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ABSTRACT

Context. Airless planetary objects have their surfaces covered by craters, and these can be used to study the characteristics of asteroid
populations. Planetary surfaces present binary craters that are associated with the synchronous impact of binary asteroids.

Aims. We identify binary craters on asteroids (1) Ceres and (4) Vesta, and aim to characterize the properties (size ratio and orbital
plane) of the binary asteroids that might have formed them.

Methods. We used global crater databases developed in previous studies and mosaics of images from the NASA DAWN mission
high-altitude and low-altitude mapping orbits. We established selection criteria to identify craters that were most likely a product of
the impact of a binary asteroid. We performed numerical simulations to predict the orientation of the binary craters assuming the
population of impactors has mutual orbits coplanar with heliocentric orbits, as the current census of binary asteroids suggests. We
compared our simulations with our survey of binary craters on Ceres and Vesta through a Kolmogorov-Smirnov test.

Results. We find geomorphological evidence of 39 and 18 synchronous impacts on the surfaces of Ceres and Vesta, respectively. The
associated binary asteroids are widely separated and similar in diameter. The distributions of the orientation of these binary craters
on both bodies are statistically different from numerical impact simulations that assume binary asteroids with coplanar mutual and
heliocentric orbits.

Conclusions. Although the identification of binary craters on both bodies and the sample size are limited, these findings are consis-
tent with a population of well-separated and similarly sized binary asteroids with nonzero obliquity that remains to be observed, in
agreement with the population of binary craters identified on Mars.

Key words. catalogs — minor planets, asteroids: general — planets and satellites: surfaces —
minor planets, asteroids: individual: Ceres — minor planets, asteroids: individual: Vesta

1. Introduction

Asteroids with natural satellites, also referred to as binary
asteroids, represent a significant fraction of the population of
impactors in the inner Solar System. It is estimated that 15 +4%
of small asteroids (diameter of a few hundred meters to several
kilometers) possess a satellite (Margot et al. 2002; Pravec et al.
2006), while only a couple of percent of the largest asteroids have
moons (Margot et al. 2015).

The detection and characterization of satellites of small aster-
oids mainly rely on two observing techniques: radar echoes for
near-Earth asteroids (NEAs) (Benner et al. 2015) and optical
light curves for both NEAs and main belt asteroids (MBAs)
(Pravec et al. 2006). While both techniques are efficient and pre-
cise, they suffer from biases, including a limited range from the
Earth for radar observation (mostly limiting the sample to NEAs)
and a strong preference for compact and low-obliquity systems
for light curves (linked to the detection from mutual eclipses and
occultations).

A substantial portion of binary systems with a diame-
ter of below 10km share highly similar properties: rapidly
rotating primaries, an obliquity of close to 0° or 180°, a

secondary-to-primary diameter ratio of ds/d, ~ 0.3, and a
system-semi-major-axis-to-primary-diameter ratio of a/d, = 2
(see Margot et al. 2015; Minker & Carry 2023). These charac-
teristics are in line with the recent discovery of a second asteroid
orbiting Dinkinesh during the NASA Lucy spacecraft flyby on
November 1, 2023, and the Didymos-Dimorphos system, which
is target of the NASA DART and ESA Hera missions (Levison
et al. 2017; Rivkin et al. 2021; Michel et al. 2022).

Recently, Vavilov et al. (2022) conducted a survey for binary
craters on the surface of Mars thought to be formed by the impact
of binary asteroids. These authors found evidence for a popula-
tion of binary asteroids with different properties: components are
widely separated, similar in size, and not limited to low obliquity.
Although the results of this survey are strongly biased due to
limitations in identifying such structures via geomorphological
evidence, the characteristics of Martian binary craters suggest
the existence of a population of binary asteroids exhibiting still
unknown size and orbital characteristics.

The aim of the present study is to test these recent findings
by exploring the properties of binary craters on different plan-
etary surfaces. We focus on the two asteroids Ceres and Vesta,
targets of the NASA DAWN mission (Russell et al. 2012, 2016).
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Preliminary efforts to identify binary craters on these two aster-
oids have been made (e.g., Wren & Fevig 2018, 2023), although
these studies covered a restricted area (~3% and 15% of the sur-
face of Vesta and Ceres, respectively) and were limited to craters
of >3 km in diameter. In the present study, we established cri-
teria of identification, performed a global survey of both bodies,
and analyzed the binary crater population in terms of their size
ratio and orientation.

The article is organized as follows. In Sect. 2, we describe
the imagery dataset used for both Ceres and Vesta. In Sect. 3, we
describe the method and criteria used to identify binary craters.
In Sect. 4, we present both catalogs of binary craters with their
properties. In Sect. 5, we present the simulation of known binary
asteroid impacts used to compare with the binary craters we
identified on the surface of Ceres and Vesta. In Sect. 6, we finally
compare our results with previous findings on Mars and on some
restricted areas of Ceres and Vesta, and discuss the implications
for the population of binary asteroids in the main belt.

2. Data sources

We used the High- and Low-Altitude Mapping Orbit (HAMO
and LAMO) images from the DAWN mission to find geo-
morphological evidence of synchronous impact craters on the
surfaces of Ceres and Vesta (Russell et al. 2015). Both imagery
datasets were assembled into global mosaics and are available on
the Planetary Data System (PDS). For Ceres, the HAMO mosaic
has a resolution of 140 mpx~' and the LAMO mosaic has a
resolution of 35 mpx", while for Vesta, the resolutions of the
mosaics are 60 mpx~! and 20 m px~', respectively.

We used the global crater databases of Zeilnhofer & Barlow
(2021b) for Ceres and the one developed by Liu et al. (2018)
for Vesta as a starting point. These databases contain a total of
44 594 craters with diameters of greater than 1 km for Ceres and
11 604 craters with diameters of greater than 700 m for Vesta.
All craters in both catalogs were considered in this study and
surveyed with the Arcmap ESRI software. The imagery dataset
was also reprojected using stereographic projections for high
latitudes in order to avoid geometrical distortions of impact
craters.

For both bodies, the HAMO and LAMO mosaics both have
near-global coverage. Although we mostly relied on LAMO
mosaics, given that their resolutions are about three to four times
higher, there were some regions with images presenting arti-
facts and of poor quality in general. For Vesta, this results in
a total of 1301 craters (~11% out of the total of craters in the
Vesta catalog given by Liu et al. 2018) that were only surveyed
using the HAMO mosaic, despite coarser image resolution. This
is because the DAWN mission LAMO phase occurred during
northern winter, which led to the north pole being in the dark.
According to Roatsch et al. (2015), only 84% of the surface was
illuminated, and the portion of the surface with appropriate illu-
mination for crater identification is reduced to 66.8%. Another
limitation of the LAMO mosaic of Vesta comes from the lack
of data in the form of several diagonal strips. There were <0.5%
craters located within these gaps, all of which were identifiable
using the lower-resolution mosaic.

For Ceres, one of the defects in its corresponding LAMO
images consists of imagery artifacts within an area of about
996 km? between 55-58°N and 105-110°E. Despite the reso-
lution loss in using the HAMO mosaic covering this region,
there were no evident pairs of craters that could have been
misidentified.
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Due to these limitations, our survey on both bodies results in
a spatial incompleteness of the binary crater population. How-
ever, as discussed in the following section and further detailed
in Vavilov et al. (2022), the main limiting factor in the iden-
tification of such craters is the conservation of morphological
evidence attesting to a synchronous impact.

3. Criteria for identification of binary craters

The impact of binary asteroids on planetary surfaces may lead
to a wide diversity of craters morphology, mostly depending on
the size of the two impactors, their distance and mutual orien-
tation with respect to the surface at the moment of the impact,
and the physical characteristics of the target and the impactors
(e.g., composition, density; see Miljkovi¢ et al. 2013). Also, it is
important to note that without precise radiometric dating of sam-
ples representative of the formation time of two impact craters,
we can only assess the likely synchronicity of two impact events
on the basis of morphological observations (see e.g., the nonsyn-
chronicity of the Clearwater Lake impact structures evidenced
by Ar—Ar radiometric dating by Schmieder et al. 2015). Here, we
list the criteria we based our survey on to distinguish single from
likely binary craters.

As opposed to the craters on Mars, most craters on Vesta
and Ceres do not exhibit a continuous and thick ejecta blanket
(Liu et al. 2018; Robbins & Hynek 2012; Zeilnhofer & Barlow
2021b; Lagain et al. 2021b), because their surface composition
is significantly less hydrated and the atmospheric pressure is
inexistent (Costard 1989; Prettyman et al. 2012, 2017; Denevi
et al. 2012; Bland et al. 2016). This limits the identification
of synchronous impact craters that are far from one another,
where the ratio between separation and main crater diameter
is typically higher than one (Miljkovi¢ et al. 2013). Therefore,
the main morphological characteristic used in this study is the
presence of a straight and continuous contact between the two
craters (hereafter referred to as a septum), without any evidence
of a stratigraphic relationship (Vavilov et al. 2022). As a fur-
ther assessment of the synchronicity of two impact events, we
also accounted for the difference in the preservation state of the
impact structures for each potential pair. Specifically, we focused
on any difference between the depth/diameter ratio of each pair,
which indicates the relative age of an impact. When not reported
in crater databases, crater depth is estimated visually based on
the extent of the shade within the crater. Any significant differ-
ence in the age of the impacts constituting a pair of craters would
result in a significant difference in the depth/diameter ratio and
thus their preservation state (Stopar et al. 2017).

We also analyzed the surrounding terrains at a regional scale
in order to exclude possible secondary craters from another
(larger) impact. As these craters are formed at the same time
as the primary crater from the fallback of distal ejecta on
the surrounding surface, and locally increase the crater density
(Robbins & Hynek 2014; Lagain et al. 2021b,a), these struc-
tures can potentially share mutual characteristics with binary
craters (similar preservation state and presence of a septum
characterizing the contact between two craters). Thus, areas
in the immediate vicinity of larger craters showing abundant
secondaries are excluded from the survey.

A specific complexity arises in the case of Ceres, where
many craters do present polygonal rims (Zeilnhofer & Barlow
2021a). Polygonal-shaped craters on Ceres could be confused
with a pair joined by a septum. We thus scrutinize the close
vicinity of primary craters for the presence of other polygonal
craters and avoid adding them to our catalog.
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Fig. 1. Examples of binary craters identified on the surface of Ceres (top) and Vesta (bottom). The contact between all rim pairs is characterized by
a continuous septum without any visible stratigraphic relationship, as well as a similar preservation state, thus indicating a very likely synchronous
formation. We note that in the case of the pairs on Vesta presented here, an excess of ejecta material is visible in the direction of the septum, which

is expected in the case of a binary asteroid impact (Miljkovié et al. 2013).

The databases of binary craters we present in this study
respect all morphological criteria listed above (septum, similar
preservation state, not located in secondary crater fields, and not
exhibiting polygonal rims). As the criteria can exhibit more or
less marked morphological expressions, we assign a level of con-
fidence of each binary crater: very likely and likely (respectively,
score 2 and score 1 in Appendix A). Nevertheless, all values of
binary craters are considered in the statistical analyses, and this
distinction is simply presented in a comparative manner.

The location of some crater centroids on Ceres presents
an offset of between hundreds of meters and a few kilometers
between the database provided by Zeilnhofer & Barlow (2021b)
and the imagery dataset we used. Therefore, we remeasured the
diameter and location of all craters identified as binary on the
LAMO images using the ESRI ArcMap CraterTools package
(Kneissl et al. 2011). We performed these measurements by plac-
ing three points along the crater rim, following the method also
used by Liu et al. (2018) for Vesta. We then measured the dis-
tance and the orientation angle for all pairs of craters using the
updated centroid location.

We also computed the diameter ratio between the smaller and
larger crater, and the separation ratio as the distance between
craters normalized by the diameter of the larger crater. Finally,
we assigned a morphological class to each binary according to
the classification proposed by Miljkovié et al. (2013) based on
their diameter ratio and separation. This classification was also
used in a previous study that produced a survey of Martian binary
craters (Vavilov et al. 2022). The classes are mentioned here and
we refer the reader to Vavilov et al. (2022) for further details and
examples:

— Doublet: the two craters do not show any contact between
their rims, and the ejecta blanket morphology enables the
recognition of a potential doublet. An excess of ejecta mate-
rial perpendicular to the axis defined by the two crater
centroids is visible between the two ejecta blankets.

Background imagery: LAMO mosaic.

Peanut: the two craters are of approximately the same size,
and their rims are in contact (septum) but are sufficiently
separated to identify two distinct impact structures.
Overlapping: a small impact crater is close to the large binary
component and does not exhibit a circular morphology, sug-
gesting an overlap of material ejected from the main crater
onto the minor crater following the impact event.

Tear: a minor impact structure is very close to the larger
crater of the binary and there is no clear evidence of a
stratigraphic relationship.

Elliptical: the impact crater is elliptical and the main direc-
tion of its ejecta blanket is perpendicular to the major axis of
the crater cavity.

Circular: some impact conditions — typically with small
separation of both impactors and/or small diameter ratio —
do not theoretically allow the formation of a binary crater
(Miljkovi¢ et al. 2013). However, we mark circular structures
exhibiting a septum located on the central peak or a partially
circular structure on the rim as potential binary craters.

We note that a low confidence level and a low number of binary
craters falling in the three last categories are anticipated due to
the fact that the morphological evidence characterizing these
classes is more subtle. Some examples of the morphologies of
the binary craters on Ceres and Vesta are shown in Fig. 1 and
examples of morphologies not recognised as binary craters are
shown in Fig. 2.

4. Description of binary craters on Ceres and Vesta

We identified 39 binary craters on Ceres and 18 on Vesta (Fig. 3).
Among them, 17 and 5 binary craters were considered to be very
likely formed by a binary asteroid impact on Ceres and Vesta,
respectively (see Tables A.1 and A.2). The complete sample is
presented in Appendix A, which lists their longitude, latitude,
diameter, separation, orientation, confidence degree index, and
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176°W

Fig. 2. Example of craters on Ceres not recognized as binary. Clear stratigraphic relationships can be established in the case of craters presented in
panels a, b, d, and f; typically the rim in contact between the craters is not a septum but is characterized by a circular shape. In the case of panel c,
the imaging data present artifacts that preclude any conclusion regarding the synchronicity of the impacts. Panel e shows two craters with a septum
but their degradation state and depth/diameter ratio are significantly different, indicating a nonsynchronous impact.

simple crater
©  likely doublet
@  very likely doublet

Fig. 3. Location of the identified binary craters on (a) Ceres and (b)
Vesta. Simple craters from the crater databases (red dots) are distin-
guished from likely (blue circles) and very likely (green circles) binary
craters.

morphological class according to Miljkovi¢ et al. (2013). Fur-
thermore, we report the size of the impactor corresponding to
each crater, assuming C-type and S-type asteroids.
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As in the case of Mars (Vavilov et al. 2022), the spatial dis-
tribution of binary craters on both bodies does not present any
pattern beyond that of the whole crater population on the surface
(e.g., there is an heterogenous distribution of craters due to resur-
facing: on Vesta this is typically due to the impacts that created
the Venneneia and Rheasilvia bassins; Marchi et al. 2012).

Figure 4 shows the distribution of the diameter ratio of the
binary craters as a function of the separation between the two
components. The distribution of the diameter ratio and separa-
tion for known binary asteroids is also presented in a separate
panel. The difference between binary asteroids and binary craters
in terms of these parameter distributions is striking. However,
close-in binary (a/d, < 0.3) and/or small satellites (ds/d, < 0.4)
are not expected to be recognized as binary craters (Miljkovié
et al. 2013) and our survey is thus biased towards the recognition
of impacts formed by widely separated binary asteroids where
the two objects are of similar size.

The surface of Vesta is less hydrated than that of Ceres
(Prettyman et al. 2012, 2017); compared to Mars, the recognition
of widely separated craters is therefore much less straightforward
(Vavilov et al. 2022). This explains the limited range of separa-
tion detected on Vesta — as shown in Fig. 4 — and the overall
absence of doublet craters identified in the present study. The
separation-to-main-crater-diameter ratio on Mars goes up to 1.2
(Vavilov et al. 2022), while in this study only one binary crater
had a ratio barely higher than 1 (exactly 1.03).

We present the orientation of the binary craters in Fig. 5. The
orientation is defined as the angle between the equator and the
line connecting the center of the two craters. We find that the
orientation angles for both bodies cover mostly all angles and
do not show a trend or preferential orientation, similar to the
distribution of binary craters on Mars (Vavilov et al. 2022).
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Fig. 4. Comparison between the population of binary craters (top) asso-
ciated with the impact of binary asteroids, and the observed population
of binary asteroids (bottom). Top: distribution of the craters in terms of
the separation—size ratio space for Ceres (blue) and Vesta (red). Crosses
represent likely binary craters while the circles are the very likely binary
craters (see Sect. 3). Symbol size is indicative of the primary crater
diameter. We note that the absence of data in the left part of the graph
is a consequence of the limitation of our survey and likely does not
represent the absence of binary craters close to each other. Bottom:
distribution of binary asteroids in semimajor axis/size ratio space, color-
coded according to their orbital characteristics: MBAs in light blue,
MCAs in yellow, and NEAs in red. The morphological crater classi-
fication defined by Miljkovi¢ et al. (2013) is added in both plots as a
guideline.

Additionally, we estimate the diameter of the impactor that
might have formed each crater identified in our surveys for Ceres
and Vesta. The impactor size L is derived from the scaling laws
given in Collins et al. (2005):

1

Pi\’ ;078 044 —022 . !
— | L""v ™ g """ sin3(6), (1)

D, =1.161 (
Pt

where D is the diameter of the transient crater, p; and p; are
respectively the density of the impactor (either C- or S-type
impactors) and the target, v; is the impact velocity at the surface,
g the gravitational acceleration of the body, and 6 the impact
angle. The numerical values of these parameters are summarized
in Table 1.

The computed value of the diameter of the transient crater Dy
is then used to estimate the final crater diameter (Dy):

1.13

t .
Df _ 1.17 W’ lfD[ <DC, (2)
125D, ifD,> D, 3)

where D, is the transition diameter between simple and complex
craters (see Table 1).

The diameter of binary craters, Dp,, as measured on Ceres
from the imagery data and compared to the catalogs varies
between ~1.1 km and ~33.8 km, while on Vesta this diameter
ranges from ~0.9km to ~13.0km. The impactor diameter is
then obtained by inverting the diameter of each crater of the
survey. Our calculations suggest that identified binary impact
craters on Ceres were produced by binary asteroids with diame-
ters of between ~50m and ~5 km (see Table A.3), while craters
on Vesta were produced by binary asteroids ranging between
~50 m and ~1.2 km (see Table A.4). In comparison, Vavilov et al.
(2022) estimated that binary impact craters on Mars were pro-
duced by binary asteroids ranging between ~70 m and ~3.8 km.
Although there is a slightly wider range of binary impactor diam-
eters for Ceres than for both Mars and Vesta, the maximum
impactor size for Ceres is smaller than that for Mars, and these
three bodies sample a population of binary asteroids of similar
size.

5. Simulations of impacts

We simulated the impact of binary asteroids to compare the
geometry of the resulting impacts with the observed cratering
record. We only briefly summarize the approach here and refer
to Vavilov et al. (2022) for a detailed description.

We considered all asteroids with a minimal orbital intersec-
tion distance (MOID, Marsden 1993) with the orbits of Ceres and
Vesta of smaller than 0.05 AU. Asteroid orbits are taken from
JPL!. We assume that all these asteroids are binaries and that the
collision takes place at the MOID point, which is the location in
space where the orbits of the binary and Ceres or Vesta are the
closest to each other.

Following the current census of binary asteroids (Margot
et al. 2015), we assume here that the mutual orbit of each binary
asteroid system is circular and coplanar with its heliocentric orbit
(i.e., their obliquity is null). We consider 360 possible mutual
positions of the two components of the binary and project them
all onto the target plane (Kizner 1961). Then, we compute the
angle between the equator of the target body (Ceres or Vesta)
and the line connecting the two centers of the projectiles on this
plane. We use the spin-vector coordinates of Ceres and Vesta
listed in Table 1.

This approach is simplified and does not take into account
the gravitational focusing from Ceres and Vesta, their shape,
or the long-term evolution of their spin axis. Both Melosh &
Stansberry (1991) and Vavilov et al. (2022) showed that nei-
ther the separation nor the orientation of the binary system is
affected during an impacting trajectory to the Earth or Mars
by gravitational focusing. We performed a similar full dynami-
cal simulation on Ceres and Vesta. The difference between the
simplified and full-dynamics solutions is indeed negligible: it
does not exceed 1°, which is smaller than the accuracy of our
observations.

The obliquity of both Ceres and Vesta has evolved over time,
and excursions in the ranges of 2-20° and 21-45° have been
predicted for both asteroids (Vaillant et al. 2019). For Mars,
Vavilov et al. (2022) accounted for the changing obliquity by
summing different realizations of the simulations with different
obliquities, weighted by the time of residence in each spin state
(taken from Laskar et al. 2004). As the distribution of time of

' https://ssd.jpl.nasa.gov/tools/sbdb_query.html
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Fig. 5. Relative (top) and cumulative (bottom) distributions of the identified binary craters compared with the numerical simulations for Ceres (left,

blue) and Vesta (right, red).

Table 1. Physical parameters of Ceres, Vesta, and the impactors used in this study.

Body Parameter Symbol  Units Value Reference
Ceres Right Ascension of the spin axis 070 deg 291.42 + 0.01 Russell et al. (2016)
Declination of the spin axis oo deg 66.76 £ 0.02  Russell et al. (2016)
Mean radius R km 469.7 + 0.2 Russell et al. (2016)
Mean density P kgm™  2161.6 +2.5 Parket al. (2019)
Surface gravity g ms~2 0.27 Bland (2013)
Transition simple-to-complex craters D, km 10 Cheng & Klimcezak (2022)
Vesta Right ascension of the spin axis o deg 309.03 £ 0.01 Russell et al. (2012)
Declination of the spin axis oo deg 4223 +£0.01 Russell et al. (2012)
Mean radius R km 262.7 + 0.1 Russell et al. (2012)
Mean density P kgm™ 3456 + 35 Schenk et al. (2021)
Surface gravity g ms~? 0.22 Cheng & Klimezak (2022)
Transition simple-to-complex craters D, km 38 Vincent et al. (2014)
Impactor C-type impactor density pic kgm™ 1260 + 70 Chesley et al. (2014)
S-type impactor density Pis kgm™ 1950 £ 140  Kanamaru & Sasaki (2019)
Impactor angle 0 deg 45
Impactor speed v ms~! 4790 O’Brien & Sykes (2011)

residence is not available for Ceres or Vesta, we cannot simulate
it. However, the effect of a varying obliquity is qualitatively sim-
ple: it diminishes the contrast of the distribution of orientations
(Fig. 5).

6. Discussion

The deficit of binary craters corresponding to binary asteroids
with close-in small satellites (the bulk of the currently known
population) is due to the absence of morphological signatures
for impact synchronicity in such impact cases (Miljkovié et al.
2013). The separation/size ratio of the binary craters we have
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identified for Ceres and for Vesta (Fig. 4) is similar to that of
the binary craters on Mars (Vavilov et al. 2022), and is differ-
ent from the typical binary asteroid population (Margot et al.
2015). While the impact craters found by Vavilov et al. (2022)
on Mars are almost evenly distributed in the different morpho-
logical classes proposed by Miljkovi¢ et al. (2013), classes of
binary craters identified on both asteroids are limited, which is
mostly due to the lithological characteristics of their surfaces,
which prevent the formation of a thick and continuous ejecta
blanket.

Compared to the current census of binary asteroids observed
(MBAs, MCAs, and NEAs), which are mostly pairs of asteroids
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that have a small semi-major axis and are significantly differ-
ent in size, our proposed synchronous impact craters observed
on Ceres and Vesta (as also observed on Mars by Vavilov et al.
2022) suggest that they could have been formed by a population
of binary asteroids that have not yet been observed. Moreover,
the presence of morphological characteristics indicating syn-
chronous impacts suggests the relative freshness of this crater
population. Therefore, the binary asteroid population inferred
here corresponds to contemporaneous systems that are com-
parable to systems known and observed today, and does not
correspond to an ancient population, which is likely to have
disappeared.

The distribution of the orientations of the binary craters in
our catalogs is not anisotropic. We compare the orientation of
the binary crater with our numerical simulations in Fig. 5. We
performed a Kolmogorov-Smirnov test and found that for val-
ues of significance level a of between 0.01 and 0.2, the value
of Dypyisiic resulting from the test is always higher than this
critical value @, and consequently there is a significant differ-
ence between the simulations and the observations. Choosing a
smaller value of « is not an option as it could lead to a greater
number of type II errors. These results are also in agreement
with the findings of Vavilov et al. (2022) for binary craters on
planetary surfaces, which suggest they cannot be explained by a
population of binary asteroids with zero obliquity.

We compared our results with a previous study that also
explored the possible existence of binary craters on Ceres and
Vesta Wren & Fevig (2018, 2023). Although this latter study was
restricted to craters of 3 km in size or larger and to a smaller
area — covering an area of 430000 km? on Ceres (15%) and
25000 km? on Vesta (3%) near their equators —, the authors
identified some binary craters and found that 0.7% of impact
events on Ceres and 2.1% of impact events on Vesta were binary
impacts. In our global study, we find significantly fewer craters
formed by binary asteroids: 0.31% and 0.175% for Ceres and
Vesta, respectively. This discrepancy might be explained by a
difference of morphological interpretation: Wren & Fevig (2018,
2023) seem to have included degraded and ancient craters in
their binary crater catalogs for which morphological signatures
are more subtle, and might lead to errors. As opposed to Wren
& Fevig (2023), the aim of the present study is not to estimate
the portion of binary impacts on planetary bodies but rather their
size and orbital properties, and therefore these differences do not
influence our conclusions. We thus strived for purity at the cost
of the completeness of the present catalog.

As already discussed by Vavilov et al. (2022), there are
strong observational biases affecting the current census of binary
asteroids. While radar detections are not affected by the orienta-
tion of the binary asteroid mutual plane, they are strongly limited
in distance to the Earth, and hence in asteroid dynamical popu-
lation. Conversely, light curves can effectively detect satellites
around more distant populations, such as asteroids in the main
belt; however, the probability of detection dramatically drops
with increasing separation and obliquity of the systems (Vavilov
et al. 2022).

7. Conclusions

We extended the recent work of Vavilov et al. (2022) on Martian
binary craters to the asteroids Ceres and Vesta, targets of the
NASA DAWN mission. We find evidence for synchronous crater
formation related to the impact of 39 binary asteroids on Ceres,
and 18 on Vesta. The components of the binary asteroids respon-
sible for these impacts are nearly equal in size (diameter ratio

above 0.5) and typically more separated (4—10 primary diam-
eters), thus significantly differing from most known binary
asteroids (Margot et al. 2015).

The distribution of the orientation of these binary craters
on the surface appears isotropic, with no preferred direction, as
found on Mars. This is striking as the obliquity of the three tar-
gets is widely different, from only 4° for Ceres to above 25° for
Vesta and Mars. We compared this distribution of orientations
with numerical simulations of the impact of binary asteroids
whose mutual orbits are coplanar with their heliocentric orbits
(reproducing the nonisotropic distribution of known binary sys-
tems; Pravec et al. 2006). While the sample of binary craters
remains limited in size, we find a statistical mismatch between
the predicted orientation and those measured.

These binary craters suggest the existence of a population
of binary asteroids with properties in size ratio, mutual dis-
tance, and orientation that are different from those of the bulk
of currently known binary systems. Considering the biases of
the different techniques that allow the discovery of the satel-
lites of asteroids (see Vavilov et al. 2022), and the recent
discoveries of unexpected satellites (e.g., around Dinkinesh
and Arecibo, during Lucy flyby and using Gaia astrometry;
see Tanga et al. 2023), the current census of binary asteroid sys-
tems is likely biased. Additional observing efforts, using astrom-
etry or stellar occultations for instance, may reveal satellites that
have so far remained beyond the reach of direct imaging, light
curves, and radar echoes (e.g., Pravec & Scheirich 2012; Segev
et al. 2023).
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