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Abstract

When cometary dust particles are ejected from the surface they are accelerated because of the
surrounding gas flow from sublimating ices. As these particles travel millions of kilometres
from their origin into the solar system they produce the magnificent tails commonly associated
with comets. During their long journey the dust particles transition through different regimes of
changing dominant forces such as gas drag, cometary gravity, solar radiation pressure, and solar
gravity. The transition and link between the different regimes is to this day poorly understood.
There are two main reasons for this. Firstly, the problem covers a vast range in spatial and
temporal scales that need to be matched taking into account multiple transitions of the force
regime. Furthermore, observational data covering these large spatial and temporal scales for at
least one comet and thus characterising it in great detail has been lacking until recently.

For comet 67P /Churyumov-Gerasimenko (hereafter 67P) a small number of large scale struc-
tures in the outer dust coma and tail have been found from ground based observations. Con-
versely ESA’s Rosetta mission has shown many small scale structures defining the innermost
coma close to the nucleus surface. This disconnect between the observations on these different
scales has yet to be understood and explained.

Solving this problem thus requires an interdisciplinary approach. This ISSI team shall bring
together experts of the recent observational data from ground and in-situ of comet 67P as well
as theorists that are able to model the dynamical processes over these different scales. By doing
so we intend to answer some of the open questions that came out of the Rosetta mission and
the accompanying ground based observations. The understanding gained about 67P will also
be put in context by evaluating how it can be applied to furthering our knowledge of other

comets.

1 Scientific rationale

After dust particles have been ejected from the cometary surface their dynamics is governed
by a host of competing forces. The different forces act on various temporal and spatial scales

which define different regimes. These can roughly be characterised as follows:

e Inner coma: The total force acting on the dust particles is dominated by gas drag and

cometary gravity. This region extends from the surface to a few tens of km from it.



e Outer coma: The total force acting on the dust particles is dominated by solar radiation
pressure and cometary gravity. This region extends from a few tens to thousands of

kilometres from the surface.

e Dust tail: The total force acting on the dust particles is dominated by solar radiation
pressure and solar gravity. This region extends from thousands to millions of kilometres

from the surface.

For many centuries the observation and study of comets was restricted to ground based ob-
servations and thus only the outer coma and dust tail regimes were accessible. This changed
with the fly-bys at comet 1P/Halley by six spacecraft. In the order of farthest to closest fly-by
these were: from the USA (ICE), Japan (Sakigake & Suisei), Russia (Vega 1 & 2), and Europe
(Giotto). The success of the Giotto mission prompted the European Space Agency (ESA) to
pursue the Rosetta mission, launched in 2004 and escorting the comet for extensive observations
from 2014-2016. The Rosetta target comet 67P was discovered on September 11, 1969 and is a
short-period comet of the Jupiter family, with a current orbital period of 6.45 years.

Before the beginning of the Rosetta mission, comet 67P had been poorly studied despite
the fact that it was on the list of nine comets selected as candidates for the spacecraft missions
Stardust and Rosetta. There were very few observations of this comet in the 1982-83 and 1996-
97 apparitions. Intensive observations were carried out in 2002-03 with a host of telescopes
(HST, VLT, ...). The comet was found to be quite active around perihelion and the gas and
dust production rates were determined at different heliocentric distances by many researchers
(see Snodgrass et al., 2017, and references therein). Also multiple jet-like structures in the coma
and an extended tail were detected (Lara et al., 2005). Supporting the Rosetta mission a large
scale international campaign of ground-based observations of the comet was conducted covering

the full mission time.
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Figure 1: Panels a)-c) show intensity images of comet 67P on November 8, 2015: Panel a) shows
the direct image of the comet from BTA/SCORPIO-2; panel b) shows the relative isophots of
the cometary coma in logarithm intensity scale; and panel c) represents the processed intensity
image emphasising structures of the coma. The coma jets are labelled as J1, and J2. The
Arrows point in the direction to the Sun (®), North (N), East (E), and the velocity vector of
the comet in projection on the sky (V). Panel d) shows a stretched image of the near surface
inner dust coma brightness of comet 67P as observed by OSIRIS on-board Rosetta on November
22, 2014 at 4:59:09 UTC. Adapted from Fig. A.3. of Vincent et al. (2016a).



Preliminary results of the analysis of the direct images of comet 67P show, that the comet
displayed an extended coma (Fig. 1) with highly condensed material in the near-nucleus area
and a tail in the anti-solar direction. Two well-defined morphological features are revealed
which are seen in all of our images at approximately the same position angles during the whole
observational period. Similar jet-like structures with almost the same position angles were
observed during perihelion passage in 2002 (e.g. Weiler et al., 2004; Lara et al., 2005), in 2009
(e.g. Lara et al., 2015; Tozzi et al., 2011; Vincent et al., 2013), and during its last perihelion
in 2015 (Boehnhardt et al., 2016; Hadamcik et al., 2016). At the same time there were other
features, which changed from one apparition to the next.

The Rosetta mission has observed comet 67P in close proximity from August 2014 to Septem-
ber 2016. This period covered heliocentric distances of 3.5 AU inbound through to perihelion
at 1.2 AU and then to 3.8 AU outbound. During this time multiple instruments monitored
the dust and gas environment. In particular the scientific cameras OSIRIS (Keller et al., 2007)
provided more than 70,000 images of the surface and inner dust coma. Notably the shape of this
comet is very strongly non-spherical (Sierks et al., 2015; Preusker et al., 2017) and because of
the large tilt in rotation axis (Preusker et al., 2015) strong seasonal changes in the activity were
observed. A diverse morphology of the surface (Thomas et al., 2015; El-Maarry et al., 2015,
2016) and complex surface changes due to the activity (Fornasier et al., 2017; Hu et al., 2017)
have been observed. Extensive studies using state of the art 3D gas dynamics models have been
used to constrain the gas sources at the surface (e.g Bieler et al., 2015; Fougere et al., 2016;
Marschall et al., 2016; Zakharov et al., 2018). This enabled the study of the dust dynamics
(e.g. Marschall et al., 2017; Zakharov et al., 2018; Gerig et al., 2018) involved to reproduce
the structures observed by OSIRIS as seen in panel d) of Fig. 1. The fine structures observed
in the inner coma (Vincent et al., 2016a) stand in stark contrast to above discussed few large
scale structures observed from ground. Bridging this gap in our understanding poses important
questions.

We now know that the inner coma structures are highly influenced by the shape, topography
and morphology of the surface (e.g. Marschall et al., 2016; Shi et al., 2018). How do these factors
influence the structure of the outer coma and tail structure? Can we link the large scale tail
structures directly to the observed inner coma activity? How are the seasonal effects observed in
the inner coma reflected in the ground based observations? Are the frequent observed outbursts
seen by Rosetta (Vincent et al., 2016b) detectable from ground? Furthermore, to this date there
is no model (or set of models) that has been applied to all dust regimes to understand within
one framework the data of one comet throughout these regimes in a self consistent way. The
question as to how the result of the different regimes can be linked thus remains to be answered.
By finding answers to these questions we seek to open the door for understanding other comets

where we lack the high resolution in-situ data.

Therefore, the scientific objectives of the project are:

1. To make a parallel analysis of publicly available observational data from the Rosetta

mission and ground-based observations in order to find interconnections and correlations.

2. To use state of the art theoretical models to describe and link the 3D structure of the



inner coma (< 100 km) to the outer coma and tail structures observed from the Earth.

3. To compare theoretical and observational results in order to elucidate some of the open

questions recently revealed by Rosetta observations.

2 Program and Schedule

The work of this team shall be completed within the regular 18 months period of ISSI interna-
tional teams. We will use the two one week meetings for in depth discussion and on-site analysis
in addition to the work that will be completed at the respective institutes.

The two meetings are planned as follows:

e Meeting 1 (Q4/2019): Get all members from the different communities up to date on the
available data, analysis and models. Define multi-scale numerical model test cases that

can be analysed against the different data sets available

e Meeting 2 (Q3/2020): Analysis of the multi-scale model results and data analysis. Exam-

ination of the implications we have learned from comet 67P for other comets.

Between meetings we plan to have telecons to discuss the progress and if needed adjustments
to the planned work. The website set up with the help of ISSI will be used for keeping track of
the work. Further informal meetings can take place at major conferences where a substantial

number of team members will attend.

3 Expected output

We expect at least two papers coming from the group as a whole to be submitted to peer-

reviewed journals:

1. Paper on a comprehensive model from the surface to the tail where we examine how
different initial conditions such as the nucleus shape, topography, active areas, outbursts,

etc. are imprinted in the different regimes.

2. Paper on the understanding of the observed structures in the inner & outer coma and tail
of comet 67P and how they link to each other.

In addition we foresee two to three further papers where two of the three sub-groups (see
Sec. 5) collaborate. Moreover, we plan to propose a session for EPSC 2020 to promote, discuss,

and seek engagement of the results with the wider cometary community.

4 ISSI added value

ISSI not only provides for a central location within Europe to hold such meetings but in ad-
dition offers close proximity to the University of Bern and it’s strong Rosetta research groups
(Rosetta/ROSINA team of Kathrin Altwegg and Martin Rubin; Planetary Imaging Group of

Nicolas Thomas). This offers the opportunity to invite additional specialists to discuss specific



issues or to meet for informal talks at no additional cost to ISSI. Additionally, ISSI provides
with its international team format a vehicle for members of different communities to meet in
an interdisciplinary fashion. In our case this brings together experts from the Rosetta, ground
based and theorist communities which often remain rather separate. ISSI can thus facilitate
inter-community work in cometary science. Furthermore, ESA will suspend financial support
for the Rosetta program by September 2019. ISSI’s support for this team would thus create a
platform for this kind of work and exchange that would otherwise not exist.

We request the standard ISSI facility and financial support. We would also like to take advan-
tage of the 20% additional grant to invite two young scientists to join the team, one of whom

will be Rosita Kokotanekova as listed below.

5 Team description

Raphael

Marschall and Dr. Oleksandra Ivanova. With 46% female scientist and one third within nine

Our team is comprised of scientists from 7 countries and will be co-lead by Dr.

years of their Ph.D. the team has a good balance in gender and seniority. For six members this
will be the first ISSI team, which will also benefit ISSI with additional exposure in the cometary

community. The following team members (in alphabetical order) are confirmed:

Surname, Name Affiliation Country
Agarwal, Jessica Max Planck Institute for Solar System Research Germany
Fornasier, Sonia LESIA, University Paris Diderot France
Ivanova, Oleksandra* Astronomical Institute of Slovak Academy of Sciences Slovak Republic
Ivanovski, Stavro INAF, Osservatorio Astronomico di Trieste Italy
Kokotanekova, Rosital ~ European Southern Observatory Germany
Marschall, Raphael* Southwest Research Institute USA
Reshetnyk, Volodymyr Taras Shevchenko National University of Kyiv Ukraine
Shi, Xian Max Planck Institute for Solar System Research Germany
Skorov, Yuri Technische Universitat Braunschweig Germany
Snodgrass, Colin University of Edinburgh Scotland
Tubiana, Cecilia Max Planck Institute for Solar System Research Germany
Vincent, Jean-Baptiste German Aerospace Center (DLR) Germany

Zakharov, Vladimir

TAPS-INAF & Sorbonne Universites, CNRS

*team leaders; Tyoung scientist

Italy & France

The team consists of ground based observers (Ivanova, Kokotanekova, Snodgrass), Rosetta team
members covering morphology, surface and inner coma activity (Agarwal, Fornasier, Ivanovski,
Tubiana, Shi, Vincent) and theorists familiar with complex models (Ivanovski, Marschall,
Reshetnyk, Skorov, Zakharov). Many members are strongly involved within two out of the
three above mentioned sub-groups. The team thus covers all necessary areas of expertise and

is thus ideally positioned to address the problems described above.
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