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ABSTRACT

Context. The detection of a large crater (2 km in diameter) on Steins, a diamond-shape asteroid with a diameter of only about 4.6 km,
was a large surprise given the size of the asteroid itself. Steins belongs to the rare class of E-type asteroids, which had not been
observed by any spacecraft before the Rosetta mission of the European Space Agency (ESA) in 2008.

Aims. We demonstrate that this large crater places constraints on both the internal structure of Steins and its age based on crater
counting.

Methods. Numerical simulations of impacts were performed to reproduce the large crater, assuming four different initial internal
structures of the asteroid: monolithic with or without microporosity, and rubble pile with or without microporosity.

Results. To reproduce this crater, Steins must be either a rubble pile, which also contains microporosity, or a monolithic body with or
without microporosity. The lack of porosity in meteorite analogues favors a structure without microporosity, which, according to our
results, must have been monolothic. Moreover, the asteroid would be transformed into a rubble pile structure as a result of the crater
formation, allowing it to be reshaped in its current shape by the YORP spin-up thermal effect.

Conclusions. A combination of modeling and observations of surface features can thus serve as a probe of the internal structure of a
small body and constrains its age estimate. Since the surface was totally refreshed when the large crater was formed, crater counting

on Steins indicates the time that has passed since this impact event occurred.
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1. Introduction

E-type asteroids are found mostly in the inner part of the main
asteroid belt located between Mars and Jupiter. It is believed
that they originate in the mantle of larger asteroids that were
destroyed in the early history of the Solar System and are un-
derstood to consist mainly of silicate minerals with little or no
iron content (Gaffey et al. 1992). At its closest approach, the
space probe Rosetta flew by the E-type asteroid Steins at a rela-
tive speed of 8.6 km s and a distance of about 800 km. The first
images from Rosetta’s OSIRIS imaging system and VIRTIS in-
frared spectrometer, derived from raw data on September 6th,
2008, provided spectacular results (Keller et al. 2009). In the
images, several small craters on the asteroid were clearly visible
in addition to one large crater 2 km in diameter very close to
the rotational pole of the object. Compared to the asteroid size
(of about 4.6 km), this is very large and contrains the impact re-
sponse of the body and its internal structure. Based on standard
knowledge, this large crater is not expected to exist on a body so
small. There is a size limit to the crater that a body can sustain,
which depends on the impact response of the body and hence its
internal structure (Michel et al. 2003).

Porous bodies have been proposed to survive high impact
energy events and therefore host larger craters on their surfaces
than non-porous ones (Housen & Holsapple 2003). This idea is
consistent with images from the NEAR probe (NASA) of the
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52 km-size asteroid Mathilde, which detected five craters larger
than 20 km on its surface. Because of the low estimated bulk
density of this asteroid, a large fraction of its porosity was as-
sumed to be present within (Yeomans et al. 1997). Impact exper-
iments on a laboratory scale were then performed to characterize
the impact response of porous material and showed that this ma-
terial can undergo compaction caused by the crushing of pores
during impacts, which can explain that they survive larger crater-
forming events (Housen & Holsapple 2003). However, extrapo-
lating laboratory-scale experiments to large-scale events such as
those on a kilometre-size asteroid is subject to large uncertain-
ties.

We included a model of fragmentation of porous materials
(Jutzi et al. 2008) in our 3D numerical hydrodynamical code
based on the Smooth Particle Hydrodynamics (SPH) technique
(Benz 1990; Monaghan 1992), which already contained a model
of fragmentation of non-porous materials (Benz & Asphaug
1994). This new model was then tested in the laboratory by
comparing with impact experiments on pumice targets (Jutzi
et al. 2009). In this case, porosity is defined as the presence
of pores whose size is smaller than both the thickness of the
shock front and the numerical resolution. As demonstrated by
experiments, these pores may be the origin of energy dissipa-
tion caused by compaction during impacts. We use our newly
developed code to study whether this porosity can explain the
large craters observed on some asteroids. Because little is known
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Table 1. Internal structures and material properties used in the simula-

tions.
Simulation Structure Microporosity ~ Strength
1 Monolithic 25% low
2 Monolithic 25% high
3 Monolithic 0% high
4 Rubble-pile 25% low
5 Rubble-pile 25% high
6 Rubble-pile 0% high

Targets with a rubble-pile structure have a fraction of macroscopic voids
of 15%. See Table 2 for definitions of low and high tensile strengths.

about the asteroid Steins, apart from its spectral properties and
images of its surface, it is difficult to estimate its internal struc-
ture and potential porosity. Information about its bulk density at
least would be required to infer its porosity by comparing with
the density of meteorite analogues. However, since the asteroid
was too small, no results were obtained from the Rosetta’s Radio
Science Experiment and we are therefore left with the few but
amazing images obtained during this fly-by. Fortunately, as we
demonstrate in this paper, we can obtain some constraints on
the true internal structure of Steins from the presence of a large
crater and our ability to estimate the impact response of a small
body based on assuming different kinds of internal structure. The
spectral type of Steins is among the least understood so far in
terms of physical properties.

2. Models of Steins’ internal structure

As a representation of Steins, we used an ellipsoidal shape
whose dimensions had already been estimated by ground-based
observations (Lamy et al. 2008). Although Steins has a diamond-
like shape, we believe that this difference does not play a signif-
icant role in the problem we investigate, i.e., the high size ra-
tio of the crater to the whole body. Moreover, the present shape
of Steins resembles that produced by spin-up due to the ther-
mal YORP (Yarkovsky-O’Keefe-Radzievskii-Paddack) effect on
gravitational aggregates or rubble piles (Walsh et al. 2008), and
this spin-up reshaping may well have occurred after the crater
was formed. An additional advantage of this scenario is that a
large crater can modify the value of the inertia tensor and on
a long term, while spinning up, the rotation will adhere to the
mode of rotation about the shortest axis (called short-axis mode,
or SAM) of the inertia tensor (Vokrouhlicky, private communi-
cation). Therefore, a crater formed at any given latitude on the
surface is likely to become centered on this rotation axis, as ob-
served for Steins, and to conserve its original shape because of
its large size. This would also explain the otherwise very un-
likely event of an impact occurring almost exactly along the ro-
tation pole of the body given the average impact geometries ex-
pected between asteroids (Bottke et al. 1994).

We searched for internal structures and impact conditions
that allow us to form the large crater observed on Steins. The
different internal structures used to perform the 3D SPH sim-
ulations are indicated in Table 1. Both monolithic and rubble-
pile (macroporous) structures were considered, either with or
without microporosity (see Fig. 1). The material parameters
are those that allowed us to verify our numerical code by
confrontation with laboratory experiments, i.e., basalt for non-
microporous bodies and pumice for microporous ones. The
combination of either non-microporous, microporous and/or
rubble-pile like structures in addition to low and high strength
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Table 2. Definitions of low and high tensile strengths. (See text for de-
tails).

Tensile strength ~ m k or(3cm)
(cm®)  (dynes/cm?)

low 95 8x107 =~3.5x107

high 95 3x10%® =~35x10%

Fig. 1. 2D slices of the 3D Steins models showing their initial shape and
structure. The internal structure is ether monolithic (/eft) or rubble pile
(right) as defined in Table 1.

microporous material leads to six different targets (note that in
the following, the term porous will be related to microporosity,
unless stated otherwise). The rubble-pile structure is introduced
by generating pre-shattered targets (as introduced by Michel
et al. (2003)) and by removing the damaged particles between
the intact blocks, producing large voids (we assume a 15% void
fraction). The amount of microporosity, when present, was fixed
at 25%. While dark type asteroids are often assumed to have a
high fraction of porosity (>40%) based on measured bulk den-
sities and comparison with carbonaceous chondrites (their me-
teorite anologues; Barucci et al. (2008)), bright type asteroids
are expected to contain a smaller fraction of porosity (in partic-
ular microporosity), and this is particularly the case of E-type
asteroids, even if no bulk density has yet been measured for
any of them. However these bodies are generally supposed to
be evolved, and their meteorite analogues to be enstatite achon-
drites (Britt & Consolmagno 2000), which do not consist of
porous material. Therefore, while searching for internal struc-
tures that would permit the formation of a large crater, we tried
to remain as close as possible to the common belief that E-type
bodies do not contain a large fraction of microporosity. If we find
that the amount of porosity we consider is enough to produce the
observed large crater, then increasing the porosity would make
it easier, and therefore searching for the minimum amount re-
quired seemed a reasonable strategy. Regarding the assumed ten-
sile strength, which is also unknown, we assumed both a low and
a high value, as defined in Table 2. According to our fracture
model, the tensile strength of a body depends on the parame-
ters of the initial flaw distribution and is also volume dependent.
This distribution, called a Weibull distribution, implies that the
average tensile strength is given by o ~ (kV)~!/", where V is
the volume of the body, and m and k are the Weibull parameters.
As areference, we indicate the approximate tensile strength of a
3-cm target, o7 (3 cm).

Figure 1 shows the two kinds of bodies that were considered.
The number of SPH particles used is 5 x 10° for the monolithic
targets and 4.25 x 10° for the rubble-pile ones. Their bulk density
is assumed to be 2 g/cm’.
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Fig. 2. Degree of damage (in gray scale) at 200 s from the time of
impact. Dark-gray areas are damaged, while light-gray ones remain
undamaged. The internal structure is monolithic (leff) or rubble-pile
(right). Top: microporous (25%), low strength; middle: microporous
(25%), high strength; bottom: non-porous, high strength (see Table 2
for definitions of low and high strengths).

3. Results

All simulations started with a 180 meter-size non-porous (basalt)
spherical projectile impacting head on at a speed of 5 kms™!,
which corresponds to the average impact speed between aster-
oids in the main belt (Bottke et al. 1994). The simulations were
stopped after 200 s from the time of impact in all cases consid-
ered. Consequently, the shape of the crater (and the entire body)
does not necessarily correspond to the final shape. After 200 s,
fragments that do not escape may still have significant veloc-
ities. Hence, these fragments will move some distance before
being reaccumulated by the body. This could potentially lead to
a significant late-time change of shape. However, by looking at
the shape of the body using velocity cut-offs significantly lower
than the escape velocity, we concluded that reaccumulation is
unlikely to alter dramatically the overall shape of the body.
Figure 2 shows the amount of damage and shape of the body
at the end of the simulations. In Fig. 3, the fraction of escap-
ing particles is indicated, and Fig. 4 shows a three-dimensional
view of the targets where the escaping particles have been re-
moved. We find that the bodies containing microporosity (mono-
lithic or rubble pile) are able to survive this event and allow the
formation of a crater with a size comparable to the observed one.
Then, perhaps in contrast to expectations, we also found that this
large crater can be formed using a non-porous monolithic body,
while we found no solution with a non-porous rubble-pile. We
also considered an impact angle of 45 degrees and a monolithic,

Fig. 3. Same as Fig. 2 but the escaping particles (light-gray) and bound
ones (dark-gray) are shown. To compute the fraction of the material
that escapes, the iterative method based on energy balance introduced
by Benz & Asphaug (1999) was used.

microporous structure. We found that this oblique impact leads
to a slightly asymmetric crater but that otherwise the outcome
is comparable to that of a head-on impact (in the target with the
same material properties).

Thus, according to these simulations, which deserve a more
extensive investigation over a much larger parameter space, it is
not as difficult as one expects to produce a crater of this size
on such a small body. However, there are wide variations in
both the formation mechanism of the crater and the remaining
body’s properties for different assumed internal structures and
strengths of the material. In the targets containing microporos-
ity, the crater is formed by compaction of the porous material.
For a non-porous monolithic body, the particular form of the ve-
locity field generated by the impact leads to a crater-like feature
(after removal of the escaping material). In this case, the crater
is therefore solely formed by ejection of material.

In all cases considered, the final body is damaged consid-
erably by the impact and will probably become a rubble-pile.
We also find that the monolithic body conserves its original
shape, apart from the new crater, and loses surface particles ev-
erywhere, like an onion after its first layer is removed. This is
because the shock propagates coherently throughout the whole
body therefore affecting it all. After the impact, the entire sur-
face of the body would then be covered with freshly exposed
material and appear spectrally homogeneous. This appears to be
consistent with spectral observations performed by the OSIRIS
camera on Rosetta, which are indicative of spectral homogene-
ity across Steins’ surface (Kueppers et al. 2009). However, for

Page 3 of 4


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/200913549&pdf_id=2
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/200913549&pdf_id=3

A&A 509, L2 (2010)

Fig. 4. 3D views of the targets after 200 s. The escaping particles (light-
gray particles of Fig. 3) were removed. Red colour indicates fully dam-
aged material, while white represents intact material. Internal structures
and material properties are the same as in Figs. 2 and 3. As a result
of the impact, all targets are at least partially damaged and originally
monolithic ones are transformed into rubble-piles.

E-type materials, space weathering is poorly understood and it is
unclear whether it would significantly affect the spectral proper-
ties of the exposed material as it does for other taxonomic types,
such as S-types (Vernazza et al. 2009). Therefore, one cannot
firmly conclude, based on this homogeneity, that the whole sur-
face has been space weathered for the same amount of time,
which would be the case in a scenario that starts from a non-
porous monolithic structure. In contrast, in a porous/rubble pile
body, ejection occurs only on the sides of the crater because of
higher shock attenuation, which produces a different final shape,
and also, old surface materials that survive. Even if the observed
homogeneity is not used as a constraint, since after all meteorite
analogues of E-class asteroids suggest that this class does not
contain microporous bodies, we conclude that its original struc-
ture is most likely to have been a nonporous monolithic before
Steins’ large crater formed. In all cases, Steins’ shape can be ex-
plained by YORP spin-up. The original monolithic non-porous
structure of Steins is fully damaged by the impact that formed
the crater (see Fig. 2). As a result, the asteroid is transformed
into a rubble pile, which is necessary for YORP spin-up to pro-
duce the current shape (Walsh et al. 2008).

4. Implications

These results have several implications. The average collisional
lifetime of a main belt asteroid of Steins’ size is about 2.2. Gyr
(Marchi et al. 2006), and therefore one may conclude that
Steins is a fragment of a larger catastrophically disrupted body.
Numerical simulations of catastrophic disruptions designed
to reproduce S-class asteroid family properties indicate that most
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fragments larger than a few kilometres in size are produced by
the reaccumulation of smaller ones, and are consequently rubble
piles (Benz & Asphaug 1999; Michel et al. 2001). Our results
suggest that Steins may have been monolithic when the impact
at the origin of the crater occurred and thus indicate that E-type
differentiated parent bodies may break up to allow intact frag-
ments as large as Steins to be generated. The second implication
is that the event that formed the crater produced a great amount
of damage within the asteroid and it is probable that all craters
present on the surface would have been erased by this event, ei-
ther directly or because of strong seismic shaking. The craters
observed in the images provided by Rosetta must therefore have
been produced after. This has significant implications for Steins’
age estimate. Our results imply that on the sole basis of craters,
the estimated age will correspond only to the date at which the
impact event that generated the large crater took place. This is
an interesting result because if YORP spin-up produced the final
shape of Steins after the impact event, as our results suggest, then
one can estimate the YORP efficiency (timescale) that would al-
low Steins to assume this shape.

5. Conclusion

Numerical simulations can thus be used as probes of the inter-
nal structure of small bodies when only images are available,
although additional measurements such as high precision spec-
tral data, bulk density by means of radio science experiments,
and/or comparison with meteorite analogues can allow a more
robust discrimination between likely models. We can then hope
that future space missions will allow us to continue improving
our characterization of the internal properties of asteroids, espe-
cially those whose spectral type is poorly understood.
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