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ABSTRACT

Context. Cybele asteroids constitute an appealing reservoir of primitive material genetically linked to the outer Solar System, and the
physical properties (size and shape) of the largest members can be readily accessed by large (8m class) telescopes.

Aims. We took advantage of the bright apparition of the most iconic member of the Cybele population, (65) Cybele, in July and
August 2021 to acquire high-angular-resolution images and optical light curves of the asteroid with which we aim to analyse its shape
and bulk properties.

Methods. Eight series of images were acquired with VLT/SPHERE+ZIMPOL, seven of which were combined with optical light curves
to reconstruct the shape of the asteroid using the ADAM, MPCD, and SAGE algorithms. The origin of the shape was investigated by means
of N-body simulations.

Results. Cybele has a volume-equivalent diameter of 263+3 km and a bulk density of 1.55+0.19 gcm™. Notably, its shape and
rotation state are closely compatible with those of a Maclaurin equilibrium figure. The lack of a collisional family associated with
Cybele and the higher bulk density of that body with respect to other large P-type asteroids suggest that it never experienced any
large disruptive impact followed by rapid re-accumulation. This would imply that its present-day shape represents the original one.
However, numerical integration of the long-term dynamical evolution of a hypothetical family of Cybele shows that it is dispersed by
gravitational perturbations and chaotic diffusion over gigayears of evolution.

Conclusions. The very close match between Cybele and an equilibrium figure opens up the possibility that D > 260km (M >
1.5 x 10" kg) small bodies from the outer Solar System all formed at equilibrium. However, we cannot currently rule out an old
impact as the origin of the equilibrium shape of Cybele. Cybele itself is found to be dynamically unstable, implying that it was
‘recently’ (<1 Gyr ago) placed on its current orbit either through slow diffusion from a relatively stable orbit in the Cybele region or,
less likely, from an unstable, Jupiter-family-comet orbit in the planet-crossing region.

Key words. methods: observational — techniques: high angular resolution — planets and satellites: individual: (65) Cybele

* Reduced and deconvolved images listed in Table A.1 are only available at the CDS via anonymous ftp to cdsarc.cds.unistra. fr
(130.79.128.5) or viahttps://cdsarc.cds.unistra. fr/viz-bin/cat/J/A+A/670/A52
** Based on observations made with ESO Telescopes at the Paranal Observatory under programme ID 107.22QN.001 (PT: M. Marsset).
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1. Introduction

The Cybele region, with semi-major axis between the 2:1 (at
3.27au) and 5:3 (3.70au) mean-motion resonances (MMRs)
with Jupiter, is populated by compositionally primitive (non-
igneous; C, P, and D-type) asteroids (DeMeo & Carry 2013).
Like Jupiter Trojans and Hilda asteroids (e.g. Morbidelli et al.
2005; Nesvorny et al. 2013), these objects are thought to have
formed in the outer Solar System (>10 au) among the progenitors
of the Kuiper Belt before being implanted in the inner Solar Sys-
tem during the early phase of giant planet migrations (Levison
et al. 2009; Vokrouhlicky et al. 2016). This implies that Cybeles
could be genetically related to comets and small Kuiper Belt
objects (KBOs). This dynamical scenario is currently supported
by the similarity in the size distributions of Trojans and small
KBOs (Fraser et al. 2014) and the similarity in the spectral prop-
erties and bulk densities between P/D-type asteroids, Trojans,
and comets (Emery et al. 2006, 2011; Vernazza et al. 2015, 2021).

The relatively close distance of Cybeles to the Earth makes
them an appealing reservoir of primitive material genetically
linked to the outer Solar System whose physical properties
(size and shape) can be directly measured by large (8m class)
ground-based telescopes. The ability of the adaptive-optics
(AO) Spectro-Polarimetric High-Contrast Exoplanet Research
(SPHERE) instrument (Beuzit et al. 2019) on the Very Large
Telescope (VLT) to decipher the origin and thermal history
of Cybeles was recently demonstrated by observations of two
of the largest of these bodies: (87) Sylvia (D ~274 km; Carry
et al. 2021) and (107) Camilla (D =~ 254 km; Pajuelo et al. 2018).
These observations led to measurements of low bulk densities
(~1.3 gcm™3) consistent with a very pristine composition. How-
ever, they did not allow an assessment of the original shape of
the planetesimals formed in the outer Solar System. Indeed, both
Sylvia and Camilla experienced a violent collisional past, which
was revealed by the existence of two small satellites orbiting each
of these objects (Marchis et al. 2005; Pajuelo et al. 2018), as well
as of a collisional family in the case of Sylvia (Vokrouhlicky
et al. 2010). As such, their present-day shapes are most likely
collisionally evolved and do not represent the original ones.

With a measured diameter from 240 to 300 km (e.g. Miiller
& Blommaert 2004; Nugent et al. 2016; Viikinkoski et al. 2017),
(65) Cybele is another large member of the Cybele population
(as its name subtly suggests). Unlike Sylvia and Camilla, Cybele
is not known to host any satellite!, nor is it associated with any
collisional family. As such, it is possible that Cybele has main-
tained its original shape to this day. Cybele is also one of the
first main-belt asteroids, along with (24) Themis (Campins et al.
2010; Rivkin & Emery 2010), where water ice and organics have
been claimed to be detected on the surface (Licandro et al. 2011).
However, this claim currently remains a matter of debate (e.g.
Beck et al. 2011; O’Rourke et al. 2020).

July 2021 offered the best opportunity within the subse-
quent 6 yr to scrutinise Cybele in unprecedented detail. We took
advantage of ESO’s P107 Special Call for the submission of
time-critical projects — which followed the suspension of the
regular Call for Proposals due to the COVID-19 pandemic —
to acquire high-angular-resolution images of Cybele in order to
reconstruct the shape and bulk properties of the asteroid.

In Sect.2, we present our observations of new images and
optical light curves acquired for Cybele. In Sect. 3, we describe

' In 1979, a hint of a possible 11 km wide companion at 917 km from
Cybele was reported during an occultation (IAUC 3439), but this was
never corroborated.
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the shape reconstruction achieved using our observations and
archival data available for the asteroid. In Sect. 4, we demonstrate
that the shape and rotation state of Cybele match an equilibrium
figure and we investigate possible origins for this equilibrium
state by means of N-body simulations. Finally, we present our
conclusions in Sect. 5.

2. Observations
2.1. Disk-resolved images

With an apparent V-band magnitude of 11.1 and an angular diam-
eter of 0.16”, the conditions of Cybele’s opposition on July 2021
were ideal for conducting AO imaging of the large asteroid with
the VLT. Eight series of five 240 s images were acquired with
the SPHERE+Zurich Imaging Polarimeter (ZIMPOL) instru-
ment (Thalmann et al. 2008; Beuzit et al. 2019) on July 3, 21, and
August 8, 2021. All observations were obtained in the mode of
classical imaging with the N_R narrow band filter (central wave-
length = 645.9 nm, width = 56.7 nm), using Cybele as a natural
guide star for real-time AO corrections. All images were col-
lected under seeing conditions of better than 0.8” and an airmass
of below 1.5. The apparent geometry of Cybele during our obser-
vations was almost equator-on (aspect angle ~90-98°), enabling
accurate measurements of its three-dimensional axis and over-
all shape. See Appendix A for a complete description of the
observing circumstance of the AO images.

We reduced our data with ESO’s pipeline Esorex following
the steps described in Vernazza et al. (2018). Image deconvo-
lution was then performed using the Mistral deconvolution
algorithm (Fusco et al. 2003; Mugnier et al. 2004), and a
parametric point-spread function with a Moffat profile (Moffat
1969). We refer the reader to Fétick et al. (2019) for information
about the reliability of this method. One series of lower-quality
images acquired on July 3 was discarded from our analysis as it
could have compromised the reconstruction of the shape of the
asteroid. The deconvolved images acquired in the other seven
epochs are shown in Fig. 1.

2.2. Optical disk-integrated photometry

Optical light curves are particularly important for the spin
period determination and a proper phasing of the AO images.
Figure 2 shows the 18 light curves that we acquired during
Cybele’s apparition between April and August 2021 with the
60-cm TRAPPIST-North and South telescopes (Jehin et al.
2011). We also used 16 additional light curves obtained by ama-
teur observers with small telescopes via the GaiaGOSA service
(Santana-Ros et al. 2016). The data gathered during two oppo-
sitions were supported by observations taken in La Sagra (IAA
CSIC, Spain) and Piszkésteté (Hungary) observatories. We also
made use of archival data obtained by Schober et al. (1980),
Weidenschilling et al. (1987, 1990), Hutton (1990), Lagerkvist
et al. (1995), Shevchenko et al. (1996), and Pilcher (2010, 2011,
2012) and data available on the CdR database®. These archival
data were previously used for shape modelling of Cybele by
Franco & Pilcher (2015) and Viikinkoski et al. (2017). Informa-
tion about the photometric data are provided in Appendix A.

3. Three-dimensional shape reconstruction

We first used the All-Data Asteroid Modelling (ADAM) inversion
technique (Viikinkoski et al. 2015a; Viikinkoski 2016) for the

2 https://obswww.unige.ch/~behrend/page_cou.html
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Fig. 1. Comparison between the deconvolved images of (65) Cybele (fop row) and the corresponding synthetic images generated by the OASIS tool
(Jorda et al. 2010) of the ADAM, MPCD, and SAGE shape models. The red arrows indicate the direction of the spin axis. Observing conditions for the
images are listed in Appendix A. Residuals between the observed and synthetic images are shown in Appendix D.
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Fig. 2. Composite light curve of (65) Cybele obtained between April and August 2021 with the TRAPPIST-North and South telescopes. The solid
line shows a sixth-order polynomial fitted to the data. The residuals of the fit are shown in the bottom panel. The large residuals are due to the long
time span of the photometric measurements, during which the orientation of the object significantly varied with respect to the Earth. Observing
conditions for these data and additional light curves obtained with other telescopes are described in Appendix A.
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reconstruction of the 3D shape model and the spin of Cybele
using our disk-resolved (images) and disk-integrated (optical
light curves) data as inputs. The ADAM technique is a well-
described inversion algorithm that has previously been applied
to tens of asteroids (e.g. Viikinkoski et al. 2015b, 2017, 2018;
Hanus et al. 2017, 2019; Marsset et al. 2017, 2020; Vernazza et al.
2018, 2020, 2021; Carry et al. 2019, 2021; Ferrais et al. 2020;
Yang et al. 2020). Exhaustive information about this modelling
technique can be found in these latter studies.

The first iteration of the shape-optimisation procedure pro-
duced an equatorial indentation in the shape model of Cybele
which was not clearly seen in the data. This typically indicates
that the shape optimisation converged to a suboptimal solu-
tion. The usual regularisation methods (Viikinkoski et al. 2015b)
used for alleviating surface artefacts did not lead to a satisfying
outcome in this case, and so instead we increased the degrees
of freedom by allowing the albedos of surface facets to vary
by +20% with respect to their nominal values. This approach
allowed the optimisation process to escape from the local min-
imum and converge. We note that neither light curves nor AO
images exhibit significant albedo variegation, and so in this case
facet brightness variegation has no physical meaning beyond
being a way of optimising the modelling solution.

The ADAM model was then refined using the Multi-
resolution PhotoClinometry by Deformation (MPCD) method
(Capanna et al. 2013; Jorda et al. 2016), following the proce-
dure described in Ferrais et al. (2020). MPCD uses the measured
brightness of the AO images and gradually deforms the ver-
tices of the 3D mesh in order to fit the synthetic images of the
model to the observed ones. For the reflectance properties of
Cybele, we used the geometric albedo of 0.059 from Mainzer
et al. (2016) and typical Hapke parameters for C-type asteroids
(Helfenstein & Veverka 1989). The initial ADAM model was only
slightly modified by this procedure (Sect. 4).

The shape of Cybele was also independently reconstructed
using the Shaping Asteroid models using Genetic Evolution
(SAGE) method (Bartczak & Dudzinski 2018; Dudziriski et al.
2020) in order to assess the robustness of the ADAM and MPCD
solutions. We used the same set of AO images and light curves
as for the ADAM model. In SAGE, only information about the
silhouette of the body is used from the images (as opposed to
ADAM and MPCD, which use image brightness). Uncertainties on
the local shape of the model were assessed by creating clones
of the nominal shape model and accepting the ones fitting the
set of images and light curves within an acceptable confidence
level (Bartczak & Dudzinski 2019). Complementary information
about the procedure is provided in Appendix C.

Table 1 provides the final values for the spin-axis orientation,
sidereal rotation period, volume-equivalent diameter, and dimen-
sions along the major axes of Cybele. Projections of the ADAN,
MPCD, and SAGE shape models generated by the OASIS software
(Jorda et al. 2010) and with similar geometry to the SPHERE
images are shown in Fig. 1. Images of the residuals between the
observed and synthetic images are provided in Appendix D.

4. Results
4.1. Overall shape and putative impact features

The three shape models of Cybele are very close to an oblate
spheroid with two nearly equal-size equatorial radii (Table 1).
The volume-equivalent diameter (Deq) of 263 + 3km of the
ADAM and MPCD models is very close to that obtained with SAGE,
with Deg = 263.9f‘3‘:§ km.

AS52, page 4 of 18

Table 1. Physical properties of (65) Cybele based on the ADANM,
MPCD and SAGE shape modeling methods.

Parameter ADAM MPCD SAGE

P (h) 6.081433 —f 6.081433
1) 204 +3 —f 203+2
BC) -19+2 —f 201
D (km) 263+3 263+3 263.9*38
a (km) 297 +3 296 +3 296 +7

b (km) 291+3 290 +3 2927

¢ (km) 2133 213+3 2137
alb 1.02+£0.01 1.02+£0.02 1.01+0.04
b/c 137+0.02 1.36+£0.04 1.46+0.06
alc 139+0.02 1.39+0.04 1.46+0.06
p(gem™) 155£0.19 155+019 1.54+0.25

Notes. The listed parameters are: sidereal rotation period P, spin-
axis ecliptic J2000 coordinates A and 3, volume-equivalent diameter
D, dimensions along the major axis of the best-fit triaxial ellipsoids
(a>b>c), their ratios a/b, b/c and a/c, and bulk density p. Uncertain-
ties correspond to 1-o values.

No obvious large excavations could be identified in the
images and in the shape model of Cybele. However, localised
flattened areas that may correspond to craters can be seen in
some images, as well as in the elevation map of the asteroid
(Appendix E). Future pole-on observations of Cybele are needed
in order to investigate the presence of craters near its equator.

The elevation map of Cybele further reveals a hemispheri-
cal asymmetry, with the northern hemisphere being flatter than
the southern one. This feature could be the remnant of a non-
disruptive polar impact. Future higher-resolution images taken
with 30 to 40m class telescopes may help in further investiga-
tions of the morphology and possible collisional origin of the
flattened north pole of Cybele.

4.2. Mass, density, and interior

To further explore the internal structure and equilibrium shape
of Cybele, we needed to assess its bulk density. The estimated
mass of Cybele was retrieved by compiling available measure-
ments from the literature (18 in total; Table2), obtained via
studies of planetary ephemeris and orbital deflections during
close encounters (e.g. Carry 2012).

First, three mass estimates found to be inconsistent with the
weighted sample average at the 3-o level were discarded (where
o corresponds to the reported uncertainty on the estimate). The
remaining 15 measurements were converted into Gaussian prob-
ability distribution functions (PDFs) with mean and standard
deviation equal to the value and uncertainty on the measure-
ment, respectively (Fig.3). Next, the combined mass estimate
was obtained by multiplying the distributions by one another,
11 11:51 PDF;, and measuring the mean and deviation of the result-
ing product PDF. Following this approach, we obtained a mass
of (1.48+0.04) x 10" kg for Cybele.

However, considering the scatter of reported mass values
from the literature, we suspected that our uncertainty might be
underestimated, possibly due to incorrectly derived statistical
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Table 2. Mass estimates of (65) Cybele from the literature.

Mass Method Reference #
(x10¥ kg)
1.15+0.30 DEFLECT Chernetenko & Kochetova (2002) 1
1.15+0.30 DEFLECT Kochetova (2004) 2
0.80+1.59 DEFLECT Ivantsov (2007) 3
1.51+£0.36 DEFLECT Baer & Chesley (2008) 4
1.04 £0.10 EPHEM Folkner et al. (2009) 5
1.43+0.85 EPHEM Fienga et al. (2011) 6
1.75+1.16 DEFLECT Zielenbach (2011) 7
1.62+0.37 DEFLECT Zielenbach (2011) 8
1.52+0.34 DEFLECT Zielenbach (2011) 9
1.52+0.35 DEFLECT Zielenbach (2011) 10
1.05+0.19 DEFLECT Baer et al. (2011) 11
0.84 £0.17 EPHEM Fienga et al. (2013) 12
1.17+0.13 DEFLECT Kochetova & Chernetenko (2014) 13
1.77+0.08 DEFLECT Goffin (2014) 14
1.56 £ 0.05 EPHEM Baer & Chesley (2017) 15
1.50+0.18 EPHEM Baer & Chesley (2017) 16
2.00 £0.56 EPHEM Viswanathan et al. (2017) 17
2.01+£0.34 EPHEM Fienga et al. (2019) 18
1.48 £0.18 Adopted estimate (see Sect. 4.2)

6

==+ Product PDF (1.46+0.03)
——— Product PDF, 3.0-0 clip. (1.48+0.04)
5 » Sample mean+dev. (1.41+0.67)

—4#— Sample wt. mean+dev. (1.46+0.11)

IS

N

-

Probability Distribution Function (PDF)
w

o
[
\

15
Mass (10° kg)

Fig. 3. Mass measurements of (65) Cybele from Table2 converted
to Gaussian probability distribution functions (PDFs). Numbers cor-
respond to references listed in the table (only a subset of reference
numbers is displayed for improved readability). The adopted mass esti-
mate was obtained by computing the product PDF as described in
Sect. 4.2. Continuous lines indicate measurements used to compute the
mass estimate, and dashed lines correspond to discarded measurements.
The filled curves are the product PDFs before (dashed red) and after
(blue) rejection of the discarded measurements. The orange and red cir-
cles show the unweighted and weighted sample averages and standard
deviations, respectively.

uncertainties and/or unaccounted-for systematic uncertainties
affecting the literature measurements. Therefore, in order to
assess the reliability of our estimate, we compiled mass measure-
ments for a number of large asteroids harbouring one or several
satellite(s), and applied the same method to derive their mass as
that applied to Cybele (Appendix B). By doing so, we find that
the derived masses for these objects agree on average to within
12% with the value measured from the orbital study of the satel-
lite(s). Adopting this uncertainty leads to a final mass estimate
of (1.48+0.18) x 10" kg for Cybele.

Combined with our measurement of its diameter, the esti-
mated mass of Cybele yields a bulk density of 1.55 +0.19 gcm™.
This low value is comparable to those measured for other large
C- and P-type asteroids (Carry 2012; Vernazza et al. 2021),
and is compatible with a water-rich interior. This agrees with
Cybele’s apparently low surface topography, which is sugges-
tive of a relaxed, water-rich subsurface. Cybele’s bulk density is
nevertheless slightly larger than that of the other two large (D >
250 km) P-type Cybele asteroids with accurately measured den-
sities: (87) Sylvia and (107) Camilla, with p ~ 1.3-1.4gcm™
(Pajuelo et al. 2018; Carry et al. 2021).

4.3. Maclaurin equilibrium shape

Next, we tested the compatibility of the 3D shape of Cybele with
a hydrostatic equilibrium figure by following the approach devel-
oped in Rambaux et al. (2015, 2017) and presented in some of our
previous works (e.g. Hanus et al. 2020; Marsset et al. 2020; Yang
et al. 2020; Vernazza et al. 2020, 2021).

First, the equilibrium figure was calculated using the Clairaut
equation (Rambaux et al. 2015), which provides the Maclau-
rin solution for homogeneous bodies. By doing so, we find that
Cybele’s present-day shape is compatible with hydrostatic equi-
librium, although only with the lower end of the error bar on
our density measurement (Fig.4). A homogeneous interior pro-
vides the closest match to the measured properties. A partially
differentiated interior, analogous to that proposed for (87) Sylvia
(Carry et al. 2021) for example, cannot be ruled out, but is
more unlikely. This is illustrated in Fig. 4, where we report the
expected (a’—c’) dimension of a differentiated body with simi-
lar size, bulk density, and angular velocity as Cybele (here, the
primes indicate the body’s radius along its main axis). Specif-
ically, we explored three possibilities: a partially differentiated
two-layer body with layer densities of 1.60 and 1.22gcm™, a
partially differentiated three-layer body with layer densities of
1.80, 1.60, and 1.22gcm‘3 similar to Sylvia (Carry et al. 2021),
and a highly differentiated two-layer body with layer densities
of 3.00 and 1.22 gcm™3, corresponding to a rocky core and an
icy shell. By doing so, we find that increasingly differentiated
solutions gradually depart from the measurements, making them
more unlikely than a homogeneous interior, unless the rotation
state of Cybele was significantly altered in the past. From a ther-
mophysical modelling point of view, both an undifferentiated
and a differentiated interior are possible for an object of the size
of Cybele, the outcome of the modelling being strongly depen-
dent on the formation time and initial composition of the body
(Castillo-Rogez, priv. comm.).

We then considered the fact that Cybele exhibits a hemi-
spherical asymmetry (Sect.4.1), with the northern hemisphere
being flatter than the southern one (Appendix E). This may indi-
cate that the southern hemisphere represents the fossil shape of
Cybele, while the northern hemisphere is collisionally evolved.
To explore this possibility, we calculated the best-fit ellipsoid of
Cybele by fitting the southern hemisphere only, up to planetocen-
tric latitudes of 20° south and 35° south. The results are shown in
Fig. 4. The 35° south best-fit ellipsoid provides a perfect match
to the expected oblateness for an homogeneous interior. The 20°
south best-fit ellipsoid, on the other hand, offers a closer match
to the solutions computed for a partially differentiated interior.
Therefore, it is currently hard to conclude on the internal struc-
ture of Cybele. Ideally, we would need to study its gravitational
field by means of an orbiter.

Next, we computed the radial differences between the MPCD
shape model of Cybele and a best-fitting ellipsoid, and derived
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Fig. 4. (a’—c’) dimension of (65) Cybele as a function of density (top
cyan circle). The polar oblateness of the asteroid is close to the expected
values for a homogeneous body with a similar rotation period (black
line). The expected oblateness of bodies with increasingly differentiated
interiors (‘X’ symbols) gradually depart from the measured value. A
highly differentiated interior (plus symbol) is unlikely, unless Cybele’s
rotation state significantly changed after it acquired its shape. Consider-
ing the flattening of the north pole of Cybele, we also computed best-fit
ellipsoids obtained by fitting the southern pole of the 3D model only.
The resulting (a’—c") dimensions for fits up to planetocentric latitudes
of 20° south and 35° south are shown by the middle blue and bottom
light-blue circles.

the (model-ellipsoid) average residual (in %). By doing so, we
find that the residual for Cybele (2.5%) is very close to that
of other objects with equilibrium shapes: (10) Hygiea (1.3%;
Vernazza et al. 2020) and (704) Interamnia (2.3%; Hanus et al.
2020).

Finally, we compared the specific angular momentum (L) and
the normalised angular velocity (@) of Cybele with the expected
values for Maclaurin and Jacobi ellipsoids (Appendix F). Cybele
falls exactly along the Maclaurin sequence, like most water-
rich asteroids observed with SPHERE (Vernazza et al. 2021).
In short, the similar equatorial dimensions (a =~ b) of Cybele, its
polar oblateness, the good adjustment of its 3D shape to an oblate
ellipsoid, and its rotation state are all highly compatible with a
Maclaurin equilibrium shape.

4.4. Nature or nurture?

Two scenarios may explain the equilibrium shape of Cybele. In
the first scenario, this shape was acquired shortly after the for-
mation of the asteroid, about 5 Myr after the condensation of
calcium-aluminium-rich inclusions (CAls; Neveu & Vernazza
2019; Carry et al. 2021). Radioactive decay of short- and long-
lived radionuclides allowed partial melting of the interior of
Cybele and mass redistribution through water percolation and/or
relaxation of hot silicates. No large, subcatastrophic impact sub-
sequently altered the shape of Cybele in a significant way. In that
scenario, the present-day shape of Cybele would be primordial.
In the second scenario, the equilibrium shape of Cybele
was acquired following a giant impact, similar to the cases of
(10) Hygiea (Vernazza et al. 2020) and (31) Euphrosyne (Yang
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et al. 2020). Following the impact, macroscopic oscillations
drove the material to behave like a fluid (Tanga et al. 2009),
naturally resulting in the formation of a nearly oblate object in
rotational equilibrium. Fragmentation and re-accumulation fur-
ther erased any previous impact feature from the surface of the
asteroid.

A possible hint in favour of the primordial shape hypothe-
sis may come from Cybele’s higher bulk density with respect
to Sylvia and Camilla (Sect.4.2). This difference could be
explained by the fact that both Sylvia and Camilla experienced
a large impact as evidenced by the existence of their satellites
and, in the case of Sylvia, its associated collisional family. Such
impact would have increased the internal porosity of these bod-
ies following partial or complete fragmentation and subsequent
re-accumulation. The higher density of Cybele, on the other
hand, may indicate that this body never experienced such a large
impact and therefore that it may have preserved its primordial
shape.

In an attempt to further distinguish between the two scenarios
mentioned above, we investigated the existence of a collisional
family associated to Cybele. If such a family ever existed, this
would be evidence that the shape of Cybele was reset by a large
collision. Otherwise, its shape would most likely be primordial.

4.4.1. The lack of observed Cybele family

To study the area of space surrounding Cybele, we used a recent
version of the catalogue of proper elements (KneZevi¢ & Milani
2003; Novakovic & Radovic 2019) as well as available size and
albedo measurements from WISE (Nugent et al. 2015) and Akari
(Usui et al. 2011). The orbital region of Cybele is plotted in
Fig. 5. The well-known Sylvia family (Vokrouhlicky et al. 2010)
is clearly seen around proper eccentricity and proper inclination
values of e, = 0.06 and sinl, = 0.17. No comparable clus-
tering is found near Cybele, which is located at ¢ = 0.13 and
sin I, = 0.05.

Considering the completeness limit of small bodies in the
outer belt (H ~ 16; Hendler & Malhotra 2020), we cannot rule
out the existence of a family of small (subkilometre sized) aster-
oids linked to Cybele. However, even subcatastrophic impacts
are sufficient to produce tens of multi-kilometre sized frag-
ments (e.g. Broz et al. 2022). A small family hidden below
the size completeness limit would therefore certainly corre-
spond to a small cratering impact, and not to a disruptive and
re-accumulating event.

More generally, we note the scarcity of objects in the direct
neighbourhood of Cybele, which is most likely due to the pres-
ence of a series of MMRs with Jupiter (21:11, 19:10, 17:9, 15:8,
13:7, 11:6, 20:11, 9:5) and three-body resonances with Jupiter
and Saturn (5+2-3, 5-3-2, 6—1-3) located between a = 3.38
and 3.52 au. Closer to the orbit of Jupiter, the resonances get
closer to each other and, at e 2 0.2, they begin to overlap.

The outer limit of the main belt is usually considered to be
the 2:1 MMR at a = 3.27 au, but the actual border is located
farther out, where resonance overlapping and chaotic diffusion
dominate?. Cybele is located very close to this limit, meaning
that if a family ever existed in its vicinity, it may have been scat-
tered beyond recognition over time spans significantly shorter
than the age of the Solar System. To investigate this possibility,
we tested the orbital stability of a putative family near the current
location of Cybele in the outer belt.

3 An aphelion condition for the Hill sphere of Jupiter, Q = a(l + ¢) =
4.61 au, is at even larger eccentricities (e > 0.4).
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Fig. 5. Observed proper eccentricities and proper inclinations of (65)
Cybele and other asteroids in its vicinity. We do not find evidence
for the existence of a family related to Cybele located at e, = 0.13
and sin/, = 0.05 (number ‘65’ along the axis). For comparison, (87)
Sylvia and its well-known family are clearly identifiable at e, = 0.06
and sin/, = 0.17 (number ‘87" along the axis). Colours correspond
to albedo values from the WISE and AKARI catalogues. Asteroids
without albedo measurements are plotted in grey. Symbol sizes are pro-
portional to the logarithm of the diameter.

4.4.2. Stability of a putative Cybele family

In order to address orbital stability, we numerically integrated a
synthetic family of orbits located in the vicinity of Cybele. Ini-
tial conditions for the planets were taken from the JPL DE405
ephemerides (Giorgini et al. 1996). We included only the four
giant planets in our simulation, and applied a barycentric correc-
tion for the terrestrial planets, Ceres, and Vesta. We rotated our
reference frame so that it coincides with the Laplace plane.

We used the SWIFT integrator (Levison & Duncan 1994),
namely the symplectic algorithm with non-symplectic close
encounters (‘RMVS3’). In addition to gravitational perturba-
tions, our dynamical model, which is described in Broz et al.
(2011), incorporates the Yarkovsky effect, the YORP effect, col-
lisional reorientations, and critical rotation with size-dependent
tensile strength (Holsapple 2007).

Family members in our simulation were ejected from Cybele
assuming only one of the possible geometries: true anomaly f =
100° and argument of pericentre w = 330°. The velocity field
was isotropic and size dependent such that v(D) o< D~!, with a
velocity distribution peak close to the escape speed from Cybele,
Vesc = 110ms~!, and including outliers up to vpa ~ 400ms™!.

The initial size distribution of the family is shallow and com-
posed mostly of D > 1 km bodies, similar to the Kalliope family
(Broz et al. 2022). The total number of bodies was set to 3000
— which is ten times larger than expected — in order to improve
statistics. Indeed, it was important that a fraction of the bodies

remained at the end of the simulation in order to investigate the
possibility of a very old dispersed family.

We assumed the following values of thermal parameters
for the family members: a bulk density of p, = 1300kgm™>,
a surface density of ps = pp, a thermal conductivity of K =
0.001Wm K-, a heat capacity of C = 680Jkg” ' mK™!, a
Bond albedo of A = 0.1, an infrared emissivity of € = 0.9, and a
YORP scaling parameter of cyorp = 0.33 (Hanus et al. 2011).

We used a time step of 9.13125days* and a time span of
1 Gyr. Proper elements were computed with a sequence of digi-
tal filters (Quinn et al. 1991; gidlichovsk}’/ & Nesvorny 1996), set
up suitably for the Cybele region. Our adopted input sampling
was 1 yr, convolution filters were A, A, B, and B, and decima-
tion factors were 10, 10, 3, and 3 in order to prevent aliasing and
preserve dominant oscillations with a period of approximately
6500 yr. Proper frequencies and amplitudes were obtained by
frequency-modified Fourier transform, with the exclusion of
known planetary frequencies. The output sampling was 1 Myr.

Initially, the family is compact and prominent in our sim-
ulation (Fig. 6). Its long-term orbital evolution is driven by
gravitational perturbations, inducing oscillations of the osculat-
ing eccentricity from 0.05 to 0.15, and chaotic diffusion due to
overlapping resonances. The Yarkovsky drift is substantial for
bodies of 1 to 10km in size (5 x 107 to 5 x 107 au Myr™!), and
delivers particles from stable orbits to unstable resonances. The
population decay is well described by an exponential function,
N(t) = Ny exp(—t/7), with a timescale of 7 ~ 0.37 Gyr (Fig. 8).

Our simulation shows that the number of objects in any fam-
ily older than approximately 57 (=~2.2 Gyr) is depleted by two
orders of magnitude. Therefore, one cannot expect that a 4 Gyr-
old family born from Cybele would have been preserved. This is
in contrast to the Sylvia family, which is located in a dynamically
quiescent environment (Vokrouhlicky et al. 2010; Carruba et al.
2015). On the other hand, any family younger than 237 (=1.3 Gyr)
should still be recognisable (Fig. 7).

4.4.3. Stability and origin of (65) Cybele itself

Interestingly, our simulation shows that the clones of Cybele
itself (yellow circles in Figs. 6 and 7) are also affected by
chaotic diffusion. Out of ten clones, none were preserved after
0.8 Gyr of dynamical evolution. This is not surprising consider-
ing Cybele’s present location close to the outer boundary of the
Cybele region, which is sculpted by chaotic diffusion.

Evolution due to gravitational perturbations is a reversible
process. Therefore, chaotic diffusion may have acted on Cybele
in the past in the opposite direction compared to our simulation.
If true, this implies that Cybele may have temporarily been on a
chaotic orbit, crossing the orbits of giant planets.

This opens the interesting possibility that Cybele is a
recently (<1 Gyr ago) implanted Jupiter-family comet (JFC).
These objects originating from the Kuiper belt (e.g. Lowry
et al. 2008) are present virtually everywhere beyond Q =
4.61 au, corresponding to the edge of the Hill sphere of
Jupiter. Several comets may have diffused from highly eccen-
tric orbits towards lower eccentricities. A well-known example
is 133P/Elst-Pizarro, which may be a JFC that evolved into an
asteroid-like orbit (Hsieh et al. 2004). Such diffusion can be
driven by low-order resonances like the 2:1 MMR at 3.27 au,
or to high-order series (e.g. the 9:4, 11:5, 13:6, 15:7, 17:8, 19:9

4 The usual time step of 36.525d used in most simulations is not
enough to sample orbits within the Hill sphere of Jupiter (scaled by
a factor of 3.5 in RMVS3).
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Fig. 6. Initial conditions of a putative family related to (65) Cybele
plotted in proper semi-major axis a, vs. proper inclination sin/, (top
panel) and a, vs. proper eccentricity e, (bottom panel). The vertical
dotted lines indicate mean-motion and three-body resonances affecting
the orbital evolution of the simulated asteroids. The number of bodies
is 3000, corresponding to a relatively large family mostly composed of
multi-kilometre-sized objects.

series, or the 19:10, 17:9, 15:8, 13:7, 11:6 series, which is within
the Cybele region), which often overlap with three-body reso-
nances. If JFCs were indeed implanted in the Cybele region,
they would most likely be extinct today considering the very long
diffusion timescale of ~0.5 Gyr in these resonances.

The hypothesis of Cybele being an implanted JFC however
faces several issues. The first counter-argument is that many
more smaller implanted JFCs would be expected to be found
on similar orbits owing to their steep size—frequency distribu-
tion (Granvik et al. 2018). Although most of these small objects
would be eliminated on a short timescale (Fig. 8) due to the fact
that the Yarkovsky effect delivers them to nearby resonances, it
seems strange that very few such bodies are found in the vicin-
ity of Cybele. It is possible that, in the near future, large surveys
such as the Legacy Survey of Space and Time (LSST) of the
Vera C. Rubin Observatory (Ivezi¢ et al. 2019) will be able to
detect a population of implanted JFCs in the main belt.

Secondly, previous simulations of comet-like starting orbital
elements transitioning onto main-belt orbits have shown to
be largely prevented from reaching low-eccentricity and low-
inclination orbits (Haghighipour 2009; Hsieh & Haghighipour
2016). According to these works, the real-world population of
main-belt comets with low eccentricities and inclinations is
likely made up of fragments of larger icy asteroids. Therefore,
it would be very difficult for a JFC to evolve into Cybele’s low-
inclination orbit and it appears more plausible that the asteroid
came to its current orbit through a slow diffusion from a nearby,
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Fig. 7. Proper eccentricity e, vs. proper inclination sin /,, distribution
of a simulated family linked to (65) Cybele. The dynamical evolution of
the family was computed from O to 4 Gyr. Left panels: large family made
of 3000 multi-kilometre-sized bodies ejected from (65) Cybele. Ten
clones of Cybele itself were also produced (yellow). The colours and
symbol sizes correspond to the logarithm of the diameter of the objects.
Right panels: smaller subset of 300 bodies drawn from the large family.
The axis ranges correspond 1:1 to Fig. 5. After 1 or 2 Gyr, depending
on the initial population, the family is no longer observable.

more stable orbit billions of years after its implantation in the
outer main belt during the early phase of planetary migrations
(Levison et al. 2009; Vokrouhlicky et al. 2016).
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Fig. 8. Dynamical decay of the putative Cybele family. The number of
objects (N) decreases with time ¢. An approximating exponential func-
tion with timescale 7 = 0.37 Gyr is plotted. We consider the family to
be definitely no longer observable when N decreases below about 30.
This is especially true considering that the orbits of the family members
are dispersed in the same way as those of the background population.

A possible genetically related compositional analogue for
Cybele may be the irregular Saturnian moon Phoebe, which is
believed to be a captured Centaur formed beyond the orbit of
Saturn (Clark et al. 2019), possibly within the original reservoir
of C-type asteroids (Castillo-Rogez et al. 2019). Phoebe has a
similar size (D ~ 212 km) and bulk density (1.64 +0.02 gcm™)
to Cybele and was found to be at hydrostatic equilibrium
(Rambaux & Castillo-Rogez 2020). However, unlike Cybele,
Phoebe exhibits a strongly differentiated interior (Rambaux &
Castillo-Rogez 2020) and a surface dominated by water ice
(Fraser & Brown 2018), which might point to a distinct initial
composition (ice-to-rock ratio) and/or early thermal evolution.

5. Conclusion

In contrast to other large (D > 200km) asteroids located in
the Cybele region ((87) Sylvia and (107) Camilla), (65) Cybele
exhibits a perfect hydrostatic equilibrium shape. A previous
study of (704) Interamnia led by Hanus et al. (2020) placed the
transition mass limit between irregularly shaped small asteroids
and larger bodies at equilibrium near ~3.5 x10'° kg. Here, our
study suggests an even lower limit of ~1.5 x10'” kg, and opens
the possibility that D > 260km small bodies from the outer
Solar System all formed at equilibrium.

However, the origin of Cybele’s shape currently remains
a mystery as it could either be a relic of its original shape,
or the result of a large impact as in the cases of (10) Hygiea
(Vernazza et al. 2020) and (31) Euphrosyne (Yang et al. 2020).
In particular, despite the detection of a present-day family
associated to Cybele, we show that the hypothesis of an old
fragmenting impact cannot be ruled out: in the unstable orbital
region of Cybele, a collisional family would be totally dis-
persed over ~2 Gyr of dynamical evolution, thereby erasing any
evidence of such a large impact. Cybele’s higher bulk density
(1.55 + 0.19 gecm™) with respect to Sylvia and Camilla (1.3—
1.4 gcm™3; Pajuelo et al. 2018; Carry et al. 2021) may hint at
a structurally intact interior for Cybele, which would favour the
primordial shape hypothesis.

The orbit of Cybele itself is long-term unstable, implying
that it was recently (<1 Gyr ago) placed on its current orbit, likely
through slow diffusion from a relatively stable nearby orbit in the
outer main belt or, less likely, from the population of JFCs in the
planet-crossing region.
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Appendix A: Observational circumstances

Here, we provide the observational circumstances for the disk-
resolved (AO images) and disk-integrated (optical light curves)
data used to reconstruct the 3D shape of (65) Cybele. Table A.1
provides the circumstances for each VLT/SPHERE disk-resolved
image obtained in this work. Table A.2 provides the circum-
stances for the new optical light curves acquired in this work,
as well as previous light curves retrieved from the literature.

Table A.1: VLT/SPHERE disk-resolved images obtained in the N_R filter with the ZIMPOL camera.

Date UT Exp Airmass A r a D, AsubE  PsubE
(s) (AU) (AU)  (©) @) ) ®)

2021-07-03 06:49:07 240 1.06 2.09 3.09 42 0174 122.8 -0.3
2021-07-03 06:53:18 240 1.06 2.09 3.09 42 0174 1187 -0.3
2021-07-03  06:57:28 240 1.07 2.09 3.09 42 0174 1146 -0.3
2021-07-03 07:01:36 240 1.07 2.09 3.09 42 0174 1104 -0.3
2021-07-03 07:05:45 240 1.08 2.09 3.09 42 0174 1063 -0.3
2021-07-21 02:25:18 240 111 2.09 3.10 28 0.174 11.0 -34
2021-07-21 02:29:29 240 1.10  2.09 3.10 2.8 0.174 69 -34
2021-07-21 02:33:39 240 1.09 2.09 3.10 2.8 0.174 28 =34
2021-07-21 02:37:48 240 1.08  2.09 3.10 28 0174 3587 -34
2021-07-21 02:41:56 240 1.08 2.09 3.10 2.8 0174 3547 -34
2021-07-21 02:52:32 240 1.06  2.09 3.10 28 0174 3442 -34
2021-07-21 02:56:41 240 1.05 2.09 3.10 28 0174 3400 -34
2021-07-21 03:00:53 240 1.05 2.09 3.10 2.8 0174 3359 -34
2021-07-21 03:05:02 240 1.04 2.09 3.10 28 0174 3318 -34
2021-07-21 03:09:11 240 1.04 2.09 3.10 28 0174 3277 =34
2021-07-21 03:19:58 240 1.03  2.09 3.10 2.8 0174 3170 -34
2021-07-21 03:24:08 240 1.02  2.09 3.10 28 0174 3131 -34
2021-07-21 03:28:18 240 1.02  2.09 3.10 28 0174 3089 -34
2021-07-21 03:32:26 240 1.02  2.09 3.10 2.8 0174 3048 -34
2021-07-21 03:36:35 240 1.02  2.09 3.10 28 0174 300.7 -34
2021-07-21 04:47.09 240 1.02  2.09 3.10 28 0174 2311 -34
2021-07-21  04:51:19 240 1.02  2.09 3.10 2.8 0174 2270 -34
2021-07-21 04:55:30 240 1.02  2.09 3.10 28 0174 2228 -34
2021-07-21 04:59:39 240 1.03  2.09 3.10 28 0174 2187 -34
2021-07-21 05:03:48 240 1.03  2.09 3.10 28 0174 2146 -34
2021-07-21 07:12:37 240 1.36  2.09 3.10 29 0.174 87.6 -34
2021-07-21 07:16:46 240 1.38  2.09 3.10 29 0174 835 -34
2021-07-21 07:20:56 240 1.41  2.09 3.10 29 0.174 794 =34
2021-07-21 07:25:05 240 143  2.09 3.10 29 0.174 752 =34
2021-07-21 07:29:13 240 145 2.09 3.10 29 0174 711 =34
2021-08-22 03:36:14 240 111 230 312 12.7 0.158 2004 -75
2021-08-22 03:40:24 240 112 230 312 127 0.158 1965 -7.5
2021-08-22 03:44:35 240 113 230 312 127 0158 1922 -75
2021-08-22 03:48:42 240 114 230 312 12.7 0.158 188.2 -75
2021-08-22 03:52:51 240 115 230 312 127 0.158 1841 -7.5

Notes. For each observation, we provide the epoch, the exposure time, the airmass, the distance to the Earth A and to the Sun r, the phase angle
a, the angular diameter D, of Cybele, and the sub—Earth point longitude Ay and latitude By,pe. The total exposure time of 240 s corresponds to

1.1% of the rotation period or 4° in the rotation phase.
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Table A.2: Optical disk-integrated lightcurves of (65) Cybele used for the ADAM and SAGE shape modelling.

N Epoch N, A r ©®
(AU) AU) (©)
1977-08-31.2 56 223 324 2.2
1977-09-01.1 29 223 324 2.5
1977-09-02.2 65 224 324 2.9
1978-11-08.3 9 267 3.65 2.6
1982-02-17.2 10 281 323 170
1982-02-18.3 12 279 323 169
1982-02-19.3 15 277 323 168
1982-02-20.3 6 276 323 16.8
1982-05-21.3 16 223 3.16 8.6
10 1982-05-22.3 5 223 3.16 8.9
11  1982-05-23.2 9 224 316 9.2
12 1982-06-22.3 6 250 314 163
13 1982-06-23.2 11 251 313 165
14  1982-06-24.4 8 253 313 167
15 1983-05-21.2 6 258 309 177
16  1983-06-30.4 23 219 311 9.2
17  1983-09-14.2 18 246 316 149
18 1983-09-19.4 1 252 316 157
19 1983-10-11.2 9 282 318 179
20 1983-10-12.4 11 284 318 18.0
21 1983-10-13.3 25 285 3.18 18.0
22 1983-10-15.4 5 289 318 18.1
23 1983-11-11.4 10 329 320 175
24 1983-11-13.2 12 3.31 321 174
25 1983-11-15.3 9 334 321 172
26 1984-07-05.2 7 337 343 172
27 1984-11-21.2 22 283 356 121
28 1985-10-25.2 26  3.03 377 112
29 1986-01-19.2 38 311 379 11.8
30 1986-01-20.2 27 312 379 120
31 1987-02-07.2 4 272  3.69 3.7
32 1988-04-26.2 63 239 329 9.2
33 1989-07-02.2 28 208 3.08 3.7
34 1994-02-12.0 16 256 348 6.9
35 1994-02-17.9 28 252 348 5.0
36  1994-04-11.0 61 262 343 113

Filter Reference

Schober et al. (1980)
Schober et al. (1980)
Schober et al. (1980)
Schober et al. (1980)
Weidenschilling et al. (1987)
Weidenschilling et al. (1987)
Weidenschilling et al. (1987)
Weidenschilling et al. (1987)
Weidenschilling et al. (1987)
Weidenschilling et al. (1987)
Weidenschilling et al. (1987)
Weidenschilling et al. (1987)
Weidenschilling et al. (1987)
Weidenschilling et al. (1987)
Weidenschilling et al. (1987)
Weidenschilling et al. (1987)
Weidenschilling et al. (1987)
Weidenschilling et al. (1987)
Weidenschilling et al. (1987)
Weidenschilling et al. (1987)
Weidenschilling et al. (1987)
Weidenschilling et al. (1987)
Weidenschilling et al. (1987)
Weidenschilling et al. (1987)
Weidenschilling et al. (1987)
Weidenschilling et al. (1987)
Weidenschilling et al. (1987)
Weidenschilling et al. (1987)
Weidenschilling et al. (1987)
Weidenschilling et al. (1987)
Weidenschilling et al. (1990)
Weidenschilling et al. (1990)
Hutton (1990)

Shevchenko et al. (1996)
Shevchenko et al. (1996)
Lagerkvist et al. (1995)

O 0NN A~ W=

37 2007-04-06.0 18 234 332 47 Franco & Pilcher (2015)
38 2007-04-07.0 25 235 332 51 Franco & Pilcher (2015)
39 2009-07-314 166 251 333 119 Pilcher (2010)
40 2009-08-03.4 76 249 333 112 Pilcher (2010)
41 2009-08-16.3 258 240 334 75 Pilcher (2010)
42 2009-08-20.4 186 238 335 63 Pilcher (2010)
43  2009-08-23.4 467 237 335 53 Pilcher (2010)
44 2009-08-29.3 251 236 336 33 Pilcher (2010)
45 2009-09-13.2 186 237  3.37 1.9 Pilcher (2010)

46 2009-09-26.9 28 244 339 64
47 2009-09-27.0 36 244 339 64
48  2010-09-19.1 68 3.06 370 13.1
49 2010-09-244 261 3.00 370 123
50 2011-01-23.9 238 3.50 377 150
51 2011-01-259 246 354 377 151

Viikinkoski et al. (2017)
Viikinkoski et al. (2017)
Viikinkoski et al. (2017)
Pilcher (2011)

Viikinkoski et al. (2017)
Viikinkoski et al. (2017)

ST OO0 NNMOTONAFRFIRIAIAIAIITNONACCLLS S <SS L <L K<L <K< << <L <<< <K<K <<<<K<<<

52 2011-11-19.5 86 3.06 378 113 Pilcher (2012)
53 2011-11-224 324 3.03 378 10.8 Pilcher (2012)
54 2011-11-29.4 257 296 378 93 Pilcher (2012)
55 2011-12-05.4 394 290 378 78 Pilcher (2012)
56 2011-12-27.3 425 279 3.77 1.7 Pilcher (2012)
57 2012-01-03.3 354 279 3.77 1.3 Pilcher (2012)
58 2016-10-02.0 40 268 3.63 5.8 This work!

59 2016-10-31.1 216 2.68 3.65 3.6 This work!
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Table A.2: continued.

N Epoch N, A r ¢  Filter Reference
AU) AU )

60 2016-10-04.2 40 267 363 52 R This work!
61 2016-10-07.2 216 2.66 3.63 43 r This work!
62 2016-11-01.1 636 2.68 365 38 R This work!
63 2016-11-20.1 407 2.82 3,67 91 r This work!
64 2016-09-14.2 26 279 361 106 R This work!
65 2016-09-15.1 17 279 361 103 R This work!
66 2016-09-15.2 23 279 361 104 R This work!
67 2016-09-22.1 79 273 362 86 R This work!
68 2016-09-242 90 272 362 81 R This work!
69 2016-09-282 117 270 362 70 V This work!
70 2016-09-29.2 101 269 362 67 V This work!
71 2016-09-05.2 141 288 3.60 125 r This work!
72 2016-09-09.2 141 284 361 117 r This work!
73 2017-10-25.2 299 316 381 125 r This work!
74 2017-12-180 473 2.83 3.8l 19 r This work!
75 2021-04-184 279 281 3.05 191 Rc This work?
76 2021-04-194 261 280 3.05 191 Rc This work?
77 2021-05-11.4 167 252 3.06 176 Rc This work?
78 2021-05-12.4 249 251 3.06 175 Rc This work?
79 2021-05-164 183 246 3.06 17.0 Rc This work?
80 2021-05-184 143 243 3.06 167 Rc This work?
81 2021-05-264 588 235 3.07 153 Rc This work?
82 2021-05-28.2 193 233 307 149 Rc This work?
83 2021-06-254 430 211 3.08 71 Rc This work?
84 2021-06-26.2 148 211 3.08 6.7 Rc This work?
85 2021-06-28.2 425 210 3.08 6.1 Rc This work?
86 2021-06-283 269 210 3.08 6.0 Rc This work?
87 2021-07-141 240 2.08 3.09 1.2 Rec This work?
88 2021-07-16.1 173 2.08 3.09 1.4 Rc This work?
89 2021-07-20.2 360 2.08 310 24 Rc This work?

90 2021-07-04.1 304 208 3.09 4.0 Rc This work?
91 2021-07-05.2 241 208 3.09 3.6 Rc This work?
92 2021-08-10.3 547 219 311 94 Rc This work?

Notes. The table contains the epoch, the number of individual measurements N, the asteroid’s distances to the Earth A and to the Sun r, the phase
angle ¢, the photometric filter and the reference. 'Gaia-GOSA (Gaia-Ground-based Observational Service for Asteroids, www.gaiagosa.eu),
2TRAPPIST.
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Appendix B: Mass estimates of binary asteroids

The same method of mass determination used for (65) Cybele
was applied to a number of binary and triple asteroids in order to
estimate the accuracy of the method by comparing our derived
values to the mass obtained from the orbital study of the com-
panions. Figure B.1 presents the result of the analysis for eight
different binaries and triple systems. The average discrepancy
between the methods is found to be ~12% of the mass value,
which we adopted as our uncertainty on the mass of (65) Cybele
(Section4.2). We note that in the case of (121) Hermione
and (130) Elektra, a better fit is obtained by applying a 2-o
clipping instead of 3-o clipping of the measurements. Mass
estimates derived from studies of planetary ephemeris and
orbital deflections during close encounters are from:

— (22) Kalliope: Kochetova (2004); Folkner et al. (2009); Zie-
lenbach (2011); Fienga et al. (2013, 2019, 2020); Goffin
(2014).

— (31) Euphrosyne: Kochetova (2004); Baer & Chesley (2008);
Fienga et al. (2009, 2013, 2019); Folkner et al. (2009);
Baer et al. (2011); Zielenbach (2011); Kuchynka & Folkner
(2013); Goffin (2014); Kochetova & Chernetenko (2014);
Viswanathan et al. (2017).

— (41) Daphne: Fienga et al. (2009, 2011, 2014, 2019); Folkner
et al. (2009); Konopliv et al. (2011); Zielenbach (2011);
Kuchynka & Folkner (2013); Pitjeva (2013); Goffin (2014);
Kochetova & Chernetenko (2014); Siltala & Granvik (2020).

— (45) Eugenia: Vasilyev & Yagudina (1999); Krasinsky et al.
(2001); Aslan et al. (2007); Ivantsov (2007, 2008); Folkner
et al. (2009); Goffin (2014); Zielenbach (2011); Fienga et al.
(2014, 2019, 2020).

— (87) Sylvia: Vasilyev & Yagudina (1999); Krasinsky et al.
(2001); Aslan et al. (2007); Ivantsov (2007, 2008); Zielen-
bach (2011); Folkner et al. (2014); Goffin (2014); Fienga et al.
(2019)

— (107) Camilla: Ivantsov (2007); Fienga et al. (2011, 2013,
2019, 2020); Zielenbach (2011); Folkner et al. (2014); Goffin
(2014); Viswanathan et al. (2017)

— (121) Hermione: Viateau (2000); Zielenbach (2011); Folkner
et al. (2014); Goffin (2014); Kretlow (2014); Baer & Chesley
(2017); Viswanathan et al. (2017); Fienga et al. (2019).

— (130) Elektra: Zielenbach (2011); Fienga et al. (2011, 2019,
2020); Goffin (2014); Viswanathan et al. (2017).

We note that we did not use mass estimates from Folkner
et al. (2014) as no uncertainties on the measurements were
reported by the authors. Mass estimates of (22) Kalliope,
(45) Eugenia, and (87) Sylvia from Viswanathan et al. (2017)
were discarded as being largely inconsistent with other estimates
for the same objects. Mass estimates derived from orbital fitting
of the satellite(s) are from:

— (22) Kalliope: Ferrais et al. (2022)

— (31) Euphrosyne: Yang et al. (2020)

— (41) Daphne: Carry et al. (2019)

— (45) Eugenia: Broz et al. (private comm.)
— (87) Sylvia: Carry et al. (2021)

— (107) Camilla: Pajuelo et al. (2018)

— (121) Hermione: Ferrais et al. (in prep.)
— (130) Elektra: Yang et al. (2016).
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Appendix C: Complementary information about the
SAGE model

In Fig. C.1, we show the equatorial and polar projections of the
SAGE model of (65) Cybele with colours representing local sur-
face uncertainties. The overall size uncertainty was obtained by
fitting projections of the population of accepted clones (Sec-
tion3) to individual AO images. Specifically, the equivalent
sphere diameter D; . of each clone was obtained by comparing
each i-th image from the complete set /, taken under an aspect
angle &; with an angular resolution ¢;, to the corresponding pro-
jection of the clone. Once all clones were compared to the i-th
image, a range of diameters between D’"" and D"** was derived.

The final diameter D was calculated by grouping images
into subsets with similar values of aspect angles Z;. In the
case of Cybele, we established three subsets: Z; = [80°, 87°],
Ey =[89°,91°], B3 =[92°,94°] (see Fig.C.2). For each subset
of images I; (where the index j indicates that the images have
aspect angles from the set =;), the weighted average D; was
computed such that:

_ 2il/éiDi
DIV

Finally, to get diameter D, another average was computed such
that:

Do 211/51'_D_i’
2 1/6;

where f,‘ (S Ej. (Cl)

(C.2)

where 5_] is the average image resolution in the subset /; . By
computing D; = D; »,m in Eq. C.1, we obtain the nominal diam-
eter value. When performing calculations for all of the clones
(D; = D;.), we obtain a set of diameters from which error bars
can be extracted, i.e. the minimum D" and maximum D%
values in the set.

Appendix D: Image residuals

Residual images between the observed and synthetic images of
(65) Cybele are presented in Fig. D.1 for the three shape models
of Cybele presented in this work.

Appendix E: Elevation map

In Fig. E.1, we present the elevation map of (65) Cybele obtained
by subtracting a best-fit ellipsoid to the ADAM shape model. The
map highlights the hemispherical asymmetry of the asteroid,
with the north pole being flatter than the south pole. Additional
variations in elevation may be due to impact features.

Appendix F: Rotation state

In Fig. F.1, we compare the specific angular momentum and the
normalised angular velocity of Cybele and additional asteroids
observed with SPHERE with the expected values for Maclaurin
and Jacobi ellipsoids following Vernazza et al. (2021).



M. Marsset et al.: Did (65) Cybele preserve its primordial shape?

22 Kalliope 3

1 Euphrosyne

Kochetova+2004 (1.69+0.56)
Folkner+2009 (0.74+0.07) 4
Zielenbach+2011 (1.31+0.38)
Zielenbach+2011 (1.31£0.38)
Zielenbach+2011 (1.33%0.52)
Zielenbach+2011 (2.09+0.71)
Fienga+2013 (1.67+0.13)
Goffin+2014 (0.48+0.08) 3
Fienga+2019 (0.70+0.22)
Fienga+2020 (0.64+0.20)

===+ Product PDF (0.80+0.05)

~—— Product PDF, 3.0-0 clip. (0.79%0.06)
Sample meanzdev. (1.19+0.64)

—4$4- Sample wt. mean=*dev. (0.80+0.11)

—— Satellite(s) (0.78+0.03; Ferrais+2022)

PDF

Kochetova+2004 (1.87£1.03)
Baer+2008b (0.62+0.12)
Folkner+2009 (1.71+0.17)
Fienga+2009 (5.95+1.35)
Zielenbach+2011 (1.39£1.27)
Zielenbach+2011 (1.85+1.13)
Zielenbach+2011 (2.31+0.94)
Zielenbach+2011 (2.69+0.91)
Baer+2011 (5.81+1.97)
Kuchynka+2013 (2.19£0.73)
Fienga+2013 (2.63+0.39)
Kochetova+2014 (1.61+0.34)
Goffin+2014 (1.73£0.14)
Viswanathan+2017 (3.12+0.43)
Fienga+2019 (0.85+0.28)

==+ Product PDF (1.36+0.07)

~—— Product PDF, 3.0-0 clip. (1.65+0.09)
Sample meanzdev. (2.42+1.76)

—#- Sample wt. meanzdev. (1.36+0.20)

—4— Satellite(s) (1.70+0.30; Yang+2020)

0.0 0.5 1.0

15

Mass (10'° kg)

41 Daphne

2.0 2.5 3.0 3.5 -1 0 1 2

Mass (10'° kg)

45 Eugenia

61 i

bl
e

PDF

Fienga+2009 (1.05%0.10) 10
Folkner+2009 (0.79+0.08)
Zielenbach+2011 (1.21+1.05)
Fienga+2011 (1.83+0.52)
Zielenbach+2011 (1.82+0.72)
Zielenbach+2011 (0.03+0.57)
Zielenbach+2011 (0.48+0.55)
Konopliv+2011 (0.84+0.35)
Kuchynka+2013 (0.78+0.18)
Pitjeva+2013 (0.83+0.09) 6
Fienga+2014 (0.71£0.07)
Goffin+2014 (0.94+0.14)
Kochetova+2014 (0.98+0.46)
Fienga+2019 (0.49+0.08) 4
Siltala+2020 (1.05+1.38)

==+ Product PDF (0.77£0.03)

—— Product PDF, 3.0-0 clip. (0.83+0.04)
Sample meanz*dev. (0.92+0.73) 2

—#- Sample wt. mean=dev. (0.77+0.10)

—4— Satellite(s) (0.61+0.09; Carry+2019)

PDF

Valilyev+1999 (0.30+0.30)
Krasinsky+2001 (0.70+0.04)
Ivantsov+2007 (1.79+0.60)
Aslan+2007 (0.20+0.60)
Ivantsov+2008 (1.79+0.60)
Folkner+2009 (0.59+0.06)
Zielenbach+2011 (0.71+0.16)
Zielenbach+2011 (1.14+0.20)
Zielenbach+2011 (0.76+0.16)
Zielenbach+2011 (0.77+0.28)
Goffin+2014 (0.64+0.04)
Fienga+2014 (2.02+0.24)
Fienga+2019 (0.75+0.19)
Fienga+2020 (0.70+0.19)

—=- Product PDF (0.68+0.02)

—— Product PDF, 3.0-0 clip. (0.67+0.02)
Sample mean=dev. (0.92+0.63)

—~#- Sample wt. mean+dev. (0.68+0.06)

—4— Satellite(s) (0.62+0.01; Broz+private comm.)

Mass (10'° kg)

87 Sylvia

3 4 5 -0.5 0.0 0.5 1.0

15 2.0 2.5 3.0 3.5 4.0

Mass (101° kg)

107 Camilla

2.0

15

PDF

0.5

- 35
Valilyev+1999 (5.37+1.99)

Krasinsky+2001 (1.39%0.20)
Ivantsov+2007 (5.17+2.19) 3.0
Aslan+2007 (3.58+1.79) .
Ivantsov+2008 (5.17+2.19)
Zielenbach+2011 (1.17+1.29)
Zielenbach+2011 (0.60+1.88)
Zielenbach+2011 (1.36+1.09)
Zielenbach+2011 (1.18+1.06)
Goffin+2014 (2.150.20) 2.0
Fienga+2019 (1.83+0.36)
==+ Product PDF (1.80+0.13)
—— Product PDF, 3.0-o clip. (1.80+0.13) 1.5
Sample meanz=dev. (2.64+2.30)
~#- Sample wt. mean=+dev. (1.80+0.29)
—#— Satellite(s) (1.44+0.01; Carry+2021) 1.0

PDF

0.5

Ivantsov+2007 (9.55+5.17)
Zielenbach+2011 (1.76+0.87)
Zielenbach+2011 (0.23+1.80)
Fienga+2011 (3.62+0.91)
Zielenbach+2011 (0.39+1.09)
Zielenbach+2011 (3.90£1.06)
Fienga+2013 (0.68+0.30)
Goffin+2014 (1.11+0.18)
Viswanathan+2017 (1.61+0.44)
Fienga+2019 (0.96+0.31)
Fienga+2020 (1.09+0.35)

==+ Product PDF (1.14%0.12)

—— Product PDF, 3.0-0 clip. (1.14+0.12)
Sample meanzdev. (2.26+3.12)

3~ Sample wt. meantdev. (1.14+0.31)

—&— Satellite(s) (1.12£0.01; Pajuelo+2018)

0.0

0.0

4
Mass (10%° kg)

2 4 6 8
)

Mass (109 kg

Fig. B.1: Same as Fig. 3 but for large asteroids harbouring one or two satellites. The green circle corresponds to the asteroid mass
derived from the orbital study of the companion(s). The average agreement between this method and the sigma-clipped product PDF

is 12% of the asteroid mass.
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Fig. C.1: Projections of (65) Cybele SAGE model with colours representing upper (red) and lower (blue) local surface uncertainties.
The colours correspond to the level of deviation of a given vertex from the nominal position in the clone population (Section 3).
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Fig. C.2: Measured diameters with uncertainties obtained for the SAGE model of (65) Cybele by contour fitting the AO images, as a
function of aspect angle.
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Fig. D.1: Residuals in units of instrumental noise between the observed SPHERE images and the corresponding synthetic images
from the three shape models.
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Fig. E.I: Elevation map of (65) Cybele, calculated as the local radius of the ADAM shape model, minus the radius of a best-fit
ellipsoid.
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Fig. F.1: Normalised angular velocity (&) versus specific angular momentum (L) of asteroids observed with VLT/SPHERE (Vernazza
et al. 2021), including (65) Cybele (this work). Expected sequences for Maclaurin (black line) and Jacobi (grey line) ellipsoids are
shown for comparison. Objects close to an equilibrium shape: (1) Ceres, (10) Hygiea (Vernazza et al. 2020), (65) Cybele (this work)
and (704) Interamnia (Hanus et al. 2020), are highlighted in light blue. With the exception of (216) Kleopatra (the only data point
located at the right-hand side of the plot; Marchis et al. 2021), all of the objects are close to the Maclaurin sequence in this parameter
space.
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