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Birth of a Magnetosphere

Hans Nilsson1,2, Etienne Behar1,2, James L. Burch3, Christopher M. Carr4, Anders I. Eriksson5,
Karl-Heinz Glassmeier6, Pierre Henri7, Marina Galand4, Charlotte Goetz6, Herbert Gunell8,9, and

Tomas Karlsson10

ABSTRACT

A magnetosphere may form around an object in a stellar wind either due to the intrinsic magnetic field of the
object or stellar wind interaction with the ionosphere of the object. Comets represent the most variable magneto-
spheres in our solar system, and through the Rosetta mission we have had the chance to study the birth and evo-
lution of a comet magnetosphere as the comet nucleus approached the Sun. We review the birth of the comet
magnetosphere as observed at comet 67P Churyumov–Gerasimenko, the formation of plasma boundaries
and how the solar wind–atmosphere interaction changes character as the cometary gas cloud and magnetosphere
grow in size.Mass loading of the solar wind leads to an asymmetric deflection of the solar wind for low outgassing
rates. With increasing activity a solar wind ion cavity forms. Intermittent shock-like features were also observed.
For intermediate outgassing rate a diamagnetic cavity is formed inside the solar wind ion cavity, thus well sepa-
rated from the solar wind. The cometary plasma was typically very structured and variable. The region of the
coma dense enough to have significant collisions forms a special region with different ion chemistry and plasma
dynamics as compared to the outer collision-free region.

27.1. INTRODUCTION

Comets are small bodies of the solar system with typi-
cally very elliptical orbits. Having formed in the far outer
reaches of the solar system, the Kuiper belt or Oort cloud,

they carry a large inventory of volatile gases and dust.
These bodies become comets when their orbits are per-
turbed and they travel closer to the Sun. As the comet
nucleus approaches the Sun its temperature increases
and it begins to release volatile gases and dust, which
can be seen as cometary tails. The volatile gases form a
gas cloud not gravitationally bound by the small nucleus,
called a coma. The ionized part of the coma interacts with
the solar wind, and observations of cometary tails gave
the first indications of the existence of a solar wind
(Biermann, 1951). Alfvén (1957) provided a first theory
on how a solar wind with a “frozen-in” magnetic field
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would lead to field-line draping around the comet
ionosphere.
In situ observations opened up the next big step in

understanding solar wind interaction with the comet
environment. The first space probe to observe a comet
environment was the ICE spacecraft, which crossed the
tail of comet 21P Giacobini–Zinner at a distance of
7,862 km while the comet was at a heliocentric distance
of 1.03 astronomical units (au). It was followed by the
“Halley armada,” which encountered comet 1P Halley
in 1986, at heliocentric distances between 0.79 and 0.89
au, with the closest approach being that of the Giotto
spacecraft at 605 km from the nucleus (Cravens andGom-
bosi, 2004). Later cometary encounters, which included
plasma measurements, were the Giotto extended mission
to comet 26P/Grigg–Skjellerup (Johnstone et al., 1993)
and the Deep Space 1 encounter with comet 19P/Borrelly
(Young et al., 2004). All these encounters were relatively
close to the Sun and thus had quite high outgassing rates.
The Rosetta mission (Glassmeier et al., 2007; Taylor

et al., 2017) opened up the possibility to observe the birth
and subsequent evolution of a comet magnetosphere, by
following comet 67P/Churyumov–Gerasimenko from
low outgassing rate (activity) at 3.6 au to moderate activ-
ity around perihelion at 1.24 au and out again. Rosetta
carried a suite of plasma instruments to study the solar
wind interaction with the coma, the Rosetta Plasma Con-
sortium (RPC) (Carr et al., 2007). The RPC was made up
of the Ion and Electron Sensor (IES) (Burch et al., 2007),
the Ion Composition Analyzer (ICA) (Nilsson et al.,
2007), the Langmuir probe (LAP) (Eriksson et al.,
2007), the Mutual Impedance Probe (MIP) (Trotignon
et al., 2007) and the Magnetic field experiment (MAG)
(Glassmeier et al., 2007). The RPC instruments found
the first unambiguous traces of the comet ionosphere dur-
ing the first approach of Rosetta, water ions, at a heliocen-
tric distance of 3.6 au and a comet nucleus distance of
about 100 km (Nilsson et al., 2015a). A rich and unique
data set was obtained during the two-year escort phase,
until the very end of the mission, which offered the first
density profile almost down to the surface during very
low activity (Heritier et al., 2017).
What the Rosetta results clearly showed was that the

size of the region where the cometary ion density affects
the solar wind matters for comet–solar wind interaction.
The size is essentially determined by the outgassing rate
of the comet, which in turn is a property of each comet
nucleus, but also a strong function of the distance to the
Sun. The size of the comet–solar wind interaction region
is further determined by the ionization rate, which also
increases closer to the Sun. The outgassing rate (activity)
of comet 67P during the Rosetta mission has been esti-
mated from a number of measurements, primarily the
local neutral density obtained with the Rosina COPS

instrument (Balsiger et al., 2007). The activity of comet
67P during the active part of the Rosetta mission ranged
from a few times 1025 s–1 during the end of mission, to 3.5
× 1028 s–1 around perihelion (Hansen et al., 2016). The lar-
gest of the comet magnetospheres encountered was that of
comet 1P/Halley (outgassing rate 1030 s–1) (Krankowsky
et al., 1986; Rème, 1991); the bow shock was encountered
at a distance of more than 1 million km, corresponding to
an estimated stand-off distance at the subsolar point of 0.4
million km (Cravens and Gombosi, 2004). The bow shock
was broad and weak, extending over ~100,000 km. For
the least active comet encountered before Rosetta, 26P
Grigg–Skjellerup, the bow shock was observed at about
20,000 km from the nucleus (Johnstone et al., 1993).
Whereas the magnetosphere of comet 1P was much larger
than a pickup ion gyroradius, that of 26P was of the same
order. Johnstone et al. (1993) noted that the boundaries
encountered still resembled those observed at comet 1P.
In the rest of this chapter we look at how fundamentally
the solar wind interaction with a coma changes when we
go to the even smaller size represented by comet 67P dur-
ing periods of low activity and a relatively weaker solar
wind far from the Sun (section 27.4) and to a medium
activity close to perihelion (section 27.5).
The main boundaries reported at an active comet

(Halley) were the bow shock and the contact surface,
separating the region of mass loading upstream of the
bow shock, a cometosheath between the bow shock and
the contact surface, and a diamagnetic cavity between
the contact surface and the nucleus. In addition a few
more tentative boundaries or regions were reported, e.g.
a cometopause, an ion pile up boundary, and a magnetic
field pileup boundary. A review of the boundaries
observed at Halley in the context of Rosetta is given in
Mandt et al. (2016).

27.2. OVERVIEW OF ROSETTA PLASMA
OBSERVATIONS

Figure 27.1 shows an all-mission overview of the RPC
observations. Upon arrival at the comet the few particles
detected by ion spectrometers behaved as test particles
(Nilsson et al., 2015a), moving along the solar wind electric
field. As activity increased the cometary ions began to
move more consistently antisunward and gradually
attained higher energy (Nilsson et al., 2017). At the same
time the magnetic field gradually increased in strength
(Goetz et al., 2017). Around perihelion, the cometary ion
distributions are less extended towards high energy
(Mandt et al., 2016; Nilsson et al., 2017), as seen in
Figure 27.1d. The solarwind deflection gradually increased
with decreasing heliocentric distance (Figure 27.1e), with-
out much energy loss (Behar et al., 2017). From June to
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November 2015 the solar wind ions were very rarely
observed. In the 24-hour averaged energy spectra shown
in Figure 27.1a, a broadening of the proton spectra can
be seen just before the disappearance of the solar wind ions.
This corresponds both to a larger variability and to some
true broadening of the energy spectra. The He2+ ions
showed less variability and broadening than the protons.
Other ions were seen as well; the He+ ions result from
charge exchange between the He2+ ions and the coma

(Nilsson et al., 2015a; Simon Wedlund et al., 2016). Even
H– ions were observed at solar wind energy (Burch
et al., 2015).
The electron data show the presence of suprathermal

electrons that appear to result from the solar wind–comet
ionosphere interaction (Clark et al., 2015; Deca et al.,
2017). The electrons may also be heated by lower hybrid
waves (Broiles et al., 2016; Karlsson et al., 2017) or by the
ambipolar electric field associated with the large scale
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Figure 27.1 Data from the active part of the Rosetta mission, from arrival at the comet in August 2014 until end of
mission in September 2016. Panels (a)–(d) show differential energy flux as function of energy (y-axis) and time (x-
axis) for (a) H+, (b) He2+, (c) He+, (d) cometary ions with a mass corresponding to water ions and above. Gray
shading indicates data gaps. Panel (e) shows the solar wind deflection. Panel (f ) shows the magnitude of the
magnetic field averaged over 24 hours. Panel (g) shows the distance to the nucleus (black line, left y-axis) and
heliocentric distance (red line, right y-axis).
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electron density gradient (Madanian et al., 2016). The
magnetic field strength at the comet approximately fol-
lowed the activity, increasing as the comet approached
the Sun and then decreasing again after perihelion, reach-
ing average daily values up to nearly 50 nT, with a highest
instantaneous value of nearly 300 nT during one extreme
event on 3 July 2015 (Goetz et al., 2019). The magnetic
field magnitude was not stable, and variability increased
with both increased cometary activity and solar wind
activity, as seen by other impulsive solar wind pressure
events such as ICMEs (Edberg et al., 2016a) and CIRs
(Edberg et al., 2016b; Hajra et al., 2018a). On top of
the magnetic and cometary plasma variability controlled
by the solar wind dynamics, impulsive cometary outburst
were also observed to account for the cometary induced
magnetosphere variability (Grün et al., 2016; Hajra
et al., 2017).
Rosetta sampled a very limited region of the comet

magnetosphere, namely the portion of the plane perpen-
dicular to the Sun–comet direction within a few hundred
km from the nucleus, beside two larger excursions, one
dayside, i.e. on the sunward side of the comet (Edberg
et al., 2016a), and one nightside, further away from the
Sun than the nucleus (Behar et al., 2018a). The dayside
excursion took place inside the magnetosphere while the
nightside excursion occurred during low activity when
the solar wind permeated all the region sampled by
Rosetta. The dayside and nightside excursions can readily
be identified in Figure 27.1g as the two highest peaks in
cometary distance (black line, left-hand scale). The day-
side excursion showed that this close to perihelion the
bow shock and any possible cometosheath with shocked
solar wind plasmawas further away from the nucleus than
1,500 km, though some weak fluxes of solar wind origin
ions were seen in conjunction with a coronal mass ejection
(Edberg et al., 2016a). The nightside excursion offered an
unprecedented possibility both to study the root of a com-
etary tail and to verify models of mass loading and solar
wind deflection over larger distances. We show a compar-
ison of the solar wind flow direction as observed during
the nightside excursion and according to a simple mass-
loading model in Figure 27.2 (Behar et al., 2018a).

27.3. ELECTRIC FIELDS IN A COMET
MAGNETOSPHERE

Because the ion environment of comet 67P was typi-
cally much smaller than a pickup ion gyroradius, the com-
etary ions tended to move along the electric fields present.
Figure 27.3 shows the observed effect of three different
electric fields in the ion data. Ions accelerated several tens
of eV were mainly accelerated antisunward, while their
motion in the plane perpendicular to the sun-line (the

Y-Z plane in CSEQ, CSO, and CSE reference frames)
was determined by the direction of the solar wind electric
field. Ions at lower energy had their flow direction in the
Y-Z plane away from the nucleus irrespective of the direc-
tion of the solar wind electric field. The latter indicates
that for the more locally produced ions an ambipolar elec-
tric field is also important. During the whole nightside
excursion the cometary ion flow was close to radially
away from the nucleus, also irrespective of the direction
of the solar wind electric field (Behar et al., 2018a).
It has been suggested that the antisunward acceleration

is due to a polarization electric field arising due to the dif-
ferent response of cometary ions and electrons to the
imposed solar wind electric field (Nilsson et al., 2015b,
2017; Behar et al., 2016; Berčič et al., 2018). The ions
would move along the solar wind electric field, but the
electrons of the cometary ionosphere would, assuming
the electron gyroradius is small compared to the comet
environment, move with the E × B drift. Ions and elec-
trons cannot separate significantly before a polarization
electric field builds up. The different motion of ions and
electrons give rise to an ion and an electron current, which
buildup charges at the boundary of the comet ionosphere.
These charges propagate outward as a field-aligned cur-
rent. A steady-state solution can be found where the dif-
ferent currents balance each other. This scenario was
investigated by Nilsson et al. (2018), using a model by
Brenning et al. (1991) developed to describe barium cloud
releases. The polarization electric field will partly or
wholly cancel the solar wind electric field in the denser
part of the comet ionosphere. In the case of partial cancel-
lation it was shown by Nilsson et al. (2018) that the polar-
ization electric field could account for the observed
antisunward acceleration of cometary ions. Particle-in-
cell simulations by Deca et al. (2017) show how this field
also affects the electrons, resulting in a pattern where solar
wind electrons neutralize cometary ions while the comet-
ary origin electrons neutralize the solar wind ions. Apart
from the polarization electric field, which can develop at
the boundaries of a dense cometary ion cloud (i.e., the
inner part of a comet ionosphere, where the cometary
ion density dominates), mass loading will also slow down
the electron plasma into which the magnetic field is frozen
in, as the electrons cannot move independently of the slow
cometary ions (Behar et al., 2018b). This is also seen in the
pileup of the magnetic field (Goetz et al., 2017).

27.4. BEFORE THE BOUNDARIES FORM

27.4.1. Mass Loading

Mass loading is the process of gradually adding new
plasma to the solar wind stream (Szegö et al., 2000).
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A small fraction of the coma is ionized, mainly due to
solar EUV radiation but also due to electron impact ion-
ization and charge exchange collisions (Galand et al.,
2016; Simon Wedlund et al., 2017). Electron impact
was shown to be the most important factor at large heli-
ocentric distances, especially post perihelion, whereas
EUV ionization dominated close to perihelion (i.e., when
Rosetta was located in the inner part of the magneto-
sphere) (Heritier et al., 2018). As the coma is expanding
into the surrounding space, and only a small fraction is
ionized, the process will also be ongoing outside any
plasma boundary formation. For a comet magnetosphere
gradually taking shape, being born, the first significant
signature is a deflection of the solar wind. This deflection
can be interpreted as a conservation of momentum.

Cometary ions are accelerated along the direction of the
solar wind electric field, and the solar wind is deflected
in the opposite direction. Behar et al. (2018b) described
this in a more complete manner as a generalized gyromo-
tion of two plasma streams. The solar wind ions can be
seen as gyrating in the slowed-down net plasma drift, that
of a slowed-down electron fluid, which is indicated also by
the pileup of the magnetic field frozen into the electron
fluid. The motional electric field is then not only given
by the solar wind but by the average ion velocity. At
the lower outgassing rates typical for Rosetta observa-
tions outside the boundaries, no clear field-line draping
could be discerned (Goetz et al., 2017), except close to
the nucleus. Koenders et al. (2016a) showed how close
to the nucleus (less than 50 km from the nucleus and
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Figure 27.2 Observed solar wind proton flow during the nightside excursion (red arrows). The excursion took place
between 23March and 8 April 2016, at a heliocentric distance of 2.7 au. Corresponding flow lines of the solar wind
protons obtained from a mass-loading model are shown as red lines. The undisturbed solar wind electric field is
directed upward in the figure. The Sun is to the right. In the lower part of the figure it can be seen how solar
wind flow trajectories converge in a limited region, which we term a caustic in analogy with light rays.
A region free of solar wind ions can also be seen around the nucleus, the solar wind ion cavity. To the right in
the figure one can see the gradual deflection of the solar wind acting over large distances. Adapted from Behar
et al. (2018a). Licensed under CC BY 4.0.

BIRTH OF A MAGNETOSPHERE 431



2.0 au from the Sun) a draping almost perpendicular to
the original solar wind flow direction was observed, con-
sistent with draping from a strongly deflected solar wind.
The field-line draping expected due to the mass loading
could be observed for high enough activity (Goetz et al.,
2017), including nested draping (layers of oppositely
directed draped magnetic field lines) due to changing
upstream solar wind magnetic field direction (Volwerk
et al., 2017). During the tail excursion (at 2.7 au heli-
centric distance) no draping was seen (Volwerk
et al., 2018).
The more cometary plasma that is present, the more

deflected the solar wind will be. In a simple mass-loading
model the integrated effect is a concentration of the solar
wind towards the negative flank of the comet in the CSE
reference frame (Behar et al., 2016, 2018b), which in
accordance with similar phenomena for light has been
termed a “caustic”. The plasma environment at low activ-
ity is fundamentally asymmetric. Furthermore the deflec-
tion of the solar wind in a model only taking mass loading
into account predicts the formation of a solar wind ion
cavity. The caustic and solar wind ion cavity as they
appear in the model of Behar et al. (2018b) are shown
in Figure 27.2. Note that what is shown is individual
ion trajectories, not flow lines. Thus several of the main
boundary phenomena expected and observed at a comet
would form through just the gradual deflection of solar
wind ions over the full region affected by mass loading.
The real physical processes when the boundaries do form
are more complex, as discussed in section 27.5, but the
gradual mass loading sets the stage by having already

affected the flow of the solar wind incident on the forming
boundaries.
The detailed effect of mass loading at comet 67P was

best highlighted by the gradual change of the observed
solar wind deflection with activity (Behar et al., 2017)
and by the solar wind flow during the nightside excursion
(Behar et al., 2018a). Most striking in the former obser-
vation was a concentrated flow of solar wind ions with a
deflection of about 140 in the time just before and after
Rosetta spent a long time in the solar wind ion cavity, as
shown in Figure 27.1e. Both show a very good agreement
with the simple mass-loading model of Behar et al.
(2018b), which is shown in Figure 27.2 for the low
activity conditions during the nightside excursion.
Another effect of mass loading is a consistent dusk to
dawn flow of cometary ions, with the solar wind
deflected in the opposite directions, as predicted by the
mass-loading model and as observed at comet 67P
(Behar et al., 2018).
Also in a rather tenuous coma, the solar wind is affected

by charge-changing reactions, either electron capture or
stripping reactions. These collisions remove solar wind
ions and add slow cometary ions (Simon Wedlund
et al., 2019a, 2019b, 2019c). A decrease in solar wind den-
sity can thus occur due to charge exchange, which will also
affect the mass loading and lead to a modulation of the
size of cometary plasma boundaries (Simon Wedlund
et al., 2019b). As electron capture is in general not offset
by stripping of the energetic neutral atoms, essentially all
of the solar wind ions can be turned into neutrals (Simon
Wedlund et al., 2019c).
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Figure 27.3 Velocity vectors of the pickup and expanding cometary ion populations, indicated in different colors.
Two planes are shown in the CSE frame: on the left the terminator plane (Y-Z plane) and on the right the X-Z plane.
From Berčič et al. (2018). Licensed under CC BY 4.0.
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The integrated effect of charge exchange on He2+ ions
can be seen in the presence of He+ ions, (Figures 27.1b
and 27.1c).

27.4.2. Wave Environment

During the period when the solar wind permeated the
entire (or most of ) the coma, the most prominent waves
were the so called “singing comet waves” (Richter
et al., 2015). These are large amplitude oscillations of
the magnetic field, also seen in hybrid simulations
(Koenders et al., 2016b). A suggested source of these
waves is a modified ion-Weibel instability, resulting from
the current generated by essentially unmagnetized comet-
ary ions (due to their large gyroradius), as described by
Meier et al. (2016). In the regions outside the boundaries,
or before they formed, ion acoustic waves have also been
reported (Gunell et al., 2017a). Cyclotron waves, as
observed at the larger comets (Glassmeier et al., 1989),
were not observed at comet 67P. At comet Grigg–
Skjellerup, which was more similar to Churyumov–
Gerasimenko close to perihelion, strong cyclotron waves
were observed (Neubauer et al., 1993; Glassmeier and
Neubauer, 1993), where it was suggested that nongyrotro-
pic ring distributions, caused by the small scale of the sys-
tem compared to the ion gyroradius, could lead to
enhanced cyclotron wave generation (Motschmann and
Glassmeier, 1993). Apparently, once the system gets small
enough, no cyclotron waves are observed, nor any full
ring distributions of cometary ions, at least at the dis-
tances probed by Rosetta.

27.5. EMERGENCE OF BOUNDARIES

27.5.1. Solar Wind Ion Cavity and Shocks

In section 27.4 we described how the solar wind was
affected by mass loading alone, outside or before bound-
ary formation. One of the clearest boundaries to emerge at
sufficient activity was a solar wind ion cavity, observed in
the RPC-ICA andRPC-IES data (Behar et al., 2017; Nils-
son et al., 2017; Mandt et al., 2016), with the solar wind
starting to disappear in May 2015 and reappearing again
in December 2015. In the time period before Rosetta
entered the solar wind ion cavity, themost common obser-
vation was that of a solar wind deflected about 140 and
little loss of energy or broadening of the proton energy
spectra. Clear partial ring distribution of solar wind pro-
tons were observed. This indicates that the region just out-
side of the solar wind cavity is dominated by a slowed
down electron fluid with gyrating protons, i.e. the mass-
loading region.
As activity increased, broadened proton spectra

appeared sporadically (Nilsson et al., 2015b). Broadening

of the proton spectra may result from shocks within the
solar wind (Hajra et al., 2018a), but this does not explain
them being more common close to the solar wind ion cav-
ity. The broadened proton energy spectra were studied by
Gunell et al. (2018) who found that there was also a clear
increase in the magnetic field amplitude and electron heat-
ing associated with the investigated events. They also
showed how this was in agreement with the FLASH
hybrid model, which predicted a rather small region of
heated solar wind plasma with no clear magnetosheath
for intermediate activity (Lindkvist et al., 2018). This
can then explain why such observations of broadened pro-
ton spectra were less common than the region with mass-
loaded plasma and gyrating solar wind ions just before
Rosetta entered the solar wind ion cavity, i.e., due to
the size difference of the two regions. Lindkvist et al.
(2018) used the FLASH hybrid model to see how energy
was transferred between plasma and electromagnetic
fields in the model (i.e., generator and loads). The model
showed a shock-like structure similar in form and position
as the caustic predicted by mass loading, and that this
region acted as a generator, transferring energy from
the plasma to the electromagnetic fields. This is consistent
with the physics in this region moving from the simple
mass-loading picture to one where the full self-consistent
interaction between plasma and fields must be taken into
account. A similar structure, a bow wave, was reported by
Bagdonat and Motschmann (2002), who noted that in
their model the bow wave was adiabatic and not a shock.
Rosetta was mostly located within a region characterized
by the simple mass-loading picture, and where the change
occurs is a function of the heliocentric distance and out-
gassing rate. Behar et al. (2018b) made a direct compari-
son of a simple model of mass loading and results using
the FLASH hybrid code and showed how the caustic
and solar wind ion cavity were closely colocated for the
two models. Nilsson et al. (2018) noted that the shape
of the cometary ion energy spectra observed could consti-
tute the remote detection of a larger scale bow shock, ten-
tatively located at about 4,000 km upstream of the
observation point, an interpretation later supported by
hybrid simulations (Alho et al., 2019).
Early work on mass loading indicated that the solar

wind flow can be slowed by mass loading, but only up
to some point, where a shock must form. Biermann
et al. (1967) and Flammer andMendis (1991) showed this
in the simplest form using 1-D models: the shock would
occur when the mass-loaded ion flux normalized to the
upstream value reached a critical value. MHD simula-
tions and observations from more active comets showed
the presence of a shock (Huang et al., 2016; Ogino
et al., 1988), which occurs at a relative cometary ion par-
ticle density of a few percentage relative to the solar wind.
Almost all Rosetta observations were obtained when the
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cometary ions already by far dominated the particle den-
sity, typically being above 10 cm–3 since the first observa-
tions (Nilsson et al., 2015a) and then reaching up to
several 1,000 cm–3 in regions outside the solar wind ion
cavity. The situation at the low to intermediate activity
comet is thus very different from that of a larger scale
more active comet.

27.5.2. Ion-Neutral and Electron-Neutral
Collisionopause

The next boundary reported was the ion-neutral colli-
sionopause or ion exobase (Mandt et al., 2016). Higher
energy cometary ions were seen outside the boundary,
while low-energy cometary ions along with reduced mag-
netic field pileup and enhanced electron densities were
seen inside the boundary. The boundary may be related
to the ion-neutral collision rate. Studies of Langmuir
probe data, however, revealed that the ions at the location
of Rosetta appeared to be not collisionally coupled to the
neutrals (Odelstad et al., 2018a; Vigren and Eriksson,
2017). It still seems clear that a boundary exists separating
a region where collisions matter, both for the bulk veloci-
ties of ions and for the role of ion chemistry producing
H3O

+ and other ions (Fuselier et al., 2016; Beth et al.,
2017). Models of the plasma density also indicate that
when Rosetta was close enough to the comet the ions were
moving with a similar speed to that of the neutrals
(Galand et al., 2016; Heritier et al., 2017). The tentative
collisionopause boundary was identified in RPC-IES data
intermittently from April 2015 to January 2016, i.e.,
essentially throughout the period when the solar wind
ion cavity was detected by Rosetta. Another, not neces-
sarily conflicting, explanation for lower energy of acceler-
ated cometary ions during the period of high activity
around perihelion was given byNilsson et al. (2018). They
showed how the solar wind electric field could be more
efficiently shielded during this time period, which would
lead to lower energies of the ions. Using a simple cloud
model, they found that the net electric field was typically
less than 0.1 mVm−1 around perihelion, while a few times
0.1 mV−1 was typical for larger heliocentric distances.
Even closer to the nucleus, a region dominated by elec-

tron-neutral collision, within a so-called electron exobase,
has been inferred by the observation of cold electrons
(Eriksson et al., 2017; Gilet et al., 2017; Engelhardt
et al., 2018a). An estimate of the position of the electron
exobase, i.e. the region inside which electron-neutral col-
lisions are expected to be significant, was given in Mandt
et al. (2016) for the period April to September 2015, typ-
ically being within a few tens of kilometers from the
nucleus, reaching up to about 250 km from the nucleus
in the beginning of September. These electrons, cooled
by collisions on the cometary neutral atmosphere

(Vigren and Galand, 2013), contrast with the fairly warm
electrons typically observed at the location of Rosetta, as
evidenced by both electron observations and a negative
spacecraft potential (Broiles et al., 2016; Goldstein
et al., 2017; Odelstad et al., 2015, 2017) during most of
the mission. Eriksson et al. (2017) and Engelhardt et al.
(2018a) showed how filaments of cold electron plasma
were detected at the location of Rosetta, seen as by inter-
mittent pulses of high probe current of a few to a few tens
of seconds in duration, also well outside the electron exo-
base. By combining LAP and MIP data, (Engelhardt
et al., 2018a) could show that cold electrons (order 0.1
eV) indeed are commonly seen by Rosetta, starting at
about 3 au heliocentric distance and increasing in fre-
quency until being seen almost always around perihelion.

27.5.3. Diamagnetic Cavity

Another boundary forming (mostly) within the solar
wind ion cavity is the diamagnetic cavity, a region free
not only of the solar wind ions but also of the interplan-
etary magnetic field carried by the solar wind. The first
diamagnetic cavity reported at comet 67P was seen at
the end of July 2015 (Goetz et al., 2016a), at a distance
of 170 km from the nucleus. This was much further from
the nucleus for the prevailing gas production rate of 4 ×
1027 s–1 than was expected based on the model of Cravens
(1989), which had been used to explain the diamagnetic
cavity observed at comet 1P/Halley (Neubauer et al.,
1986). It was also further away than the diamagnetic cav-
ity predicted by steady-state simulations (Koenders et al.,
2015). Later studies showed that the diamagnetic cavity
was observed intermittently from April 2015 to February
2016 (Goetz et al., 2016b), somewhat overlapping in time
with periods outside the solar wind ion cavity. The many
short observations of the diamagnetic cavity, often far
from the nucleus, indicated a filamentary or otherwise
unsteady diamagnetic cavity (Henri et al., 2017) rather
than a large field-free region as envisioned for comet
1P/Halley.
The plasma inside the diamagnetic cavity was typically

depleted of suprathermal electrons (Nemeth et al., 2016),
rather uniform, and occurred close to the electron exobase
(Henri et al., 2017). However, at times plasma density
enhancements are seen inside the diamagnetic cavity
(Hajra et al., 2018b). These structures look similar to
structures observed outside the diamagnetic cavity and
appear to have been transmitted from the magnetized
region into the diamagnetic cavity. The plasma just out-
side the diamagnetic cavity is very structured, as is seen
in the data from all RPC sensors. On a timescale of min-
utes, the plasma density can vary by an order of magni-
tude (Hajra et al., 2017; Engelhardt et al., 2018b), the
ion energy by tens of eV, and their flux by a factor ten
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(Stenberg Wieser et al., 2017), and the magnetic field
strength by tens of nT (Goetz et al., 2016b), all well cor-
related (Odelstad et al., 2018a; Stenberg Wieser et al.,
2017). Similar structures were predicted by the hybrid
simulations of Koenders et al. (2015) to originate from
the diamagnetic cavity boundary and propagate outward.
No comparison of the statistical properties of observed
and simulated structures have yet been done.
The observations and theories related to comet 1P/Hal-

ley indicated that the solar wind ions were present up to
the diamagnetic cavity (Neugebauer, 1990). The observa-
tions around comet 67P clearly showed that the solar wind
ion cavity and the diamagnetic cavity were separate fea-
tures. Despite this, it has been shown that the position
of the diamagnetic cavity around 67P statistically relates
well to the position determined by a model invoking
plasma-neutral drag as the outward force (Nemeth
et al., 2016).

27.5.4. Wave Environment Inside the Boundaries

Gunell et al. (2017b) reported ion acoustic waves con-
fined inside the diamagnetic cavity. The observations
were interpreted as current-driven ion acoustic waves,
generated by current that flows through bulges in the sur-
face of the diamagnetic cavity. Just outside the diamag-
netic cavity, high-amplitude density fluctuations in the
electron density in a frequency range similar to the ion
cyclotron frequency were seen Odelstad et al. (2018b).
Further out in the comet magnetosphere, mirror mode
waves have been observed Volwerk et al. (2016).
Strong wave activity around the lower hybrid frequency

range was detected mainly inside the comet magneto-
sphere, as reported in Karlsson et al. (2017), André
et al. (2017) and Stenberg Wieser et al. (2017). The wave
activity was usually coincident with large density gradi-
ents, and it was shown that the necessary requirements
for the lower hybrid drift instability were fulfilled
(Karlsson et al., 2017). André et al. (2017) investigated
the generation of lower hybrid waves in the cometary
environment in more detail. The observed wave ampli-
tudes could be quite high, tens of mV m−1, indicating that
these waves significantly affect the ion and electron envi-
ronment. Madsen et al. (2017) showed wave activity in the
3–8 Hz range inside the diamagnetic cavity, which was
interpreted as ion acoustic waves excited by “cavity
boundary forcing” from the lower hybrid waves outside.

27.6. FUTURE DIRECTIONS

The changes Rosetta revealed as a comet magneto-
sphere is “born” are related to the increasing relative role
of the cometary plasma and the increasing scale size of the
interaction region. Comet 67P is indeed a mass-loading

laboratory in this respect, allowing us to sample a gradu-
ally changing environment. The main drawback with the
Rosetta observations is the lack of spatial coverage.
Therefore, the data must be combined with 3-D models.
At small cometocentric distances during periods of high
activty near perihelion, these models need to take into
account collisions with the neutral atmosphere. Electron
dynamics and charge distribution are important, as evi-
denced by the role of the ambipolar electric field and pos-
sibly a polarization electric field arising from the different
response of cometary ions and electrons to the imposed
solar wind electric field. Mass loading has an integrated
effect over large distances, so that large simulation boxes
are needed for accurate results.
On a larger scale the transition from the mass-loaded

regime to one where shocks start to occur – and matter
– is important. In the mass-loaded plasma, the solar wind
ions are seen to be gyrating, which can be regarded as the
equivalent of a thermal motion in the sense that it is a
motion in addition to the nowmuch slower guiding center
motion of the plasma, so what is observed shares some
features to be expected downstream of a shock. At some
point the solar wind ions start to lose more energy and
obtain a more spread motion. A careful comparison of
the response seen in H+ and He2+ may give an indication
of the role of the local ion gyroradius. All the different
data sets must be combined in order to see the role of feed-
back between particles and fields.
For a future cometary mission, an energetic neutral

atom (ENA) instrument would be a valuable addition.
Comets produce significant amounts of ENA and obser-
vations of charge-exchanged solar wind could allow a
remote sensing of upstream conditions. A second highly
valuable addition to future cometary space missions
would be the presence of a dedicated, separated solar wind
spacecraft, able to monitor the solar wind state and vari-
ability upstream the solar wind–comet interaction region,
in order to enable separating the intrinsic cometary mag-
netosphere dynamics to that directly induced by the solar
wind variability.
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