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Abstract
Comets, thought to be amongst the most primordial of Solar System objects, are
distinguished by their activity, i.e. the insolation driven ejection of gas and dust from their
surfaces. The exact mechanisms of the outgassing and dust ejection remain an important
open question in planetary science, relating as it does to the structure, composition, and
thermophysical properties of the surface material. A directly observable effect of the activity,
however, is the resultant non-gravitational force and torque on the cometary nucleus, which
can alter its trajectory and rotation state. Understanding the effect of non-gravitational forces
on the dynamics of a particular comet therefore gives us a powerful tool to investigate its
activity and surface properties.

In this context, the detailed measurements made by ESA’s Rosetta mission at comet
67P/Churyumov-Gerasimenko provide a unique opportunity to discern a ground-truth for
models of both non-gravitational acceleration (NGA) and torque (NGT), and outgassing
activity. Rosetta collected data at 67P from 2014 to 2016, whilst spacecraft radio tracking
combined with optical navigation allowed the comet’s position to be measured with
unprecedented precision. Initially, the comet’s trajectory was reconstructed without taking the
NGA into account, resulting in discontinuities in the reconstruction and hampering the
extraction of the acceleration. Recent work, however, has improved the situation, and it is
now possible to extract time-varying curves of the outgassing induced NGA directly from the
trajectory. Alongside this, tracking of the nucleus orientation allows a measurement of the
outgassing induced torque, while Rosetta’s in-situ instruments have measured the total
outgassing rate itself. Together, these data provide significant constraints on both the
distribution of activity over 67P’s surface, and the activity mechanism itself. Various comet
thermal models are available in the literature, and these produce differing activity curves in
space and time that can be directly compared with the combined dataset. 67P, therefore,
provides a unique opportunity to constrain thermal-model parameters and near-surface
nucleus properties.

This ISSI team will bring together international experts in spacecraft trajectory analysis with
those in modelling and observations of cometary activity, in order to better understand the
non-gravitational forces present at 67P and their implications for its activity pattern. This
usage of the Rosetta data will result in the output of new scientific knowledge regarding
cometary activity in general, which will be relevant for the next generation of missions such
as Comet Interceptor.



Scientific Rationale
Comets are amongst the most primordial objects orbiting the Sun, having formed directly
from the protoplanetary disc and survived unaltered for much of their lifetimes in the outer
Solar System. They are therefore vital targets for our understanding of planet formation and
early Solar System history.

Upon entering the inner Solar System, comets are heated by the Sun and undergo activity;
i.e., the sublimation of volatile ices and the ejection of gas and dust with a resulting reaction
force on the nucleus. The physical mechanisms behind this activity are still not fully
understood. Open questions remain for example, in how the sublimating ices are distributed,
both macroscopically across the cometary surface, and microscopically, within or between
the cometary grains; as well as the related questions of exactly how the sublimation happens
from beneath a dust mantle, and how the outgassing can overcome intergrain strength and
cometary gravity in order to eject the dust. These questions relate to the structure,
composition, and thermophysical properties of the cometary material and therefore connect
directly to their formation in the early Solar System. Whether comets, and by extension
planets, formed from the gravitational collapse of clouds of ~centimetre-sized pebbles (as
evidenced in Blum et al. 2017) or by continual collisional growth (Davidsson et al. 2016) has
direct implications for the structure and strength (Bischoff et al. 2019) of the near surface
material that controls outgassing (Gundlach et al. 2020; Fulle et al. 2019).

In addition to observing the ejected gas and dust, measuring the reaction force’s effects in
changing comets’ trajectories and rotation states provides a useful insight into the activity.
Simple non-gravitational acceleration (NGA) models, such as those by Marsden et al. 1973
and Yoemans and Chodas 1989, are often used to fit cometary orbits to ground-based
observations, but these provide little insight into the physics of the activity. More complex
models (following from Sekanina 1993) relate the observed NGAs to the outgassing via a
thermal model and some distribution of ices or active areas across the nucleus surface. If
independent measurements of this distribution and/or the outgassing rate can be made, then
physical inferences may be drawn. A number of studies (Davidsson and Gutiérrez, 2005;
Sosa and Fernandez, 2009; Maquet et al., 2012) have combined ground-based
measurements of outgassing and NGAs to better predict the orbits of comets and to infer
their masses, densities, and surface activity patterns.

At comet 67P/Churyumov-Gerasimenko our understanding of cometary outgassing can be
put to the test, and more detailed deductions about the nucleus structure and properties can
be made, thanks to Rosetta. ESA’s Rosetta spacecraft measured 67P with in-situ and
remote sensing instruments between 2014 and 2016, whilst radio-tracking combined with
optical navigation allowed the comet’s position to be measured with unprecedented
precision. The total outgassing rate and an idea of how it varies across the surface has been
constrained by various investigations, such as Hansen et al. 2016, Marshall et al. 2016,
2017, Läuter et al. 2019, 2020; whilst we now understand the importance of seasonal
changes in insolation and dust cover across the comet’s surface (Keller et al. 2017). As
summarised in Mottola et al. 2020, various attempts have been made to fit 67P’s
non-gravitational trajectory (Kramer et al. 2019, Davidsson et al. 2021), rotation state
(Kramer and Läuter 2019), and both in combination with outgassing (Attree et al. 2019).



Several of these efforts have produced a ‘map’ of relative activity over 67P’s surface which
can be compared to one-another, while tentative progress has been made in linking the
NGA-derived activity with surface morphology (Attree et al. 2020, Attree et al. 2021).
Parameters derived from these efforts are highly dependent on the thermal model used to
describe the outgassing, however, and these thermal models are complicated and
incomplete in their description of the surface material.

There is thus an excellent opportunity to synthesise the results of these various analyses to
come to a conclusive view of 67P’s activity distribution, while, at the same time, constraining
the thermal model parameters.

The first stage of the project will be to simply compare the non-gravitational accelerations
extracted from the comet’s trajectory by various methods. The initial ESA-ESOC orbit
solution for 67P was reconstructed (from radio-ranging data to the spacecraft combined with
optical navigation of the comet-spacecraft position) without taking NGAs into account,
leaving large discontinuities of up to several hundred kilometres in heliocentric position
(Attree et al. 2019). A recent reanalysis of Rosetta’s radiometric data, combined with
ground-based astrometric observations (Farnocchia et al. 2020) shows that a smooth
trajectory reconstruction can be achieved using a simple rotating jet model (Chesley et al.
2004). An independent reconstruction has also been undertaken by Lasagni Manghi et al.
2022, which makes use of the whole set of range and ΔDOR measurements collected during
the Rosetta mission. These complementary efforts, along with an earlier effort by Kramer et
al. 2019, explicitly extract non-gravitational forces, in the form of time-varying NGA curves.
These can then be directly compared to each other and with the accelerations produced by
Marsden- and rotating jet-style models, in order to assess the ground-truth of their
usefulness and accuracy in predicting comet positions (Kramer and Läuter, 2021).

The NGAs as a function of time will then be compared with the outputs of more physical
thermal models (e.g. Keller et al. 2015; Attree et al. 2019, Fulle et al. 2019) and inferences
made about the distribution of active areas. It is here that the combination of acceleration
data with rotation changes will be vital in breaking the degeneracy that otherwise exists
when reconstructing the spatial activity distribution (Marschall et al. 2020). Non-gravitational
torques are very sensitive to the exact position of the outgassing on the irregularly shaped
nucleus, meaning areas of relatively high and low activity can be identified. Relative activity
maps, or variations in thermal parameters, will be compared to nucleus surface morphology,
as well as with the maps derived from other Rosetta datasets. At the same time, the overall
outgassing is constrained by the NGA and gas measurements, meaning a simultaneous fit of
the various unknown parameters appearing in the above thermal models can be attempted.
Several thermal models will be run so that different parameters such as dust depth, grain
sizes (Blum et al 2017, Gundlach et al 2020), gas diffusivity, and gas-nucleus coupling
(Davidsson et al. 2021) can be constrained, and the overall fit of each can be assessed.

Finally, the implications for comet material properties and formation models will be discussed
and interpreted by the team. At this stage, it will be vital for the experts in trajectory analysis
and cometary thermal modelling to be in close contact to enable full interaction of the various
models and interpretation of the results; hence the added value of an ISSI collaboration.



As an additional input, the results of laboratory experiments could also be integrated.
Several of the team members are participants in the CoPhyLab comet physics laboratory
project, also based at the TU Braunschweig, and collaboration here could provide additional
constraints on the thermal models. In particular, CoPhyLab experiments in the `large’
chamber will be conducted throughout 2022 and should help calibrate quantities such as the
sublimation rate and gas diffusivity in real materials as analogues of cometary pebbles.

This project will address longstanding questions in cometary activity relating to volatile
distribution and material properties, as well as drawing together all the evidence on a
specific Rosetta question: where is comet 67P active? Fully understanding 67P’s
non-gravitational trajectory and rotation will, alongside other Rosetta measurements, allow
us to constrain some of the many unknown parameters in cometary activity and NGA
models. The quantities derived can then be applied to other comets, observed from the
ground or by future missions such as Comet Interceptor. With the complete Rosetta dataset
archived and processed, it is timely to reassess the trajectory and rotation data in
comparison with the other measurements and to place the entire mission in context.
Leveraging the NGAs will allow new knowledge of cometary activity to be uncovered, which
should result in the publication of several papers.

Team Members
The international team consists of experts in several fields (spacecraft trajectory
reconstruction/radio-ranging analysis, comet thermophysical modelling and imaging), a
range of geographic locations (nine institutions, five countries; all ESA member states), and
career stages, and a reasonable gender balance (particularly among the early career
scientists to be confirmed). Several participants were Rosetta instrument team members
and, in addition, the project will be in contact with other comet scientists through the
CoPhyLab project, as well as external experts including Michael Küppers (ESAC) and Björn
Davidsson (JPL).

Nicholas Attree TU Braunschweig. Germany n.attree@tu-braunschweig.de

Doro Bischoff (Early Career) TU Braunschweig. Germany d.bischoff@tu-braunschweig.de

Johanna Bürger (EC) TU Braunschweig. Germany j.buerger@tu-braunschweig.de

Riccardo Lasagni Manghi (EC) Università di Bologna. Italy riccardo.lasagni@unibo.it

Paolo Tortora Università di Bologna. Italy paolo.tortora@unibo.it

Marco Zannoni Università di Bologna. Italy m.zannoni@unibo.it

Pedro Gutierrez Inst. Astro. Andalucía. Spain pedroj@iaa.es

Laurent Jorda LAM. France laurent.jorda@lam.fr
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Germany
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d'Azur, France
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Jessica Argawal TU Braunschweig. Germany j.agarwal@tu-braunschweig.de

Tobias Kramer Johannes Kepler University
Linz, Austria

tobias.kramer@jku.at

Matthias Läuter Zuse Institute Berlin, Germany laeuter@zib.de

Proposed Schedule
We propose to use the two week-long meetings of the full team in Bern: in late 2022 and
mid-to-late 2023. The schedule will have to remain somewhat flexible to take account of the
ongoing pandemic situation. Both meetings will be hybrid to allow for remote attendance.

In principle, the first meeting will bring the team together and discuss the output of various
trajectory models, including the new Bologna model that should be published by then. We
will then begin analysing the solutions in terms of surface activity, and discuss how to
proceed with more physical models. The second meeting will summarise the results of these
analyses, discussing the implications for cometary science in general, as well as the
progress of the papers to be published. Teleconferences will be used in-between to maintain
good communication between team members.

ISSI Added Value
We request the standard ISSI facilities and financial support, plus 2-3 early career
researchers to be added, depending on funding, availability, and timing.

ISSI will be vital in providing a venue for the collaboration between team members who are
otherwise geographically spread. Trajectory analysis and activity modelling work is ongoing
in several groups, but would be significantly enhanced in an ISSI team by physically bringing
the group together for in-depth discussions and analysis.

Expected Outputs
At least two papers should be published: one comparing the various activity maps and
accelerations extracted from 67P’s trajectory, including a comparison with ground-based
models; and a second on modelling activity constrained by the NGAs. This second part will
approach the problem in different ways; i.e. with different thermal models and the possibility
of embedding a thermal model in the trajectory fit, and may be split into several papers.

In addition to the published papers, the new, smooth 67P trajectory will be made available
for the community in the form of SPICE kernels covering the period between July 2014 and
September 2016, corresponding to Rosetta’s proximity phase.
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