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Abstract

The processes leading to the formation of planetary systems leave behind a significant mass
of small bodies orbiting at large heliocentric distance, up to 35 Earth masses depending on
the models (Tsiganis et al., 2005), observed around 20% of Sun-like stars. It is established
that those bodies play an important role in the migration of gas giants away from their
stars and may be necessary for life to develop on the smaller planets. Yet, the conditions
within these primitive populations are not well understood, especially their collisional en-
vironment.

In the last decade, space missions have brought fascinating new data which challenge
our concepts of impacts in the Early Solar System. The mission Rosetta at comet 67P,
for instance, has revealed a complex cometary world where collisions, from small to catas-
trophic, played a significant role. Recent work suggests that the topography of cometary
nuclei and potential layering are shaped by processes which are primarily ancient. On a
larger scale, dynamical simulations argue that objects like the Jupiter Family Comets may
have been totally disrupted by catastrophic collisions. While models show that the high
porosity and volatile content of cometary nuclei would survive such impacts, it is not clear
whether the deeper structural features like layers can be preserved. From the same data
set, different authors (Blum, Davidsson, Morbidelli, Rickman) come to different conclu-
sions with respect to collisions in the early outer planetary system. Furthermore, different
modeling approaches (de Niem, Jutzi, Schwartz) lead to distinct results.

The concept of this working group is to bring together for the first time European
experts on collisions and cometary morphology. Over the last few years, modelers have
developed new numerical simulations which are now able to properly treat cometary-like
material. In parallel, thanks to Rosetta mission, small bodies morphologists have a much
better understanding of the type of landform that can exist on comets, and measurements
of the material physical properties. By combining our expertise, we aim to assess the role
of impacts in the formation and evolution of comets, as well as properly benchmarking and
comparing the different modeling approaches. This work will lead to a new understanding
of impact processes in the Solar System history and provide very strong constraints on the
formation and evolution of objects at large heliocentric distance, with applications beyond
our own System.

1 Scientific rationale and goals of the project

The last decade has seen major shifts of paradigm in our understanding of Solar System
formation and evolution, in particular regarding the role of small celestial bodies such as
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comets and asteroids. While these objects appear now as minor components of our Sys-
tem, it was not always like that. The prevalent theory regarding the early phase of planet
formation in our System postulates that small bodies represented the third component in
mass in the planetary disk after Jupiter and Saturn (Morbidelli et al., 2008). It is now
widely accepted that the presence of such a massive debris disk beyond the current orbit of
Neptune is partly responsible for the migration of the giant planets and cataclysmic events
in the early Solar System. This led to the delivery of a significant amount of material to
the Inner planets, now found in water and organic material on Earth. For instance, recent
results from ESA’s Rosetta mission show that up to 20% of the xenon in our atmosphere
may have a cometary origin (Marty et al., 2017). Such populations of small bodies are not
limited to our System. In addition to direct imaging by the Hubble Space Telescope for
about 10 stars, infra-red observations by IRAS also suggest that 15%-20% of main sequence
stars in our galaxy are surrounded by a massive disk of planetesimals (Trilling et al., 2007).

Yet, despite their ubiquitous presence in planetary systems, and their fundamental role
in our early history, small bodies remain poorly understood. Their formation and evolu-
tion mechanisms are heavily debated in the planetary community. Planetesimal formation
models depend strongly on the actual effects of impacts in the Kuiper Belt, currently
under-constrained. The Nice model (Morbidelli, 2008) and more recent work (Rickman
et al., 2015) postulate that comets would have been destroyed by early collisions and what
we observe now are re-accreted fragments from that phase. While the high collisional rate
seems compatible with recent observations (e.g. New Horizons at Pluto), the occurence of
events leading to disruption is not confirmed.

Some numerical modeling has been done to try to address this problem. In 2013,
Vincent et al (PSS) published a review paper summarizing everything we knew about
impacts on cometary material in the current Solar System (Vincent et al., 2015a). In
this work we also proposed new scaling laws and a numerical model based on the iSALE
shock physics code (Amsden et al., 1980; Collins et al., 2004; Wünnemann et al., 2006) to
describe better high velocity impacts of asteroid-type objects on cometary material. Our
results have been confirmed by the space missions Deep Impact and Rosetta. However, our
model was limited to the current Solar System, and we realize now that the impact rate in
the primitive belt could have been quite different than assumed by previous models, and
could have modified comets significantly. In 2012, [Campo Bagatin and Benavidez, 2012]
studied the collisional evolution of the trans-neptunian region as constrained by current
observational surveys [(Petit et. al., CFEPS, 2011)] and dynamical evolution models.

In the last few years, De Niem et al (DLR Berlin) have developed a completely new
numerical model (specifically aiming) at simulating collisions of porous planetesimals in
their primitive environment. The model (de Niem et al., 2018) has been tested against
laboratory experiments and scaling laws and is now ready to be applied to in-situ data
sets.

M. Jutzi and collaborators have published two articles (Jutzi & Benz, 2017; Jutzi et al.,
2017) investigating the effects of collisions on the bi-lobed structure of comets, which is
a rather common morphology. They conclude that an object like 67P could have been
formed by a later collision in the last 1GY.

This year, Schwartz et al. (2018) have shown that it is possible to disrupt and reaccrete
a comet through a catastrophic disruption, while preserving its high porosity and volatile
content, a question often raised against this hypothesis. Similarly, Campo Bagatin et al.
(2018) and colleagues showed that the process of reaccumulation following collisions (shat-
tering or on pre-shattered bodies) can explain macroporosity estimated for asteroids and
comets, as well most of their shapes.
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All these models convincingly show that the disruption of a comet progenitor would
leave behind fragments which may reaccrete into a body sharing some of the properties
observed on comets. Yet, it is not clear what would happen in case of repeated impacts
(probability not negligible in the higher-mass models of the primitive disk). In addition,
the growing evidence that comets are layered (Massironi et al., 2015; Penasa et al., 2017)
would suggest that simulations of impacts would need to take the presence of layers into
account.

On small scale, recent work by Vincent et al. (2017) on the erosional evolution of Jupiter
Family Comets strongly suggests that the morphology we observe now is strongly shaped
by primitive events while the comet was evolving in its source region, which modified
the topography long before the nucleus entered the Inner Solar System. For instance, it
may very well be that the large pits discovered on 67P (Vincent et al., 2015b) are linked
to primitive impacts. If this is correct, it would modify our understanding of the first
hundreds of millions years of the Solar System, as these impacts could imply a denser
environment, hence a large mass in the Kuiper belt. In turn, this would have consequences
on the migration of the giant planets and the early transport of material in our system.
Beyond the early work presented above, no further attempt has yet been made to model
how the structure and composition of comets are affected by small impacts leaving traces
in the 100 m scale on the nucleus surface.

Our ISSI team will investigate these collisions at all scales, and report on what they
mean for the structural and chemical evolution of comets. If we show that small impacts
created the early topography, we will finally have a measure of the early population density
in the Kuiper Belt, a crucial parameter for models of the Solar System. On the other hand,
if we show that comets have been fully destroyed by impacts, as suggested by Rickman
et al. (2015), our model will lead to a better description of the inner structure of these
objects, potentially answering the homogeneous vs heterogeneous interior debate.

Additionally, by modeling the heat transfer upon impacts with our codes, and taking
into account the chemical layering of comets suggested by the Rosetta mission (several
papers from ROSINA, OSIRIS, VIRTIS instruments), we will be able to assess whether
significant chemical evolution could have taken place in that phase. For instance an early
conversion of amorphous ice to crystalline ice, if triggered by impacts, could lead to a
greatly different shape for the craters due to additional heat released by phase transition.
This will affect the scaling laws relating crater size to projectile diameter, and therefore
can completely challenge our assumptions on the early belt population derived from crater
analysis.

By modeling collisions like those comets may have experienced in the primi-

tive Outer Solar System, and reconstructing the history of these objects we will

set new constraints on the early dynamics at large heliocentric distances. This

is fundamental to reconstruct the environment before and during planetary

migrations.

2 Program and Schedule

We plan to organize our work within the full 18 months period allocated by ISSI. Most
of the numerical work will be carried on at our respective institutes, but team meetings
are fundamental to agree on a common set of parameters to be used by each model,
and carefully compare the outcome of our numerical experiments with the morphological
evidence from Rosetta and other mission and for discussion and interpretation of results.

A tentative schedule would be as follows:
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• Meeting 1, late 2018: review of the current team knowledge on cometary morphology,
status of the various numerical codes, decision on a few benchmarking tests.

• Meeting 2, summer 2019: results of the benchmarking, progress update on morpho-
logical analysis, set up of real case scenarios for the various types of impacts a comet
may have experienced, first layout of the papers.

• Meeting 3, late 2019: finalization of our results, and associated publications.

Communication within the team in between our meetings will be organized via monthly
teleconferences organized by the team Coordinator. A website will be set up in collabora-
tion with ISSI to share publicly the results of our team. We will also host a private section
where the team presentations and work in progress will be available to all members for the
duration of the project.

In addition to the ISSI meetings, we will have informal gatherings at upcoming confer-
ences to discuss the current project. As many of us are attending the 9th "Catastrophic
Disruption" workshop in Kobe, Japan, this May, we will use the opportunity to discuss
the availability of young scientists who could be associated to the team.

3 Output from the ISSI team

Beyond the final report to be provided to ISSI, our baseline is to work in parallel on at
least three main manuscripts, to be submitted to peer-reviewed journals.

• Review paper "Craters on comets II" led by JB. Vincent addressing the many changes
in our concepts of cometary cratering since the first review published in 2013. This
will lead to drawing new conclusions on formation theories, from the constraints
brought by Rosetta and so far not discussed consistently.

• Paper on "Layers and cratering" led by L. Penasa, on the relation between the
apparent layering of Jupiter Family Comets and ancient impacts. What happens
when layered objects collide ? Can layer be explained by low-velocity impacts (Belton
et al., 2007).

• A "Benchmarking" paper coordinated by P. Michel comparing the output of all
models for one or more well defined cases of impact-like features on comets. This is
a more technical paper, but very important for the community.

4 ISSI added value

Due to its strong reputation in promoting excellent space science, and a central location
in Europe, we believe ISSI Bern is a natural partner for our project. Moreover, Bern is
known worldwide for impact studies, as some of the pioneers of impact modeling applied
to Solar System objects have a position in Bern. Most of the team members have worked
or are already working with ISSI and colleagues in Bern, and we know that the support
provided by ISSI is exactly what we need for our group to succeed. Your logistic help will
enable members of 5 different ESA member states to engage in direct exchange of ideas
and expertise over a particularly important topic. This will speed up considerably our
scientific progress.

It is understood that team members are individually funded by their home institutions
for the whole duration of the project. We do request the standard ISSI funding support
for the living expenses while in Bern, and the team coordinator travel support. As for
facilities, we request the usual meeting equipment: a room with internet access, projector,
a white board.
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5 Team description and responsibilities

The team comprises 10 scientists from 5 different countries, with multidisciplinary exper-
tise on the topics described above. Half of the team is younger than 40 years old, yet
everyone has many publications on the topics relevant to this project.

Jean-Baptiste Vincent DLR Institute for Planetary Research Germany
Paula Benavidez University of Alicante Spain
Adriano Campo-Bagatin University of Alicante Spain
Martin Jutzi University of Bern Switzerland
Ekkehard Kuehrt DLR Institute for Planetary Research Germany
Patrick Michel Laboratoire Lagrange - OCA Nice France
Detlef de Niem DLR Institute for Planetary Research Germany
Nilda Oklay DLR Institute for Planetary Research Germany
Luca Penasa University of Padova Italy
Kai Wünnemann Naturkunde Museum Berlin Germany

Note: In addition to this core team, A. Morbidelli (OCA, France) and B. Davidsson (JPL,
USA), experts in dynamics, offered to provide some advice and help us discuss the impli-
cations of our work on their models of the Early Solar System.

The team brings together experts in cometary morphology, impacts and catastrophic
disruptions of small bodies, formation and evolution of the Solar System. Most team
members have a multidisciplinary background particularly relevant to the project.

Our group is also conceived as a bridge between the Rosetta and impact modeling
communities. For political reasons beyond our control, the modelers did not have access
to the high resolution imaging data during the active phase of the mission and therefore
could not get the full picture of cometary morphology and surface evolution. Likewise,
the same issues forced Rosetta scientists to draw conclusions without being able to test all
hypotheses with state-of-the art numerical models.

At the time of submitting this proposal, the proprietary period has ended and all the
relevant Rosetta data needed for our analysis is publicly available. In addition, JB. Vincent,
E. Kuehrt, N. Oklay, and L. Penasa are Co-Investigators on several Rosetta instruments,
most notably the OSIRIS cameras, and have a full understanding of the different types of
data. The Rosetta Co-Is and associates will provide not only images of potential impact-
related morphologies, but also their expertise and current models on cometary morphology,
evolution, and material properties. We also have access to compositional data from the
ROSINA instrument, and will use them to address how impacts may have affected the
distribution of volatile species in the nucleus.

This data will serve as input parameters to the modelers in our team. Only very few
attempts have been made to model impacts on comets, due to the poor knowledge of the
material properties, especially the various strength parameters and the equation of state.
While uncertainties remain as to what comets are really made of, our knowledge has sig-
nificantly improved and the Rosetta data provide the perfect opportunity to compare the
outcome of vastly different numerical models. This ISSI group will involve experts and
lead developers of the most advanced impact codes available worldwide: pkdgrav particle
code (P. Benavidez, A. Campo-Bagatin), iSALE hydrocode (N. Oklay, K. Wünnemann),
Bern-smooth particle hydrodynamics code (M. Jutzi), and Berlin-hydrocode (D. de Niem).

All together, this team is very well suited to address the challenging scien-

tific issue of collisions at large heliocentric distances in the Early Solar system.
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NAME, First Name: VINCENT, Jean-Baptiste

Ailiati:i:  German Aerospace Center (DLR), Institute of Planetary Research

R:le ii the pr:ject: Team leader, cometary morphology, theoretical models of activity and surface 
evolution of small bodies surface, impact modeling with scaling laws.
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• Post-doctoral researcher at DLR Berlin, Germany.
• Co-Investigator on the OSIRIS cameras (ESA’s Rosetta mission).
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