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Université Toulouse III - Paul Sabatier (UT3), France
Kiruna 2017

Disclaimer
This project has been funded with support from the European Commission. This publication (communication) reflects the views only of
the author, and the Commission cannot be held responsible for any use
which may be made of the information contained therein.

Contents
1 Introduction

1

2 Comet 67P/CG

3

3 The Rosetta Mission
1 Overview . . . . . . . . . . . . . . . .
2 Ion Composition Analyzer (RPC-ICA)
3 Flux Gate Magnetometer (RPC-MAG)
4 COmetary Pressure Sensor (COPS) . .

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

4 Time variability of the RPC-ICA time-energy spectrogram: exploration of different effects
1 The RPC-ICA time-energy spectrogram . . . . . . . . .
2 Field-of-view limitations - Instrumental and spacecraft attitude effect . . . . . . . . . . . . . . . . . . . . . . . . .
2.1 Method . . . . . . . . . . . . . . . . . . . . . . . .
2.2 Results . . . . . . . . . . . . . . . . . . . . . . . .
3 Magnetic Field Strength - Physical effect . . . . . . . . .
3.1 Observations . . . . . . . . . . . . . . . . . . . . .
3.2 Discussion . . . . . . . . . . . . . . . . . . . . . .
4 Neutral particles number density - Physical effect . . . .
4.1 Observations . . . . . . . . . . . . . . . . . . . . .
4.2 Discussion . . . . . . . . . . . . . . . . . . . . . .
5 Cometary ion dynamics observed in the close vicinity
of comet 67P/CG
1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . .
2 The expanding ion dynamics on the close day side . . . .
2.1 Observations . . . . . . . . . . . . . . . . . . . . .
2.2 Discussion . . . . . . . . . . . . . . . . . . . . . .
ii

.
.
.
.

6
6
8
10
10

12
. 12
.
.
.
.
.
.
.
.
.

14
14
15
20
20
22
23
23
23

.
.
.
.

25
25
26
26
26

6 Future research
1 Instrumental / technical research . . . . . . . . . . . . . .
1.1 Better estimation of energy and elevation information for the low energy ions. . . . . . . . . . . . . .
2 Scientific research . . . . . . . . . . . . . . . . . . . . . . .
2.1 Magnetic field strength effect on the cometary ions.
2.2 Neutral atmosphere effect on the cometary ions. . .
2.3 Cometary dynamics at different comet activity levels and different places within the coma. . . . . . . .

28
28

7 Conclusion

30

A An article in preparation: Cometary ion dynamics observed in the close vicinity of comet 67P/CG
Low-to-medium activity period

31

Bibliography

40

28
28
28
28
29

List of Figures
2.1 (a) A picture of the nucleus captured by Rosetta on 21
March 2015. [ESA/Rosetta/NAVCAM CC BY-SA IGO
3.0], (b) 67P/CG and its long dust tail, taken from Earth
on 9th November 2015 by Damian Peach. Unfortunately
the ion tail of comet 67P/CG has never been imaged. . . .
3.1 Model of the Rosetta spacecraft with the lander Philae
and its payload.[copyright ESA/ATG medialab] . . . . .
3.2 Model cross-section of RPC-ICA. . . . . . . . . . . . . .
3.3 (a) Schematics showing the position of ICA on the spacecraft and the numbering of the azimuth sectors, taken
from [14], (b) Numbering of the azimuth sectors and elevation steps in reference to the spacecraft. . . . . . . . .
3.4 Image of RPC-MAG taken from [9]. . . . . . . . . . . .
iii

.
.

4
7
9

. 9
. 11

4.1 A time-energy matrix (spectrogram) produced from observations made on 17th January 2015. The marked signals
at high energies are of solar origin, while at low energies
we can well separate between the two ion populations: expanding and convecting. . . . . . . . . . . . . . . . . . .
4.2 Mass-energy matrix showing the positive ions detected
during 17th January 2015 . . . . . . . . . . . . . . . . .
4.3 A FOV plot showing one full scan (192 s) taken at 6:4:52
on 17 January 2015. Ion species are shown with different
colours: solar wind protons - red, solar wind alpha particles - green, expanding cometary ions - light blue, and
convecting cometary ions - dark blue. For each of them, a
cross marks the calculated bulk direction. The grey areas
show the field-of-view limitations: the obstruction due to
the spacecraft body and the solar array, and not sampled
elevation angles below -45◦ and above 45◦ . . . . . . . . .
4.4 Field-of-view: light grey area shows ICA’s elevation limitation and dark grey shows the shadow from the spacecraft. Expected position of the signal from the solar wind
protons and accelerated water ions are marked with the
red and blue cross, respectively. . . . . . . . . . . . . . .
4.5 The rotation of the RPC-ICA’s FOV in the CSE frame for
a typical, terminator plane orbit of the Rosetta spacecraft.
The expected ion flow directions of the solar wind protons
(red cross) and convecting ions (blue cross) is fixed in
the CSE frame. The coloured angular segments mark the
parts of the orbit when the detection of certain species is
limited: for the convecting ions - blue, solar wind protons
- red, and both - purple. . . . . . . . . . . . . . . . . . .
4.6 The time-energy spectrogram taken on 19 January 2015.
The direction of the estimated convective electric field is
plotted with a red line. The time periods when this angle
is within the limited detection angular segments (see Figure 4.5), are marked with red for the solar wind protons,
blue for the convecting ions, and purple for both. . . . .

iv

. 13
. 14

. 16

. 17

. 18

. 19

4.7 The time-energy spectrogram from 23rd January 2015.
The orange line shows the strength of the magnetic field’s
perpendicular component measured by RPC-MAG. . . . . 20
4.8 Comparison of the two cometary ion parameters with the
perpendicular magnetic field strength (orange), measured
by RPC-MAG on-board Rosetta spacecraft: (upper) the
number of detected convecting ions (dark blue), and expanding ions (light blue), (lower) the highest energy of the
convecting ions. . . . . . . . . . . . . . . . . . . . . . . . . 21
4.9 The neural particle density measured by ROSINA-COPS
(blue line) plotted over the time-energy spectrogram obtained by RPC-ICA on 10 January 2015. . . . . . . . . . 24
5.1 Bulk velocities of the expanding ions observed from 20 to
27 March 2015, when the instrument was probing the near
day-side coma. . . . . . . . . . . . . . . . . . . . . . . . . 26

v

Chapter 1
Introduction
The interaction between a cometary atmosphere and the solar wind differs from the
situation around any other type of body in our solar system. The comet atmosphere
is highly variable, loaded with dust and once heating and outgassing starts is not
bound by gravity. The in-situ measurements of the intricate interaction between
this special atmosphere and the solar wind were fist conducted in 1985 when the
International Cometary Explorer (ICE) probe (launched as ISEE-3) flew by comet
21P/Giacobini-Zinner, with a closest approach of about 7800 km. The following year,
five other probes explored comet 1P/Halley, of which the most equipped was ESA’s
mission Giotto that reached the closest distance of 596 km from the comet. The
latest cometary probe, the European Rosetta mission, started its survey of comet
67P/Churyumov-Gerasimenko (67P/CG) in 2014. In contrast with all the previous
fly-by type missions, Rosetta spent more than two years in orbit around the comet’s
nucleus, providing the opportunity to study the evolution of the coma and its interaction with the solar wind, from its almost-lowest to its highest activity. This
investigation was performed by the Rosetta Plasma Consortium (RPC) instrument
package, and in the following chapters we mainly present and explain the data obtained with the Ion Composition Analyser (RPC-ICA) instrument.
Sections 2 and 3 provide some background informations about the targeted comet
and the Rosetta mission. In section 4, some of the main aspects of the time variability
of the data are explained as a combination of instrumental and environmental effects.
Thanks to this better understanding of the measurements, the 5th section discusses
the cometary ion dynamics.
Attached as Appendix 1 is an article in preparation with the title Cometary ion
dynamics observed in the close vicinity of comet 67P/CG, where we describe and
1

interpret the dynamics of the cometary ion flow, at a low-to-medium activity comet,
very close to the nucleus and in the terminator plane.

2

Chapter 2
Comet 67P/CG
A small, short-period comet was discovered approaching the Sun in 1969, identified
as 67P and named after its discoverers, Churyumov and Gerasimenko (67P/CG).
It belongs to the so-called Jupiter Family comets, which are believed to originate
from the Kuiper belt, a region just outside the orbit of Neptune filled with small
icy objects. From there, 67P/CG, as many other bodies, was ejected towards the
inner solar system as a consequence of gravitational scattering , and was on its way
captured by Jupiter. Through many orbits, the gravitational interactions with the
giant planet decreased the comet’s perihelion, ending up in 2015 just 1.2 AU from
the Sun. [8]
67P/CG mostly consists of ices and carbon rich material, providing its pitchblack appearance. It measures 4.34 km in diameter and consists of a bigger and
smaller lobe, connected with a neck (see Figure 2.1a). On its 6.45 year long journey
around the Sun, it reaches the highest distance of 5.68 AU and spins around its
own axis every ∼12 hours. More basic cometary parameters are gathered in Table
2.1.[http://sci.esa.int/rosetta/14615-comet-67p/]
The solar radiation increases as the comet approaches the Sun, at some point
providing enough heat for the sublimation of volatiles embedded in the surface of
the nucleus. This sublimated material together with the dust starts to form a large
and thin, partially ionised atmosphere, referred to as the coma. The dust and the
ionised atmosphere are forming the cometary tail, consisting of at least two streams.
The dust (that can be seen leaving the nucleus as jet-like structures in Figure 2.1a)
is ejected away from the nucleus and then follows the cometary orbit, forming a
curved structure, called the dust tail. The partially ionised gas, a plasma, interacts
with the solar wind. This interaction is dominated by the upstream solar wind flow,
rather than the cometary movement and results in a straight ion tail aligned with the
Sun-comet direction.
3

Comet 67P/Churyumov-Gerasimenko
Size of nucleus
4.34 km × 2.60 km × 2.12 km
Small lobe
2.50 km × 2.14 km × 1.64 km
4.10 km × 3.52 km × 1.63 km
Large lobe
Mass
1013 kg
Volume
18.7 km3
Density
533 kg/m3
Rotation period
12.40 hours (June 2014)
12.06 hours (September 2016)
Spin axis
Right ascension: 69 degrees
Declination: 64 degrees
Orbital period
6.45 years
Perihelion distance from Sun 1.243 AU
Aphelion distance from Sun
5.68 AU
Orbital eccentricity
0.640
Orbital inclination
7.04 degrees
Water vapour production rate 300 g/s (June 2014)
300 kg/s (August 2015);
300 g/s (August 2016)
Surface temperature
-93 C to 53 C
Subsurface temperature
-243 C to -113 C (August 2014)
Table 2.1

(b)

(a)

Figure 2.1: (a) A picture of the nucleus captured by Rosetta on 21 March 2015.
[ESA/Rosetta/NAVCAM CC BY-SA IGO 3.0], (b) 67P/CG and its long dust tail,
taken from Earth on 9th November 2015 by Damian Peach. Unfortunately the ion
tail of comet 67P/CG has never been imaged.
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An important mechanism expected to take place in the ionised cometary environment is the so-called mass-loading [18]. In a plasma mixture composed of the
tenuous cometary ionosphere and the ambient solar wind, the almost static new-born
cometary ions get picked-up by the fast solar wind. The mass-loading mechanism
is addressed in more detail in Appendix 1, and was previously observed at comet
67P/CG and studied by [4], [2], [15], and [13]. The solar wind moves fast away
from the Sun and carries with it the frozen-in magnetic field. The Lorentz force
on protons upstream of the interaction is balanced with the solar wind electric field
~ + ~v × B)
~ = 0). As soon as the solar wind reaches the first cometary ions,
(F~ = q(E
the Lorentz force acting upon each species does not equal 0. The cometary ions get
accelerated in the direction perpendicular to the solar wind flow and the frozen-in
magnetic field accordingly with the Equation 2 in Appendix 1. At the same time the
solar wind gets deflected in the opposite direction.

5

Chapter 3
The Rosetta Mission
1

Overview

The Rosetta mission was approved in 1993 by the Science Programme Committee of
the European Space Agency (ESA) and was originally targeting comet 46P/Wirtanen.
Only after its launch got delayed due to a previous Ariane rocket failure, scientists
agreed on a new target, comet 67P/CG. At last the Rosetta spacecraft was launched
by an Ariane-5 G+ launch vehicle on 2nd March 2004.
Its 10 year journey to the comet was made possible by four gravity assists: three
with Earth and one with Mars. After the second Earth swing-by, the spacecraft
crossed the main asteroid belt for the first time, where it flew by the asteroid 2867
Steins at the distance of 1700 km. Another flyby of the asteroid 21 Lutetia followed
during the next crossing of the asteroid belt after the last gravity assist. Then Rosetta
was put to hibernation mode for almost three years during which it reached its largest
distance to the Sun of more than 5 AU. Returning toward the inner solar system, the
spacecraft was woken up from hibernation in January, and met the comet in August
2014 at the distance of 3.6 AU to the Sun.
The goal of the Rosetta mission was to characterise the comet, determine its dynamic properties, measure the composition of the surface of the nucleus as well as
the chemical and physical properties of the volatiles and refractories in the cometary
nucleus, study the processes in the nucleus’ surface layers and inner coma region,
and study the evolution of the interaction between the coma and the solar wind. To
fulfil the task, Rosetta’s payload consisted of 12 scientific instruments and instrument
groups on-board the orbiter and 10 on the lander Philae (see Figure 3.1). The instruments on the Rosetta orbiter included several remote sensing instruments that
worked at different wave-lengths visual, infrared, ultraviolet, microwave, and radio as
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well is in situ sampling instruments sampling dust, gas, plasma and magnetic fields.
[8]

Figure 3.1: Model of the Rosetta spacecraft with the lander Philae and its payload.[copyright ESA/ATG medialab]
The in-situ investigations of the cometary plasma environment have been executed by the Rosetta Plasma Consortium (RPC) instrument package, including the
Langmuir Probes (RPC-LAP), the Ion and Electron Sensor (RPC-IES), the Flux
Gate Magnetometer (RPC-MAG), the Ion Composition Analyser (RPC-ICA), the
Mutual Impedance Probe (RPC-MIP), and the Plasma Interface Unit (RPC-PIU).
In the following sections we use the data from the RPC-ICA instrument, together
with the data from RPC-MAG. Since the ionised coma is linked to the neutral coma
we also use data from the COmetary Pressure Sensor (COPS), part of the ROSINA –
Neutral Gas Mass Spectrometer on Rosetta – instrument package, providing neutral
particle densities.
The Rosetta mission has been successful and very unique, as it was the first
mission inserted in a cometary orbit, escorting the nucleus through almost a third of
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its orbital period, including the perihelion. The spacecraft was also the first to run
entirely on solar power in the farther reaches of the Solar System. The mission was
completed in September 2016 with the disposal of the spacecraft on the cometary
surface at a distance of 3.8 AU from the Sun.

2

Ion Composition Analyzer (RPC-ICA)

The Ion Composition Analyzer (RPC-ICA) is a particle instrument, part of the
Rosetta Plasma Consortium instrument package on-board the Rosetta mission, designed to characterise positive ion distribution functions in the proximity of comet
67P/CG [14]. The instrument therefore provides us with direction and energy-percharge of particles, and is able to separate them by mass.
RPC-ICA has a field-of-view with an angular coverage of 360◦ ×90◦ (azimuth x
elevation). The azimuth angle is measured by 16 azimuth sector anodes with an
angular resolution of 22.5◦ . The elevation information is obtained by an electrostatic
acceptance angle filter, consisting of two conductive plates at the entrance of the
instrument (see Figure 3.2). By setting the two plates to different potentials, the
instrument limits the acceptance elevation angle to one value. An angular sweep
from -45◦ to 45◦ is obtained in 16 elevation steps. The position of the instrument on
the spacecraft and the numbering of the azimuth sector anodes and elevation steps is
shown in Figures 3.3a and 3.3b.
Behind the electrostatic acceptance angle filter stands a toroidal electrostatic analyser (ESA), filtering the energy-per-charge of the ions (see Figure 3.2). It consists
of two toroidal high voltage plates separated by a gap, in which an electric field is
formed allowing only particles with a specific energy to pass through. The energy
range from a few eV to 40 keV is sampled with 96 exponentially spaced energy steps.
Following is a cylindrical assembly of permanent magnets, creating a magnetic
field that bends the trajectories of the incoming particles according to their mass-percharge. The degree of deflection is identified by 32 concentric anode rings positioned
at the end of the ion optics, referred to as mass anodes.
The azimuth angle of the incoming positive ions and their mass-per-charge are
measured simultaneously, whereas the elevation angle and the energy-per-charge are
measured in sweeps. One sweep through the 96 energy steps takes 12 s, and is done
for each of the 16 elevation steps, corresponding to a full scan duration of 192 s [14].
As mentioned above, the instrument is able to characterise ions with energies above
a few eV, however there are some constraints in the determination and the resolution
8
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Figure 3.2: Model cross-section of RPC-ICA.
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Figure 3.3: (a) Schematics showing the position of ICA on the spacecraft and the
numbering of the azimuth sectors, taken from [14], (b) Numbering of the azimuth
sectors and elevation steps in reference to the spacecraft.
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of the parameters measured for ions with energies in range of a few tens of eV. Firstly,
RPC-ICA has an unknown energy offset, that varies with the instrument temperature.
Secondly, the spacecraft charging has a great influence on the velocity and trajectories
of the low energy ions. Spacecraft potential has been studied by [Odelstad et al,
2017] and was through the majority of the mission negative, accelerating positive
ions towards the probe’s surface, into the instrument. And thirdly, the electrostatic
acceptance angle filter is not able to filter the elevation direction as accurately for
the low energy particles, resulting in decreased elevation resolution for energies below
100 eV.

3

Flux Gate Magnetometer (RPC-MAG)

The RPC-MAG magnetic field experiment is a triaxial fluxgate magnetometer with
two identical sensors mounted on a 1.5 m long boom. It was designed to measure the
evolution of the magnetic field in the interaction region, where the solar wind meets
the cometary ionised atmosphere.
Two sensors are required to account for the complex contribution of the spacecraft
magnetic field to the total field. One is located on the end of the spacecraft boom,
and the other one is fixed 15 cm closer to the spacecraft, on the same boom. Each
consists of a double-ring ferromagnetic core made from a soft magnetic material that
is periodically driven to saturation by a drive coil. The frequency of the drive coil is
12.5 kHz. The presence of the ambient magnetic field reflects as a second harmonic
in the magnetized field within the instrument, and is detected by three pick-up coils.
They form a triaxial Helmholtz coil system with the double-ring core in its centre.
Each sensor measures only 25×25×25 mm3 and weighs 28 g (see Figure 3.4) [9].

4

COmetary Pressure Sensor (COPS)

The COPS instrument has been monitoring the gas dynamics in the vicinity of comet
67P/CG. It consists of two ionisation gauges. One gauge is a nude hot filament
extractor measuring the total particle density. The second one is a closed ionisation
gauge with its opening facing the comet, and measuring the molecular flow from the
comet. Together with the known position of the spacecraft relative to the comet, the
velocity and the density of the cometary neutral atmosphere can be calculated [20].

10

Figure 3.4: Image of RPC-MAG taken from [9].
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Chapter 4
Time variability of the RPC-ICA
time-energy spectrogram:
exploration of different effects
1

The RPC-ICA time-energy spectrogram

Data provided from RPC-ICA are matrices containing the information about the
number of detections (counts), given in five dimensions corresponding to the time
of measurement, the azimuth angle, the elevation angle, the energy-per-charge, and
the mass-per-charge of the positive ions. One of the common representations of these
data is a time-energy matrix, with an example given in Figure 4.1, showing the energy
of the ions over time. The colour represents the number of counts in each pixel. The
time-energy matrix already allows us to separate between different ion species. The
three most energetic signals are of solar origin: protons, alpha particles, and singly
charged helium ions, that result from charge exchange between solar wind ions and
cometary neutral particles. At lower energies we observe cometary ions, that can be by
their appearance separated in two populations which we have termed the convecting
and the expanding ions (see Appendix 1). The motion of the convecting is influenced
by the solar wind electric field while the expanding population appear to emanate
radially from the nucleus in the terminator plane.
The time-energy spectrogram in Figure 4.1 was obtained during the mission’s
inbound leg on 17th January 2015 at a low-to-medium comet activity. At this time,
the coma was dense enough for us to observe the consequences of the solar wind
interaction, like the solar wind deflection from the comet-Sun line [2], but not dense
enough to prevent the solar wind from permeating it, as happens later on around
perihelion, when the spacecraft is within the solar wind cavity [3].
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Figure 4.1: A time-energy matrix (spectrogram) produced from observations made
on 17th January 2015. The marked signals at high energies are of solar origin, while
at low energies we can well separate between the two ion populations: expanding and
convecting.
The ”hairy” appearance of the spectrogram with the gaps between the signals
is due to the instrument either being turned off or having issues with data coding/decoding.
Each solar wind species has a different behaviour. The solar wind protons vary in
their energy and rapidly disappear and reappear from one measurement to another.
The alpha particles appear more constant in energy and rarely completely disappear,
and the singly charged helium is visible from time to time indicating relatively high
coma density.
The more energetic of the cometary ions, the convecting ions, are strongly fluctuating in energy and density. Their energy spans from approximately 50 to 150 eV.
We can, similarly to the solar wind, observe rapid disappearance and reappearance
of the convecting population.
On the other hand, the expanding population is very consistent through time.
For the majority of the mission it is the densest of all the species observed by RPCICA. It is observed in the energy range where the instrument abilities are limited and
therefore needs to be considered very carefully.
In the following sections, we explain some of the observed distinctive features of
the energy-time matrix as a combination of instrumental and physical elements.
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2

Field-of-view limitations - Instrumental and spacecraft attitude effect

2.1

Method

The representation of the data with the time-energy matrix is useful for determining
positive ions’ behaviour in time. Even though we can already recognise the ion species
by their energy-per-charge, there is another parameter revealing their identity: the
mass-per-charge. Therefore a mass-energy matrix presented in Figure 4.2 is used for
more thorough species identification.

103
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Counts

Energy bins

He+

Convecting
ions
100

20

Expanding ions
0

0

5

10

15

20

Mass anode rings

25

30

Figure 4.2: Mass-energy matrix showing the positive ions detected during 17th January 2015 .
The mass anodes are numbered from the innermost mass anode outwards, starting
with 0 and ending with 31. Thus, heavier ions that are deflected less in the instrument’s magnetic field end up on the mass anodes with lower numbers, and lighter
ions on the mass anodes with higher numbers. Mass anodes 0, 24, 25, 28, 29, 30, and
31 are non-operational, or ”dead”, showing 0 counts in the plot.
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Species selections are marked with coloured squares in Figure 4.2. The lightest
ions detected are protons with the mass-per-charge ratio 1×u/e, where u is the unified
atomic mass unit, and e the elementary charge. Following are double charged helium
with the mass-per-charge 2×u/e, and singly charged helium with 4×u/e. Since all
three species have the same speed, they are separated by factors of 2 in energy. The
heaviest are cometary ions, mostly consisting of the water group ions [15].
For the strongest signals – the solar wind protons and the expanding ions, the
counts get spread out over all mass anodes. This instrumental effect, referred to as
the ghost, might be either a consequence of the physical signal hitting a mechanical
obstacle before detection, and therefore scattering over all anodes, or a result of how
the signal processing logic handles very intense signals.
The flow direction of the detected ions is presented with a field-of-view (FOV)
plot (see Figure 4.3), where the azimuth angle is shown as longitude and elevation
angle as latitude. The position of the Sun in the RPC-ICA’s field-of-view is marked
in yellow, and the comet, in black, is a projection of the ESA NavCam shape model,
as seen by the instrument at the given time. The manual species selection in the
mass-energy matrix is used to plot each species with different coloured circles, with
the size reflecting the number of counts in each pixel (22.5◦ ×5◦ ). One FOV shows
counts gathered during one full scan (192 s). The bulk velocity of each species for
the scan was also calculated using the same selections, and the bulk directions are
marked with crosses in Figure 4.3.
The expanding population does not present a clear beam profile, in contrast with
all other species. This signal, also appearing on the part of the field-of-view blocked
by the spacecraft body, is subject to limited accuracy of the measurements, when it
comes to low energy ions. It may occur due to the spacecraft potential, accelerating
particles towards the instrument and resulting in unphysical incoming direction, or
due to poor elevation angle determination, and is a topic of an ongoing research.
The FOV representation was extensively used to monitor the changes in the angular distributions of positive ions corresponding to the special features in the timeenergy matrix.

2.2

Results

In the FOV given in Figure 4.3, we can see that the solar wind protons and alpha
particles are not coming from the Sun, but are deflected from the comet-Sun line. As
mentioned above, this is a result of the solar wind interaction with the coma through
15
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Figure 4.3: A FOV plot showing one full scan (192 s) taken at 6:4:52 on 17 January
2015. Ion species are shown with different colours: solar wind protons - red, solar
wind alpha particles - green, expanding cometary ions - light blue, and convecting
cometary ions - dark blue. For each of them, a cross marks the calculated bulk
direction. The grey areas show the field-of-view limitations: the obstruction due to
the spacecraft body and the solar array, and not sampled elevation angles below -45◦
and above 45◦ .
the mass-loading mechanism. Initially stationary cometary ions within the fast solar
wind are accelerated by the upstream electric field in the direction perpendicular to
both the solar wind velocity and the frozen-in magnetic field. Satisfying the momentum conservation, the solar wind is deflected in the opposite direction. Therefore, all
velocity vectors – of convecting ions, solar wind protons and solar wind alpha particles
– lie in the same plane, also including the comet-Sun line. In the FOV representation
this plane reflects as a straight line, including signals of the three species and the
Sun. This plane rotates around the comet-Sun line with the rotation of the upstream
magnetic field. The same geometry has been previously observed and studied in a
case study by [4], and in the statistical study in Appendix 1.
Figure 4.4 gives an example of the expected bulk directions of the three ion populations. Convecting ions are accelerated by the upstream electric field, also referred
to as the convective electric field. We can estimate the direction of this field from the
position of the Sun and the direction of one of the three ion populations (see Figure
4.4). Here, the estimation relies on the bulk velocities of either the solar wind protons
or the alpha particles.
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Figure 4.4: Field-of-view: light grey area shows ICA’s elevation limitation and dark
grey shows the shadow from the spacecraft. Expected position of the signal from the
solar wind protons and accelerated water ions are marked with the red and blue cross,
respectively.
In the CSE (Comet-Sun-Electric field) frame, where the x-axis points towards the
Sun, the z-axis is aligned with the estimated upstream convective electric field, and
the y-axis completes the right handed coordinate system, the projection in the yzplane of all three population velocities and of the magnetic field are constant. The
position of the spacecraft relative to the nucleus in this frame is determined by the
direction of the upstream electric field.
Through most of the mission, the Rosetta spacecraft was orbiting the comet in
the terminator plane, the plane perpendicular to the comet-Sun line and including
the comet (xCSEq = xCSE = 0). The orbiter completed one rotation around itself in
one orbital period, thus always facing the comet with the same side: the scientific
deck is pointing towards the nadir. This is seen clearly in the FOV representation, as
the Sun and the comet are almost always positioned in the same azimuth sectors and
elevation steps, and approximately 90◦ apart. Four different FOV orientations in the
CSE frame are given in the schematics of Figure 4.5. The expected bulk directions
of the solar wind protons and the convecting ions do not change in the CSE frame,
while the instrument rotates according to its position relative to the nucleus and
the upstream electric field direction. The FOV plots are showing how the expected
positions of the signals change within the instrument frame.
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Figure 4.5: The rotation of the RPC-ICA’s FOV in the CSE frame for a typical,
terminator plane orbit of the Rosetta spacecraft. The expected ion flow directions of
the solar wind protons (red cross) and convecting ions (blue cross) is fixed in the CSE
frame. The coloured angular segments mark the parts of the orbit when the detection
of certain species is limited: for the convecting ions - blue, solar wind protons - red,
and both - purple.
These typical and very stable spacecraft attitude and orbit result in an interesting
link between the convective electric field direction and the FOV orientation. As
mentioned before, the RPC-ICA’s FOV is limited, therefore unable to detect ions
flowing from certain directions. In the south-east quadrant of the orbit in CSE frame
(see Figure 4.5) the ions approaching from angles blocked by the spacecraft body are
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the convecting ions (the circular segment marked with blue), and in the north-west
quadrant the obstructed signal is the solar wind proton signal (the segment marked
with red). Eastward and westward, the ion detection is limited to elevation angles
±45◦ , and thus many times missing a part of both populations (the segments marked
with purple).
The described configuration is often the reason for abrupt disappearance and
reappearance of the solar wind protons and the convecting ions in the time-energy
matrix, and depends on the orientation of the convecting electric field. The idea is
tested with a time-energy matrix from 19 January 2015 in Figure 4.6. The estimated
direction of the convective electric field in the instrument frame is plotted with a red
line over the spectrogram. Accordingly with the previous schematics, the time periods
when the convective electric field angle falls within any of the problematic angular
segments, are marked with blue, red and purple. The red areas very accurately agree
with the time periods of the solar wind proton disappearance, and the purple areas
agree quite well with the periods of reduced solar wind proton, and less energetic
convecting ion signal.
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Figure 4.6: The time-energy spectrogram taken on 19 January 2015. The direction
of the estimated convective electric field is plotted with a red line. The time periods
when this angle is within the limited detection angular segments (see Figure 4.5), are
marked with red for the solar wind protons, blue for the convecting ions, and purple
for both.
After verifying this effect on many more cases, we conclude that the sharp features
in the time-energy spectrograms for the solar wind protons and the convecting ions are
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a consequence of the field-of-view limitations. They are very important and effective
instrumental effects and should be considered when analysing these two positive ion
populations.

3

Magnetic Field Strength - Physical effect

3.1

Observations

The RPC-ICA time-energy spectrogram from 23 January 2015 is compared with the
strength of the perpendicular magnetic field component in Figure 4.7. A significant
resemblance is observed between the highest energy of cometary ions, as well as their
density. This correlation between the magnetic field strength and the cometary ion
characteristics is observed through the majority of the Rosetta mission.
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Figure 4.7: The time-energy spectrogram from 23rd January 2015. The orange line
shows the strength of the magnetic field’s perpendicular component measured by
RPC-MAG.
Each of the parameters is investigated separately in Figure 4.8. The upper plot
compares the number of ions detected during one full scan, for each, the convecting
and the expanding cometary ion population. The number of counts for the convecting
population (dark blue) varies during the selected day on the scale of four orders
of magnitude, and fairly well aligns with the variation of perpendicular magnetic
field between ∼ 10 nT and ∼ 25 nT. On the other hand, the expanding population
(light blue) presents itself more stable, with the count rate decreasing for an order of
magnitude only with the last drop in magnetic field magnitude (at 19:00).
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In the lower plot we mark the highest energy of the cometary ions for each scan
(red), which again correlates nicely with the perpendicular magnetic field strength.
The saturated measurements at the lowest and highest energies come from the species
identifications in energy-mass matrix, presented in Figure 4.2. Sometimes the energy
interval of the convecting population spans above the solar wind proton energy and
mixes with the ghost, making it impossible to separate the species completely in the
energy-mass matrix, at least with the simple method we have been using here.
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Figure 4.8: Comparison of the two cometary ion parameters with the perpendicular
magnetic field strength (orange), measured by RPC-MAG on-board Rosetta spacecraft: (upper) the number of detected convecting ions (dark blue), and expanding
ions (light blue), (lower) the highest energy of the convecting ions.

21

3.2

Discussion

The solar wind is a non-collisional space plasma, mostly consisting of protons and
electrons. These electrons carry with them the frozen-in magnetic field, referred to
as Interplanetary Magnetic Field (IMF). The thin comet atmosphere consisting of
gas and dust is partially ionised and presents an obstacle to the ambient solar wind.
When the fast solar wind electrons carrying the frozen-in magnetic field mix with the
motionless (or slow) cometary electrons, the total electron velocity is decreased. The
frozen-in magnetic field therefore piles up in front of the comet. The pile up is the
strongest where the coma is the densest [1] (in the absence of any diamagnetic cavity
occurring at higher activity). This theory fits nicely the observation of more counts
at times when magnetic field is stronger.
The measured high values of the magnetic field inside the coma alone require the
IMF to pile up. The typical magnetic field strength at the heliocentric distance of 1
AU are in range of 5 nT, and decreasing approximately with 1/R at higher distances
[17]. The values measured by RPC-MAG continuously exceed that average value,
even since the beginning of the mission about 3.6 AU from the Sun, and gradually
grow as the comet is approaching its perihelion [10].
However, the correlation between the number of counts and the magnetic field
strength is clearly seen only for the convecting population, while the expanding population stays more or less stable during magnetic field variations. The reason for
that could lie in the different origins of the two cometary ion populations (Apendix
1). We believe that the convecting ions originate from further away from the comet,
on the day side, where the dynamics is ruled by the dominating solar wind, and the
expanding ions from a denser coma region close to the nucleus. Thus, the expanding
ones might be protected from the strong influence of the magnetic field by the dense
coma.
Another correlation observed is between the highest energy of the cometary ions
and the magnetic field strength. Here we discuss the energy of the convecting population, as it is the more energetic of the two. The convecting ions are believed to have
experienced the interaction with the solar wind through the mass-loading mechanism,
as described in Appendix 1. The acceleration on the ions can be written as (Equation
2 in Appendix 1):
~ai =

m
~
(~vi − ~u) × B,
q
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(4.1)

~ the
where m is the mass of the ion, q the charge, ~vi the initial velocity, and B
magnetic field. ~u is the total ion velocity that can be described with the Equation
3 from Appendix 1, in case of just two singly charged interacting species – the solar
wind and the cometary ions:
~u =

nsw~vsw + ncom~vcom
,
nsw + ncom

(4.2)

where n stands for the number density of each species.
From Equation 1 it is clear that a higher magnetic field will result in a higher
acceleration, and a higher ion energy. However, the total ion bulk velocity will strongly
depend on the number density ratio between the two interacting species. The more
slow cometary ions are added to the fast solar wind, the lower the total ion bulk
velocity is, resulting in a decrease of the acceleration exerted on the cometary ions.
But again, the increase of the cometary ion density leads to a bigger pile up and
stronger magnetic field.
The interaction between the evolving coma and the solar wind is an intricate
product of the initial cometary atmosphere characteristics, and various parameters in
its surrounding. To understand the cometary dynamics, further observational studies
are required, as well as support with simulations.

4
4.1

Neutral particles number density - Physical effect
Observations

During a period from 9 to 11 January 2015, the cometary ion characteristics are
observed to vary with the neutral density measured by ROSINA-COPS, not with the
magnetic field as shown in the section above. The correlation can be seen in the
occurrence of convecting cometary ions, and in the density and the energy of the
expanding cometary ions in the time-energy spectrogram from 10 January 2015 in
Figure 4.9 .

4.2

Discussion

The neutral cometary atmosphere is a mixture of gas and dust, sublimated from the
comet’s surface under the influence of solar radiation. Depending on which region of
the comet is illuminated, different concentrations of the three main molecules – H2 O,
CO, and CO2 – were observed [12].
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Figure 4.9: The neural particle density measured by ROSINA-COPS (blue line) plotted over the time-energy spectrogram obtained by RPC-ICA on 10 January 2015.
The spacecraft is moving very slow in comparison with the spin of the nucleus,
thus the observed sine-like pattern of the measured neutral particle number density
reflects the comet’s rotation. The highest out-gassing rates were observed above the
neck region and in the comet’s southern latitudes [12].
The ionosphere is born by the ionisation of the neutral atmosphere, mostly by
photoionisation, charge exchange and electron impact ionisation. Thus, the correlation between the two is something to be expected, assuming that the ion motion is
faster than the rate of change of the density. Other RPC instruments have observed
this, as for instance LAP during October 2014 and reported in [6], or in IES electron
data, in September 2014, reported in [11]. However this correlation in RPC-ICA data
is not as common and strong as for instance the correlation with the magnetic field
strength. This might indicate that either the amplitude of the density variability is
too small too contribute significantly to the cometary ion density, or that the neutral
density – a purely local observation – cannot be linked in a straightforward manner
to the ion density.
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Chapter 5
Cometary ion dynamics observed
in the close vicinity of comet
67P/CG
1

Introduction

The observations and interpretation of the cometary ion dynamics in the vicinity of
comet 67P/CG are presented in Appendix 1, an article in preparation. In this work
we discuss the ion dynamics in the environment of a low-to-medium activity comet,
at a distance of ∼ 28 km from the comet and ∼ 2.6 AU from the Sun. A statistical
study of a month-long period reveals the existence of two cometary ion populations
that are interpreted as the result of two different acceleration mechanisms.
First, the convecting population is believed to originate from a distant region,
on the day-side of the comet, where the solar wind first encounters the coma. The
convecting ions interact with the solar wind through the mass-loading mechanism,
and get accelerated by the upstream electric field in the direction perpendicular to
both the solar wind flow and the IMF.
Second, the expanding population is born closer to the nucleus, and thus presents
itself denser and with characteristics independent from the solar wind. However, an
electric field in this near-comet region, referred to as ambipolar electric field, arises
from the charge separation between the cometary ions and electrons. It accelerates
ions radially outward, and slows down fast expanding electrons.
As mentioned, the description of the dynamics in the Appendix 1 holds for a
certain period of the mission and a certain location within the cometary coma. Below
we present a complementary case showing the behaviour of the expanding cometary
ion population in the close day side of the coma.
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2

The expanding ion dynamics on the close day
side

2.1

Observations

In February 2015 the Rosetta spacecraft started to spend some time day-side of the
comet, just out of the terminator plane. The behaviour of the expanding ions is
presented in Figure 5.1 including all the expanding ion observations, obtained between
20 and 27 March 2015.
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Figure 5.1: Bulk velocities of the expanding ions observed from 20 to 27 March 2015,
when the instrument was probing the near day-side coma.
Close to the terminator plane the ions show typical flow directions (see Appendix
1), but as the spacecraft reaches the distance of 50 km day-side of the comet, ions
are no longer flowing with the typical antisunward component usually observed in
the terminator plane. They present themselves moving radially away from the comet,
with a positive x-velocity component.

2.2

Discussion

These day-side observations greatly extend the picture of the expanding cometary ion
dynamics. The apparent cylindrical symmetry together with the orientation of the
flow for different x-coordinates outline some type of fountain flow. This obviously
reminds us of the fountain model proposed by [5] (see schematics in Figure 1 in [5]).
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This model predicts a formation of a contact discontinuity that would separate ions
of solar and of the cometary origin. This model is now outdated, and a fundamental
difference in the present situation is that the solar wind is detected at the spacecraft position [3]. Therefore such a discontinuity cannot exist at that time (see also
Appendix 1 on the same topic).
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Chapter 6
Future research
1
1.1

Instrumental / technical research
Better estimation of energy and elevation information
for the low energy ions.

We still face limitations measuring the low energy ions. The energy estimation is
now accurate to ± 3 eV, but the re-evaluation of the elevation tables is still ongoing.
The expanding ions many times present themselves slightly departing from the radial
direction to the left in the y-z plane (see Figure 4 in Appendix 1). Whether this is
an instrumental effect, or a nature of the ion behaviour in the cometary environment
is still to be resolved.

2
2.1

Scientific research
Magnetic field strength effect on the cometary ions.

The magnetic field, most certainly, has a great importance in the dynamics of the
solar wind interaction with the cometary ionosphere. The correlation between its
strength, and the cometary ions’ density and energy has been shown in this thesis,
as well as by [4] and [Stenberg-Wieser et al, 2017]. The observations are a result of a
combination of the coma properties together with the changing upstream solar wind
parameters, which are difficult to disentangle and require further data analysis as well
as simulation work.

2.2

Neutral atmosphere effect on the cometary ions.

The correlation between the cometary ions and the measured neutral atmosphere
density as seen in the RPC-ICA data was shown for a period between 9 and 11 January
28

2015. This period was also used in the electron density model-observation comparison
paper by [19]. In addition to [6] and [11], the correlation was also observed during
the early mission in October 2014 by [7] where they use the measurements obtained
by another positive ion detector on-board Rosetta - RPC-IES. Unfortunately, during
this period RPC-ICA had a limited time coverage and was turned-off during most of
the time periods presented in the mentioned paper. Further studies are required to
understand under what circumstances the ion coma reflects the changes in the neutral
coma.

2.3

Cometary dynamics at different comet activity levels and
different places within the coma.

The coma swiftly changes as the comet approaches the Sun and so does the position
of the instrument within the coma. [16] focus on the general overview of the ion
characteristics during the mission, [Stenberg-Wieser et al, 2017] show different types of
cometary ion behaviour observed mostly during the high activity period, [13] provide
a cometary ion energy-angle dispersion study for two cases – 8 December 2015 and 9
March 2016 –, [4] with a case study from 28 November 2014 explain the light massloading mechanism, and Appendix 1 gives an interpretation of the ion dynamics
between 26 December 2014 and 23 January 2015. A large period of the two years
long active mission remains, for now, not analysed in detail. A lot of the valuable
information about the cometary ions obtained by the RPC-ICA instrument has not
yet been presented and is a topic of current research, including the excursions to the
far night- and day-side of the coma.
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Chapter 7
Conclusion
Observations provided from RPC-ICA in combination with the data from RPC-MAG
and ROSINA-COPS show that many aspects of the time variability of the detected
ions is correlated with the magnetic field or – to a smaller extent – with neutral
atmosphere density. We also show that not all changes in the cometary ion data
reflect the nature of the plasma dynamics, but are a consequence of the instrumental
limitations.
The main outcome of the article in Appendix 1 is that the cometary ions can be
divided into two populations with distinct characteristics. One population we termed
the convecting population, is accelerated to higher energies and its flow direction
in the yz-plane is largely governed by the direction of the solar wind electric field.
The other population we termed the expanding population is moving radially away
from the nucleus in the yz-plane. Both populations have a significant anti-sunward
component when observed in the terminator plane.
In addition we present in this thesis a case with observations day-side of the
terminator plane. There we show how the expanding population has a sunward
component, consistent with initial radial expansion of the ions from the nucleus which
gradually turn into an anti-sunward flow which is then observed in the terminator
plane.
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Appendix A
An article in preparation:
Cometary ion dynamics observed
in the close vicinity of comet
67P/CG
Low-to-medium activity period
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ABSTRACT
Aims. Cometary ions are constantly produced in the coma, and once produced they are accelerated. We describe and interpret the

dynamics of the cometary ion flow, at a low-to-medium activity comet, very close to the nucleus and in the terminator plane.
Methods. We analyse in-situ ion- and magnetic field measurements, and characterise the velocity distribution functions (mostly using
plasma moments). We propose a statistical approach over a period of one month.
Results. In average, two populations are observed, separated in phase space. The motion of one is governed by its interaction with the
solar wind farther upstream, the other one is accelerated in the inner coma and displays characteristics compatible with an ambipolar
electric field. Both populations display a consistent antisunward velocity component.
Conclusions. Cometary ions born in different regions of the coma are seen close to the nucleus with distinct motions governed in one
case by the solar wind electric field and in the other case by the position relative to the nucleus. However a consistent antisunward
component is observed for all cometary ions. An asymmetry is found in the average cometary ion density in a solar wind electric field
reference frame, with higher density in the negative (south) electric field hemisphere. There is no corresponding counter-part in the
average magnetic field strength.
Key words. Comets: general, Comets: individual: 67P, plasmas, methods: observational, space vehicles: instruments

1. Introduction
Comets are, due to their enormous tails, the smallest bodies in
the solar system observable from Earth with the naked eye. To
be able to leave such a strong trail, comets are constantly loosing their surface matter. At some heliocentric distance the sublimated cometary gas together with dust starts to form a thin and
gravitationally unbound atmosphere, which then gets ionised
mostly by photoionisation, charge exchange and electron impact
ionisation. The dust and ions form two distinct tails behind the
comet. The dust tail is generally pointing away from the Sun, but
is slightly curved following the direction of the cometary orbit,
while the ion tail is formed closer to the antisunward direction
through a complex and highly variable interaction with the solar
wind (Alfven 1957).
The swiftly variable cometary environment depends highly
on the distance to the Sun. The Rosetta mission (Glassmeier
et al. 2007a) has given us a unique opportunity to observe this
intricate development of comet 67P/CG from its arrival to the
comet in August 2014 until the end of the mission in September 2016. Rosetta had the great advantage of orbiting the comet
for more than 2 years, as opposed to short flybys of all previous cometary exploration missions. All mission overviews of the
comet environment has been given by Nilsson et al. (2017) for

the ion environment and by Goetz et al. (2017) for the magnetic
field environment.
The newly born ions in the thin atmosphere of the comet
at low and medium activity will interact with the solar wind
through the mass-loading mechanism (Szegö et al. 2000; Behar
et al. 2016a, 2017). Pick-up cometary protons were observed at
the distance of ∼7.8·106 km from the comet 1P/Halley by plasma
instruments on the Giotto spacecraft. The first heavy cometary
ions (e.g. water group ions) were found at the distance of ∼ 3·105
km from the comet, also with the spherical shell like distributions. However, within the boundary referred to as the contact
surface located ∼ 4600 km from the nucleus, the heavy cometary
ions were observed to move radially away from the comet with
a bulk velocity in the range of 1 km s−1 (Balsiger et al. 1986;
Schwenn et al. 1986), showing no consequence of solar wind
interaction.
Mass-loading has been continuously observed at the comet
67P/CG (Nilsson et al. 2017). Specifically, the light-mass loading mechanism at comet 67P/CG is described and modelled in
Behar et al. (2016b). Close to the nucleus, where the ion density is high enough, the highly mobile electrons are escaping
from the comet much faster than heavier ions, which results in
the charge separation between electrons and ions. This departure
from quasi-neutrality is counteracted by a radial electric field,
Article number, page 1 of 8
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The Ion Composition Analyzer is an imaging spectrometer, part
of the Rosetta Plasma Consortium (RPC), designed to characterise positive ion distribution functions in the proximity of
comet 67P/CG (Nilsson et al. 2007). The instrument therefore
provides us with direction and energy-per-charge of the particles, and is able to separate them by mass.
The field-of-view (FOV) has an angular coverage of 360◦ ×
◦
90 , corresponding to azimuth and elevation angle, respectively.
Azimuth angle of the incoming particles is measured by 16 azimuth anodes, covering an angle of 360◦ (each sector is 22.5◦
wide). The elevation information is obtained by an electrostatic
acceptance angle filter, consisting of two conductive plates positioned at the entrance of the instrument. By setting different
voltages of the two plates, the instrument spans ± 45◦ elevation angle in 16 steps, corresponding to an angular resolution of
5◦ . The energy of incoming particles is determined by a toroidal
electrostatic analyser (ESA), sweeping through 96 exponentially
spaced steps spanning from a few eV to 40 keV. Following is a
cylindrical assembly of permanent magnets creating a magnetic
field that bends the trajectories of positive ions according to their
momentum. The degree of deflection is identified by 32 concentric anode rings positioned at the end of the ion optics, referred
to as mass anodes.
The representation of the obtained five-dimensional data is
mostly done with two dimensions at the time, summing up all
the others. For example, in the energy-mass channel distribution
in Figure 1, referred to as an energy-mass matrix, each pixel is
the sum of counts over one day of measurements in all viewing
directions (azimuth and elevation angle) for a specified energy
bin and mass anode.
All azimuthal direction and all mass-to-charge ratio is measured simultaneously, whereas the elevation direction and energy
are obtained in sweeps. The sweep over the full energy range
lasts for 12 s which multiplied by 16 elevation steps gives the
time of a full scan, 192 s.
Cometary ions through most of the mission are observed
with the energies between 20 eV and 1 keV (Nilsson et al. 2017),
therefore we have to consider instrumental constrains at low energies. At the energy range of tens of eV spacecraft charging
has a great influence on the measurements, most of the time accelerating ions into the instrument due to a negative spacecraft
Article number, page 2 of 8

In addition we use the magnetic field data provided by RPCMAG, a magnetometer of the same RPC (Rosetta Plasma Consortium) instrument package (Glassmeier et al. 2007b).

3. Method
We study the dynamics of the ionised coma at low and medium
activity. This cometary regime was monitored during Rosetta
early and late active mission, from the arrival to the comet in
August 2014 until April 2015, and from December 2015 until
the end of the mission in September 2016. The in-between observational period reflects the comet’s high activity state during
which the mature dense coma provides a shield against the solar
wind and the spacecraft is within the solar wind cavity (Behar
et al. 2017).
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potential. Over the duration of the Rosetta mission, the spacecraft potential varies from -25 V to 5 V (Odelstad et al. 2017).
Additionally, RPC-ICA has an uncertainty in the knowledge of
the energy level currently believed to be about 3 eV, as well as
a temperature drift of the energy scale that affects certain time
periods, see Nilsson et al. (2017).
Another technical limitation arises with elevation determination for low energy ions. Below 100 eV the elevation
resolution starts to decrease, ending at around 15 eV with only 2
elevation bins. These effects were carefully considered and visually examined for all the data presented in the following sections.

Energy bins

referred to as ambipolar, slowing down the electrons and accelerating cometary ions radially outward as modelled by Vigren &
Eriksson (2017). Nilsson et al. (2015b) and Behar et al. (2016a)
both hypothesised the existence of a polarisation electric field
building up along the comet-Sun line to explain the observation of a strong antisunward velocity component of the cometary
ions. As the coma evolves, more processes can contribute to the
plasma dynamics and Mandt et al. (2016) show that at small distances from the Sun and close to comet 67P/CG, collisions between neutrals and ions start to become important. The variable
signatures of the cometary ions during the high activity period
presented by Stenberg Wieser et al. (2017) show the existence of
short time scale dynamics.
Positive ions detected at the comet originate either from the
Sun or the comet. Nilsson et al. (2015b) present the observations
of three solar wind species - protons, alpha particles, and singly
charged helium -, and two cometary ion populations separable by
their energy. We now focus on the dynamics of the second, the
two populations of the water group ions, created by ionisation of
the expanding comets’ neutral atmosphere.
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Fig. 1: Daily mass-energy matrix showing an example of visual species identification for 13th January 2015. The number
of counts in each pixel is colour-coded, red indicating the most
counts and blue the least or 0.
The positive ion species were visually identified and manually selected from the daily mass-energy matrices. An example for 13th January 2015 is presented in Figure 1, where the
coloured rectangles annotate the selections for each species constraining them to a number of energy steps and mass anodes.
Only the full angular resolution operation modes (22.5o × 5o )
were considered.
The selections were then used for the plasma moment calculations. By integrating the distribution function obtained for
each scan (192s) we obtain the ion number densities and the bulk
velocities for the different positive ion populations. The mean
speed, directly corresponding to the observed mean energy, is
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4. Observations
4.1. Example

The evolution of detected positive ions was examined using daily
time-energy matrices illustrated by an example day, 13th January 2015 (see Figure 2a). From the spectrogram we can by energy differentiate between three solar wind populations – protons, alpha particles, and singly charged helium (that is a product of solar wind interaction with the coma) – and two cometary
ion populations as marked in Figure 2a. The two cometary ion
populations are referred to as the expanding and the convecting
populations after their measured and inferred characteristics, explained in the discussion part. Cometary ions exhibit different
properties; the expanding population appears denser with almost
constant energy span in comparison to the thinner convecting
population with energy that can vary as much as one order of
magnitude on daily basis.
An example of the angular distribution of different ion
species in a field-of-view representation for a scan from the 13th
January 2015 is plotted in Figure 2b. A strong solar wind deflection can be observed: protons (red) are deflected 50◦ away from
the Sun direction (yellow), and heavier alpha particles (green)
and singly charged helium (purple) 18◦ . The convecting ions
(dark blue) are accelerated mostly antisunward with their bulk
velocity vector pointing 21◦ away from the comet-Sun line in
the direction opposite to the solar wind deflection. The four
species flow in the same plane also including the comet-Sun
line. The same ordering of protons and convecting ions was observed and explained by the mass-loading mechanism by (Behar
et al. 2016a). Most of the expanding ions (light blue) appear between the Sun and the comet, and some are seen at lower elevation angles and/or with the same direction as the convecting
population. The reason why we observe signal at elevations far
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also computed and used to scale the velocity vectors presented
in the observation part.
The bulk velocities of the separate ion species were calculated in the instrument frame and transformed into CSEq
(Comet-centred Solar Equatorial) frame. We then perform a rotation around the comet-Sun line in order to express the ion velocities in the CSE (Comet-Sun-Electric field) frame, in which
the upstream convective electric field is aligned with the z-axis.
This direction is estimated from the bulk velocity of solar wind
protons and alpha particles, which are deflected away from the
comet-Sun line, opposite to the upstream convective electric
field direction, in such a way that momentum is conserved during the interaction Behar et al. (2016a).
Moment calculations and frame rotations are performed for
each scan during the low and medium comet’s activity and a period of just under a month, from 26th December 2014 to 23rd
January 2015, is considered for the statistical analysis. The data
from this period is divided into 72 bins according to the position angle in the terminator plane. The number density, the bulk
velocity, and the mean speed are averaged within each bin. The
error bars in Figures 5b, 5a, and 5c account for the statistical
variations of the binning process, but does not include measurement uncertainties. To avoid inclusion of the ions affected by
spacecraft potential the maximum angular width of the expanding population peak is limited to 6 azimuth sectors. This is based
on the assumption that the spacecraft potential will attract ions
from roughly all directions, thus causing a signal seen over a
wide angular space. This condition is fulfilled in 58 percent of
the considered scans.
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Fig. 2: (a) A time-energy matrix (spectrogram) produced from
observations made on 13th January 2015. The marked signals at
high energies are of solar origin, while at low energies we can
well separate between the two ion populations: expanding and
convecting; (b) A scan from 13th January 2015 in a field-of-view
representation showing incoming directions of different species.
The dots’ sizes reflect the number of counts in each unit. The position of the Sun in the instrument frame is marked with yellow,
and the grey areas show how the field-of-view is limited by the
elevation span (-45◦ to 45◦ ), and obstructed by the spacecraft.
In black we show the projection of the comet in the RPC-ICA’s
field-of-view (ESA NavCam shape model).
away from the bulk of the population is most likely instrumental.
For low energies RPC-ICA provides an elevation information of
poor quality and the ion trajectories might have been changed
by the spacecraft potential. The signal appearing in the same position as the convecting population might actually be a part of
it because energy distributions of both populations sometimes
overlap. However, these uncertain signals are small enough not
to have a substantial impact on the calculated plasma moments
(the bulk directions of each species is presented with crosses in
the Figure 2b).
4.2. Statistical observations

The ion environment sampled by RPC-ICA is highly dependant
on the two parameters shown in Figure 3. Firstly, the distance
from the Sun strongly affects cometary activity, and secondly
the observed dynamics regime depends on the ion density which
decreases with the cometocentric distance by 1/rcomet (Nilsson
et al. 2015b). Thus the time intervals with similar parameters
appropriate for statistical studies are not very common. One of
these few periods when the two cometary ion populations are
constantly observed and clearly separated is an interval between
Article number, page 3 of 8
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26th December 2014 and 23rd January 2015, which was chosen for statistical analysis (see considered period marked in Figure 3). During this time the spacecraft had a stable orbit in the
comets’ terminator plane with the distance between 27.5 km and
28.5 km, and the comet approached the Sun from the distance of
2.7 AU to 2.5 AU.

Considered
period

Solar wind cavity

Fig. 3: Overview of the Rosetta mission period, showing the evolution of distance from the Sun and from the comet with time.
Two time intervals are marked, the interval during which the
spacecraft is within the solar wind cavity and the interval that
was considered in the statistical analysis.
The result of the statistical analysis of the cometary ion flow
is shown in Figure 4. Dark blue and light blue coloured arrows
represent the velocity vectors of respectively the convecting and
the expanding population. Orientation of the convecting population flow in the terminator plane (the left panel in Figure 4)
aligns quite well with the z-axis, while the expanding populations in this plane appears to be moving radially away from the
comet. In the right panel we show the cometary ion behaviour
in the xz-plane, where both cometary ion populations exhibit a
strong anti-sunward velocity component as already noticed by
Nilsson et al. (2015b), Behar et al. (2016a) and Nilsson et al.
(2017).
The calculated mean speed of the expanding population
during this period is 14 km s−1 . Taking into consideration
that these ions have been accelerated by a negative spacecraft
potential of ∼ 15 V, we estimate their velocity to 6 km s−1 . The
limiting values of spacecraft potential for the considered period
evaluated by Odelstad et al. (2017) and Odelstad et al. (2015)
are -5 V and -20 V, therefore limiting the calculated mean speed
to the interval from 0 to 12 km s−1 . Similarly, the mean speed of
convecting cometary ions is observed to be 34 km s−1 , estimated
to be 31 km s−1 with the low and high limit at 30 and 33 km s−1 ,
respectively.
An asymmetry in the cometary plasma environment was
found in the ion number density observations. The densities of
both cometary ion populations appear to be higher on the south
(negative E) side of the CSE frame, as shown in Figures 5a and
5b. The mean number density value in the south hemisphere
is 260 /cm3 for the expanding population and 6.2 /cm3 for the
convecting population, while in the north hemisphere the corresponding values are 150 /cm3 and 1.6 /cm3 . The magnetic field
amplitude measured by RPC-MAG is binned in identical angular
bins and given in Figure 5c. No correlation between this strength
and the position angle in CSE coordinates is found.
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5. Discussion
5.1. Convecting and expanding population

Observations reveal the existence of two cometary ion populations, mainly separable by their energy and direction.
The first one, the convecting cometary ion population, is
more energetic and directionally ordered by the observed solar
wind, as described in the previous section. Both the convecting
and the solar wind ions in average exhibit no vy -component in the
CSE frame, and a vz -component of opposite sign to each other.
The dynamics of this interaction can be explained by the massloading mechanism. Far from the comet, the solar wind is little
disturbed by the tenuous coma and largely dominates the plasma
environment. This fast solar wind together with the frozen-in Interplanetary Magnetic Field (IMF) exert an electric field on encountered new born cometary ions.
The ion dynamics is ruled by the Lorentz force:

q
ai =
E + vi × B ,
(1)
m
where B is the IMF, vi is the ion velocity, and and E is the
total electric field. Neglecting pressure gradients, collisions, currents and resistivity, this total electric field is simplified to the
convective electric field, described by a cross product between
the bulk velocity of all ions (u) and magnetic field; Econv =
−u × B. We can rewrite the equation of motion:
m
ai = (vi − u) × B.
(2)
q
The total ion bulk velocity of a plasma consisting of equally
charged solar wind and cometary ions is
u=

n sw v sw + ncom vcom
,
n sw + ncom

(3)

and thus highly depends on the number density (n) of each population.
We can first consider one extreme condition: on the dayside of the coma, upstream of the measurement point where the
cometary ions and the solar wind first meet, we can assume that
the number density ratio ncom /n sw will tend to 0. That leaves us
with the total ion bulk velocity equal to the bulk velocity of the
solar wind ions (u = v sw ). The newly born ions with initial velocity close to 0 get accelerated in the direction perpendicular to
both v sw and B, and the solar wind continues almost undisturbed.
Getting closer to the nucleus, the number density ratio increases, and the total ion bulk velocity starts depending also on
the bulk velocity of the cometary ions. Therefore, as soon as we
consider the motion of these pick-up ions, the acceleration ai
they experience is no longer perpendicular to the solar wind velocity. As all cometary ions are created with no initial velocity
(compared to the high speed of the solar wind), no vy -component
will ever appear in the equation of motion (2). The acceleration
ai as well as the total ion bulk velocity u remain in the plane
(y = 0), according with our observations. At the same time the
solar wind feels an acceleration in the opposite direction and gets
deflected from its flowing direction. This increase in the density ratio ncom /n sw also corresponds to a decrease of the total
ion bulk velocity u. Consequently, the frozen-in magnetic field
piles-up and contributes to the complexity of the ion dynamics,
in the case of comparable number densities. During the considered period, when the average number density ratio is 0.83, the
bulk velocity of the convecting ions shows a strong antisuward
component, but stays in the same plane with the deflected solar
wind: without vy - and with the oppositely signed vz -component.

L. Berčič et al.: Cometary ion dynamics observed in the close vicinity of comet 67P/CG

Cometary ions' bulk velocity vectors - CSE frame

40

zCSE (km)

20

0

−20

−40

Acc. by Econv
Acc. by Eambi

−40

−20

0
yCSE (km)

20

40

−40

−20

0
xCSE (km)

20

40

Fig. 4: Velocity of the convecting and expanding cometary ion populations, marked with different colours. We show two planes of
interest in the CSE frame: on the left the terminator plane (yz-plane), and on the right the xz-plane, to present the ion behaviour in
the comet-Sun line.
The intricacy of the mass-loading mechanism in connection
to the similar observations was already addressed by Behar et al.
(2016a) in a case study of a day when 67P/CG was at medium
activity, and Nicolaou et al. (2017) with two examples from the
medium and high activity period.
In this interpretation we depict a region far upstream of the
nucleus where the behaviour of electric and magnetic fields
results only from the motion of the different ion populations
in the absence of any currents or charge separation. We conclude that the convecting cometary ion dynamics is mainly a
consequence of the mass-loading mechanism, because of the
ions’ high energy and consistent orientation with regards to the
solar wind. Even though the antisunward velocity component
of this population could be the result of this same mechanism,
we do not exclude the possibility of another force additionally
accelerating them away from the Sun.
The second population of the cometary ions is directed radially outward and antisunward, symmetrically around the cometSun line, and is consequentially referred to as the expanding population. The expanding cometary ions, in contrast to the convecting ones, show no directional correlation with the solar wind ions
or the IMF. They appear with ∼10 times smaller energies and 10
to 100 times denser than the convecting population, which leads
us to believe that the two populations have different regions of
origin.
The expanding population originates from a dense coma,
closer to the comet and to the observation point. Ions are born
from the neutral molecules expanding radially away from the
comet with a velocity with an upper limit of about 1 km s−1 (Vigren & Eriksson 2017). In the short time between their birth and

point of detection, expanding ions get accelerated in average to
9 km s−1 , and gain a strong antisunward component.
The radial acceleration process of cometary ions was modelled in 1D by Vigren & Eriksson (2017) assuming the presence
of a constant electric field in the range of 0.1 mV m−1 . Such an
electric field can be explained as following (Vigren et al. 2015).
Close to the nucleus, the density of cometary ions is high and decreases rapidly with the radius, as described in the simple model
proposed by Haser (1957). The decrease of density results in a
radial pressure gradient for both the ions and the electrons. However, the lighter electrons tend to counteract this pressure gradient by escaping the nucleus much faster than the heavier ions,
which in turn causes charge separation. Contradicting this imbalance arises an electric field, referred to as an ambipolar electric
field, directed radially away from the nucleus. This field accelerates the slowly expanding water group ions and decelerates the
fast escaping electrons.
Assuming an isothermal coma where the electron number
density linearly decreases with the cometocentric distance r, we
can write a simplified expression for the radial, ambipolar electric field (Vigren et al. 2015):
1 d pe kB T e
=
,
(4)
Er = −
ne q dr
qr
where kB is the Boltzman constant, T e electron temperature, and
q the ion charge. Acceleration asserted to the ions at a certain
distance from the comet is accordingly:
qEr
kB T e
ar (r) =
=
,
(5)
mcom mcom r
with mcom being the mass of the accelerated ions. During the
considered period the typical value of electron temperature was
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the singly charged cometary water ions feel the acceleration of 1
km s−2 .
In this model it is assumed that within the inner coma the
heavy ions are largely dominating, and therefore will experience
almost no acceleration due to the presence of the solar wind.
However, as observed in Behar et al. (2016a) and Nilsson et al.
(2017), as well as in the present work, a consistent anti-sunward
direction appears in all cometary populations, including the
expanding population. This is discussed by Nilsson et al.
(2015b); Behar et al. (2016a) in terms of an additional electric
field, that could exist on a macroscopic scale, accelerating all
cometary ions in the anti-sunward direction. The basic idea is
that for a comet ionosphere much smaller than the pick-up ion
gyroradius, a polarisation electric field will arise due to different
motion of ions and electrons, as for exampled described in a
barium release context by Brenning et al. (1991).
A summary of the inferred motion of the different ions is presented with the schematics in Figure 6. We previously concluded
that the convecting ions were originating from a region upstream
of the measurement point, dominated by the solar wind, and
the expanding ions were originating from a region closer to the
nucleus than the observation point, and accelerated by both an
ambipolar electric field and an additional antisunward electric
field. This would result for the expanding population in a geometry similar to the fountain model proposed by Biermann et al.
(1967), as shown in the schematics. In this hydrodynamic model,
the cometary atmosphere is dragged downstream through its interaction with the solar wind. The ions of solar and cometary
origin are separated by a discontinuity, referred to as contact
discontinuity. However, previous observations of comet 67P/CG
show that the solar wind entirely permeates the coma during the
period of low and medium comet activity (Behar et al. 2017),
which points out a fundamental difference between the situation
described in the present article for low-to-medium activity, and
the high activity case addressed by Biermann et al. (1967). In our
case, a force other than viscosity is necessary to drag the radial
outflow downstream.
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Fig. 5: The density of (a) the expanding, and (b) the convecting
population plotted against the angular position in CSE frame.
Angle 0◦ corresponds to the south electric field pole direction
(negative z) and angle ±180◦ to the north pole direction; (c) magnetic field amplitude measured by RPC-MAG with relation to
the angular position in CSE frame.

5 eV [Eriksson et al, 2017], and the distance from the comet 28
km, resulting a radial electric field of 0.2 mV m−1 . Accordingly,
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Fig. 6: Schematics showing the inferred ion trajectories for both
cometary populations. Dark blue marks the area of birth of the
observed conventing ions, that are accelerated through the interaction with the solar wind. Light blue area represents the region
of birth of the observed expanding ions which is dominated by
the cometary ions. Picture also shows Rosetta spacecraft in a terminator plane orbit around the comet.
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5.2. Density asymmetry

Another surprising aspect of the ion dynamics appears in the observations. The densities of both cometary ion populations are
in average higher in the southern hemisphere of the CSE frame
than in the northern. As seen in many simulation works (see for
instance Deca et al. (2017); Rubin et al. (2014); Koenders et al.
(2016) addressing heliocentric distances of respectively 3.0, 2.7
and 2.0 AU), the orientation of the upstream electric field, pointing northward in the CSE frame, shifts the positive cometary ions
northward as well. In these three articles, an asymmetry is seen
between the northern and the southern hemisphere in the heavy
ion density, but with the opposite orientation, namely higher densities are seen in the northern hemisphere. In our interpretation
concerning the expanding population, no symmetry would be expected.
The complex nucleus activity due to the illumination of its
irregular shape cannot be the reason for this pattern either, as the
nucleus orientation is constantly and randomly changing in the
CSE frame of reference, as the upstream electric field changes
its direction randomly in the CSEq frame for instance. Density
patterns are observed and follow the orientation of the upstream
electric field, without observable counterpart in the local magnetic field, measured at the spacecraft location. These electric
field asymmetries are thus a result yet to be explained, with the
possible need for greater resolution and more detailed physics
close to the nucleus.
5.3. Cometary ion dynamics out of the selected period

The observed cometary ion signature varied strongly through
the mission and different dynamics regimes are expected to take
place at different distances from the comet and/or from the Sun
(Nilsson et al. 2017).
The first cometary ions were observed on 8th August 2014,
and can be according to their flow direction qualified as the convecting ions. Beginning with 21st September 2014, both populations of cometary ions were frequently observed and clearly
separable (Nilsson et al. 2015a). From this low activity period
until the 5th of February 2015, the ion dynamics is fairly similar
to the one described here-above. However, the stability of the orbit parameters (see Figure 3 for the cometocentric distance) and
good time coverage during the considered period provide a better
dataset for statistic studies. After 5th February, the distance from
the spacecraft to the comet increases to about 100 km due to the
higher activity. From this point and towards perihelion the density of accelerated ions continues to grow (Nilsson et al. 2017).
The complex dynamics of this heavy mass-loading regime has
been addressed by Nicolaou et al. (2017), where the authors discuss the observed energy angle dispersion of the convecting ion
population through two case-studies. The expanding population
can be recognised from the observations reported by Stenberg
Wieser et al. (2017) at high distances from the comet (>100 km)
during the day-side excursion. They also reveal new cometary
ion’ features in short time scales, as the instrument started its
first measurements in the high resolution mode in May 2015.
The comet goes through medium to low activity again on the
mission outbound leg, but sampling parameters are never comparable to the ones from the beginning of the mission. When the
comet again reaches a distance of 2.6 AU from the Sun (comparable to the considered period), the spacecraft starts an excursion towards the coma night-side, probing the distances up to
1000 km from the comet. This provides a great opportunity to
complement the current study of the cometary ion dynamics, as

ions in the terminator plane eventually reach the night-side of
the coma.
However, the expanding population throughout most of the
low and medium comet activity period exhibits constant characteristics in scope of energy and direction (Nilsson et al. 2017).

6. Conclusion
In this article we provide observations of the cometary ion dynamics and their interpretation, for a medium activity comet (between 2.5 and 2.7 AU from the Sun) and in the terminator plane,
∼28 km from the comet.
In this regime we identify two cometary ion populations,
namely the convecting population and the expanding population.
The first has gained most of its energy and momentum through
its interaction with the solar wind farther upstream of the observation point. Its direction of motion is in the CSE Y-Z plane
essentially in the positive Z direction, i.e. along the solar wind
electric field direction. The second one gained most of its energy
in the close vicinity of the nucleus, where cometary ions largely
dominate and where the acceleration appears to be driven by an
ambipolar electric field. The ion motion in the Y-Z plane is radially away from the comet independent of the solar wind electric
field direction.
In agreement with Behar et al. (2016a) and Nilsson et al.
(2017), the present observations point towards the existence of
an additional electric field forcing all cometary ions towards the
antisunward direction.
The density of both cometary ion populations reveal an intrinsic asymmetry of the coma of 67P/CG, with higher densities
in the southern CSE hemisphere.
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[18] K. Szegö, K.-H. Glassmeier, R. Bingham, A. Bogdanov, C. Fischer, G. Haerendel,
A. Brinca, T. Cravens, E. Dubinin, K. Sauer, L. Fisk, T. Gombosi, N. Schwadron,
P. Isenberg, M. Lee, C. Mazelle, E. Möbius, U. Motschmann, V. D. Shapiro,
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