (Ceres, Hygiea, Interamnia, Davida) possess a well-defined
2.7 um 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 Sect. 7.4
for possible implications). Finally, Ceres’ density is abnormally
high (2.16 gcm™3; Russell et al. 2016) compared to the average
density of Hygiea, Interamnia, and Davida (1.94 gcm™) on the
one hand, and that of Callisto, Ganymede, Pluto, and Charon
(in the 1.71-1.93 gcm™ range) on the other hand. This sug-
gests 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
evolution that was lost following its implantation in the asteroid
belt (Castillo-Rogez et al. 2016) has some merit following our
results. For instance, a 30 km icy shell would imply a primordial
density of ~2.05 gecm™ 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 &
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 3um 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 family
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
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carbonaceous chondrite meteorites. By analogy with the Eury-
bates 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 gcm™>,
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;
Levison 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 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 compatible with those of several D < 300 km TNOs
(Brown 2013; Kovalenko et al. 2017) providing support for a
direct link between P/D types and TNOs. However, the same
applies for C-type asteroids. Based on our density estimates for
all C-complex bodies, we cannot discard a link between these
asteroid types and current TNOs. We note the existence of a
few TNOs with extremely low densities (Brown 2013; Kovalenko
et al. 2017) whose counterparts were not identified by our survey
of main-belt asteroids.

Based on our density estimates and spectrophotometric
observations, which we detail below, we speculate that many
of the C-types could be former TNOs and that these C-types
may simply 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
(Pajuelo et al. 2018; Carry et al. 2021) and their interior
(core) may not simply have a C-type-like density (typically
1.7 gcm™3; Carry et al. 2021) but also C-type spectral prop-
erties as suggested by the spectroscopic observations of the
Eurybates 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 spec-
tral heterogeneity 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. 9).
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
bodies located beyond 3.3 AU from the Sun, water ice can
persist 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
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Fig. 9. Percentage of mass for C and P/D-type asteroids (DeMeo &
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.

to water-ice sublimation (see Fig. 9 and Schorghofer 2008)
in addition to collisional erosion, which would naturally
explain why we are currently observing the exposed aque-
ously altered C-type-like interiors of these bodies. The same
could apply for Ceres (see above) whose density appears
higher (2.16 gcm™3) than the typical density of large TNOs
(1.8-2.0 gcm™; Kovalenko et al. 2017) and that may have
lost a primordial ~30-50 km thick icy shell following its
implantation in the middle belt (see above).

— The size distribution of TNOs does not reach its maxi-
mum 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 hun-
dred 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 out-
ward migration of Uranus and Neptune as described in the
Nice model. Considering C-complex bodies along with P/D-
type asteroids as implanted TNOs would help to solve this
issue. We note that in Vokrouhlicky et al. (2016), the effi-
ciency of TNO capture is too high in the main belt (by a
factor of 10 in some parts). As a solution, they propose
for example a weaker scaling law along with substantial
collisional grinding, long-term dynamical removal by the
Yarkovsky effect, or thermal destruction. Considering C-
types along with P/D types (as proposed 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, aqueously
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
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Fig. 10. 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.

CM-like bodies; see Fig. 10) 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
asteroids (Merline et al. 2002) and this number increased by
a factor of two at the time of writing the Asteroid IV book
(Margot et al. 2015). Since then, only one multiple system
has been discovered among large main-belt asteroids ((31)
Euphrosyne and its moon discovered via our observing pro-
gramme; Yang et al. 2020b). Among these 15 multiple systems,
six are triple systems, the first discovered being that of (87)
Sylvia (Marchis et al. 2005). Two-thirds of these multiple sys-
tems 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 differences (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.
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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 <6 hand c/a < 0.65. This also applies to large binary sys-
tems not covered by our large programme. Among our large
programme targets, (31) Euphrosyne appears to be an excep-
tion 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
understanding 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 loca-
tions (up to ~50% in the case of Kleopatra) than that of a
spherical body of equivalent mass, might be a plausible expla-
nation for the formation of some companions. The case of
Euphrosyne might be different and may result from the large col-
lision 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
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with D > 100 km and in particular most D > 200 km main-belt
asteroids (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
asteroids. First, both the asphericity and the departure from
an ellipsoid are highly anti-correlated with the size, and
therefore 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
“elongated” bodies. A difference in rotation period appears
to be the main origin of such bimodality with more elongated
bodies possessing a shorter rotation period with respect to
more spherical ones. In addition, there is a statistically sig-
nificant correlation between the rotation period and the c/a
axis ratio of our targets. Finally, re-accumulation following
large impacts 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
appears that large (D > 220 km) volatile-rich bodies (except
31 Euphrosyne which is an odd case) tend to be the clos-
est to the Maclaurin sequence (in terms of chi-square). The
equilibrium 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 mate-
rial and of thermal heating due to the decay of long lived
radionuclides (e.g., Carry et al. 2021) leading to continu-
ous relaxation. The evolutionary history of these bodies may
therefore 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
rotating elongated bodies might be a plausible explanation
for the formation of some multiple systems.

— Densities in our sample range from ~1.3 gecm™ (P-type
asteroids 87 Sylvia) to ~4.3 gem™ (M/X-type asteroids
22 Kalliope), highlighting the wide diversity in composi-
tion of the asteroid belt. Furthermore, the density distribu-
tion appears bimodal to first order with volatile-poor (o >
2.7 gcm™3) bodies and volatile-rich bodies (p <2.2 gcm™).
Given that asteroid albedos also follow a bimodal distri-
bution (Masiero et al. 2011), two main groups of asteroids
emerge, namely (a) asteroids with a geometric albedo of
below 0.1 and a density below 2.2 gcm™ and (b) aster-
oids with a geometric albedo of higher than 0.145 and a

density of greater than 2.7 gcm™. Finally, our density esti-

mates imply, 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

>10" 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 mate-
rial. 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 the
trans-Neptunian region.

Although our large programme has allowed us to make sig-
nificant progress in our understanding of the formation and
evolution of the largest asteroids, it has generated new ques-
tions for which future investigations should provide an answer.
For example, the first pertains to whether or not our collec-
tions contain meteoritic analogs of high-density asteroids such as
Kalliope, Psyche, and Kleopatra. If so, are these analogs CH or
CB chondrites? 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 com-
prised by large asteroids (D > 100 km). Our program focused on
~40 large asteroids but the main asteroid belt comprises ~230
such bodies. High-angular-resolution imaging observations of
the remaining 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 collisional 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., Vokrouhlicky et al. 2016); and finally
(4) dynamical simulations that should test the ability of the Nice
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model to implant a Ceres-like and a Hygiea-like body in the
asteroid belt along with a few D ~ 300 km C-type asteroids.

Our imaging observations demonstrate in a striking manner
how the gap between interplanetary missions and ground-based
observations 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 dupli-
cate — the achievements of Earth-based telescopic observations.
For instance, first-generation ELT adaptive-optics NIR imaging
observations 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 geo-
logical history of a much larger sample of main-belt asteroids
from the ground. This implies that geological and geomorpho-
logical studies (based on high-angular-resolution imaging data)
are likely to become — during the coming decade — the prime
science objectives conducted from Earth in the case of D > 35—
80 km asteroids, dethroning studies related to the nature and
origin of these bodies deduced from the analysis of their spec-
tra. Interplanetary missions to main-belt asteroids performing
cosmochemistry experiments and/or a sample return should be
given preference at the forefront 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/XelXk, and O types should be preferred targets as little is
known regarding these bodies because of the paucity or absence
of samples for these objects in our collections.
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Appendix A: Additional table

Table A.l1: Absolute magnitude H, Sidereal rotation period P, spin-axis ecliptic J2000 coordinates A and S, obliquity, asphericity, ellipsoid deviation, and
dimensions along the major axis of the best-fit triaxial ellipsoids (a > b > ¢). Uncertainties correspond to 1 o values.

N H P A B Obl Asph Ell dev. a b c
[h] [deg] [deg] [deg] [km] [km] [km]
¥ 334 9.07417£1x107° 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
4.09 7.81321+2x1072 42+3 -15+£3 78 0.0151 0.0286 568+12 530+12 450+12
3 531 7.209531+1x107° 105+3 18+3 60 0.0340 0.0526 288+5 250+5 225+5
#4329 534212767+1x1078 330.82+0.01 57.72+0.01 27 0.0139 0.0213 572.6+£0.2  5572+0.2  446.4+0.2
6 571 7.274467+1x107° 34242 50«1 36 0.0481 0.0679 220+9 205+8 166+7
7 551 7.138843+1x1070 20+3 23+3 72 0.0645 0.0495 260+5 225+4 150+18
8 654 12.86667+1x1073 337+2 -1+3 87 0.0198 0.0361 154+7 148+6 127+4
9 6.3l 5.079176+1x107° 1812 2242 73 0.0604 0.0624 218+10 176+10 133+8
10 543 13.82559+£5%107° 306+3 -29+3 120 0.0030 0.0134 450+10 43010 424+20
11  6.55 13.72204+1x1075 31242 17+4 73 0.0301 0.0465 156+6 152+6 138+6
12 724 8.660345+5x107° 1772 -27+3 110 0.0625 0.0802 140+4 116+3 96+3
13 674 7.046664+3x107° 38+5 3145 59 0.0590 0.0869 238+12 199+11 182+10
15 528 6.082753+1x107° 355+2 =702 169 0.0324 0.0434 340+14 248+13 229+14
16 590 4.195948+1x107° 35+2 9+2 96 0.0452 0.0402 277+5 238+6 164+4
18 6.1 11.570306+5x1076 12+2 19+2 64 0.0319 0.0518 161+8 135+8 131+7
19 713 7.443224+1x107° 103+3 60+3 29 0.0251 0.0428 242+10 203+10 192+10
*21  7.35 8.168271+1x107° 52+1 -8+1 97 0.0682 0.0659 125+4 98+3 81+2
22 645 4.1482+1x107° 195+3 4+3 97 0.0700 0.0717 207+5 145+4 122+4
24 7.08 8.374187+1x107° 146+3 73£3 18 0.0238 0.0359 232+14 220+14 176x14
29 5.85 5.390119+1x107¢ 323+2 -29+2 116 0.0205 0.0401 222+6 209+6 183+5
30 757 13.68717+5x107° 106+2 19+2 72 0.0913 0.1101 112+5 84+5 76+4
31 674 5.529595+1x1076 9445 67+3 48 0.0112 0.0292 286+16 274+14 247+15
41 712 5.98798+6x107° 199+5 -32+5 126 0.0546 0.0696 235+17 183+16 153+14
45 746 5.699151+£1x1070 128+2 -35+2 123 0.0596 0.0381 25249 191+9 138+7
48  6.90 11.890105+1x107° 294+2 512 45 0.0339 0.0443 257+3 211+3 185+3
51 735 7.78484+1x107° 170+4 -66+4 153 0.0319 0.0559 167+6 158+5 128+4
52 631 5.629954+1x107° 255+2 40+2 56 0.0314 0.0352 378+14 336+14 255+12
63 755 9.297587+1x107° 121+2 2742 120 0.1172 0.0819 152+4 77+4 69+3
87 694 5.18364+4x1075 7545 64+5 28 0.0613 0.0464 363+5 249+5 191+5
88 704 6.041321+1x107° 350+3 116+3 21 0.0168 0.0306 241+13 221+12 195+12
89  6.60 11.388336+1x107° 14+2 -24+2 128 0.0525 0.0675 165+4 142+5 115+4
128 749 38.9325+1x107* 31312 -19+1 104 0.0253 0.0456 178+5 163+5 147+5
130  7.05 5.224663+1x107° 68+180 -89+1 156 0.0525 0.0441 268+8 195+9 153+9
145  8.13 15.07081+1x1073 101+4 48+3 48 0.0311 0.0608 15343 14243 141+3
173 7.80 6.110939+1x107° 28+2 -17+2 95 0.0397 0.0553 162+8 152+8 123+8
187 798 10.667033+2x1076 1152 -79+2 179 0.0439 0.0623 151+9 12248 130+8
216 730  5.3852824+1x1077 74+0 22+0 61 0.2622 0.1305 267+6 61+6 48+6
230 7.35 23.98475+1x107° 1112 66+2 18 0.0374 0.0558 1369 120+7 103+7
324  6.82 29.4403+5x1075 17+4 -57+5 154 0.0101 0.0304 234+9 224+9 225+7
354 644 4.277185+1x107¢ 154+2 2442 71 0.0345 0.0561 19114 162+12 144+12
511 6.22 5.129365+1x107° 300+2 26+2 62 0.0269 0.0305 359+18 293+20 253+17
704 594 8.71234+1x1073 87+5 62+5 36 0.0109 0.0233 35449 34348 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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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.

2018-02-16T03:44:10 2019-03-22T09:27:09 2019-05-04T07:26:34 2019-05-04T09:28:31 2019-06-27T05:19:24
Phase=0.01 Phase=0.94 Phase=0.45 Phase=0.67 Phase=0.04

N
500 km E 4_T 500 km 500 km

Residuals
DAWN

Residuals
MPCD

Residuals
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Fig. B.1: (1) Ceres.
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