N

N

Diamagnetic region(s): structure of the unmagnetized
plasma around Comet 67P/CG
Pierre Henri, Xavier Vallieres, Rajkumar Hajra, C. Goetz, I. Richter, K.-H
Glassmeier, M. Galand, M. Rubin, A. I. Eriksson, Z. Nemeth, et al.

» To cite this version:

Pierre Henri, Xavier Vallieres, Rajkumar Hajra, C. Goetz, I. Richter, et al.. Diamagnetic region(s):
structure of the unmagnetized plasma around Comet 67P/CG. Monthly Notices of the Royal Astro-
nomical Society, 2017, 469 (Suppl_2), pp.S372-S379. 10.1093/mnras/stx1540 . insu-01670717

HAL Id: insu-01670717
https://insu.hal.science/insu-01670717
Submitted on 21 Dec 2017

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://insu.hal.science/insu-01670717
https://hal.archives-ouvertes.fr

of the
ROYAL ASTRONOMICAL SOCIETY iy

MNRAS 469, S372-S379 (2017) doi:10.1093/mnras/stx 1540
Advance Access publication 2017 June 21

Diamagnetic region(s): structure of the unmagnetized plasma around
Comet 67P/CG

P. Henri,'*1 X. Vallieres,'! R. Hajra,! C. Goetz,? I. Richter,> K.-H. Glassmeier,>
M. Galand,®> M. Rubin,* A. I. Eriksson,’ Z. Nemeth,® E. Vigren,®> A. Beth,’
J.L. Burch,” C. Carr,> H. Nilsson,® B. Tsurutani’ and G. Wattieaux '’

'LPC2E, CNRS, F-45071 Orléans, France

2Institut fiir Geophysik und extraterrestrische Physik, TU Braunschweig, Mendelssohnstr. 3, D-38106 Braunschweig, Germany
3Department of Physics, Imperial College London, Prince Consort Road, London SW7 2AZ, UK

4Physikalisches Institut, University of Bern, Sidlerstrasse 5, CH-3012 Bern, Switzerland

5Swedish Institute of Space Physics, Angstrom Laboratory, Ligerhyddsviigen 1, SE-75120 Uppsala, Sweden

SWigner Research Centre for Physics, Budapest, Hungary

TSouthwest Research Institute, PO Drawer 28510, San Antonio, TX 78228-0510, USA

8Swedish Institute of Space Physics, PO Box 812, SE-981 28 Kiruna, Sweden

9 Jet Propulsion Laboratory, California Institute of Technology, 4800 Oak Grove Drive, Pasadena, CA, USA

I APLACE, Université de Toulouse, CNRS, F-31062 Toulouse, France

Accepted 2017 June 16. Received 2017 April 3

ABSTRACT

The ESA’s comet chaser Rosetta has monitored the evolution of the ionized atmosphere of
comet 67P/Churyumov—Gerasimenko (67P/CG) and its interaction with the solar wind, during
more than 2 yr. Around perihelion, while the cometary outgassing rate was highest, Rosetta
crossed hundreds of unmagnetized regions, but did not seem to have crossed a large-scale
diamagnetic cavity as anticipated. Using in situ Rosetta observations, we characterize the
structure of the unmagnetized plasma found around comet 67P/CG. Plasma density measure-
ments from RPC-MIP are analysed in the unmagnetized regions identified with RPC-MAG.
The plasma observations are discussed in the context of the cometary escaping neutral atmo-
sphere, observed by ROSINA/COPS. The plasma density in the different diamagnetic regions
crossed by Rosetta ranges from ~100 to ~1500 cm~>. They exhibit a remarkably systematic
behaviour that essentially depends on the comet activity and the cometary ionosphere expan-
sion. An effective total ionization frequency is obtained from in sifu observations during the
high outgassing activity phase of comet 67P/CG. Although several diamagnetic regions have
been crossed over a large range of distances to the comet nucleus (from 50 to 400 km) and
to the Sun (1.25-2.4 au), in situ observations give strong evidence for a single diamagnetic
region, located close to the electron exobase. Moreover, the observations are consistent with
an unstable contact surface that can locally extend up to about 10 times the electron exobase.

Key words: plasmas—methods: data analysis — Comets: individual: 67P.

1 INTRODUCTION

Comets are unmagnetized (Auster et al. 2015) Solar system bodies
that build up an induced magnetosphere through the interaction of
their expanding ionosphere with the incoming solar wind (Cravens
& Gombosi 2004). Therefore, besides any locally generated field
by currents, the interplanetary magnetic field, frozen into the solar
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F-45071 Orléans, France.

wind plasma (Alfven 1957), is the only source of magnetic field
at the comet. Close to the cometary nucleus, the plasma becomes
collisionally coupled to the radially expanding neutral atmosphere.
This prevents the magnetized solar wind from penetrating into the
inner cometary regions, which results in the formation of a region
void of any significant magnetic field: a diamagnetic cavity (Cravens
1987; Ip & Axford 1987). The fluxgate magnetometer onboard the
Giotto spacecraft first detected evidence of a diamagnetic cavity at
the comet 1P/Halley in 1986, when Giotto flew by the comet at a
closest distance of 500 km (Neubauer et al. 1986). The spacecraft
crossed the cavity surface on its inbound leg at 4470 km and exited
the cavity at 4155 km on its outbound leg.

© 2017 The Authors
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The ESA’s Rosetta spacecraft arrived at the target comet
67P/Churyumov—Gerasimenko (hereafter 67P/CG) on 2014 August
6 and detected the first diamagnetic region at the comet on 2015
July 26 with the fluxgate magnetometer of the Rosetta Plasma Con-
sortium, RPC-MAG (Goetz et al. 2016b). The diamagnetic region
was detected at a cometocentric distance of about 170 km. This is
much larger compared to the distances predicted for the diamag-
netic cavity from the recent modelling studies (e.g. Koenders et al.
2015; Rubin et al. 2015; Huang et al. 2016), though it may, in part,
be associated with the fact that the production rate of the comet was
previously underpredicted (Hansen et al. 2016).

No large-scale diamagnetic region, as found around Halley, was
reported at 67P/CG. Instead, Goetz et al. (2016a) reported a total of
665 diamagnetic regions detected from 2015 April to 2016 February
around 67P/CG, when the heliocentric distance of the comet from
the sun varied from 1.8 to 2.4 au. The diamagnetic region(s) were
classified into two groups, single events and clustered events, both
of which seemed to be distributed randomly. It was statistically
shown that the properties of the diamagnetic region(s) depend on
the long-term trend of the outgassing rate and that their distribution
is organized by theoretical cavity size predicted by neutral drag
(Nemeth et al. 2016). Energetic electrons inside the diamagnetic
region(s) crossed by Rosetta, measured by Ion Electron Sensor
(RPC-IES), show a drop in the electron flux for energies above 40 eV
(Nemeth et al. 2016; Madanian et al. 2017). These observations
indicate a cooling of the electrons in these diamagnetic region(s)
through collisions with cometary neutral (Eriksson et al. 2017).

The aim of this work is to explore the structure and dynamics
of the unmagnetized thermal plasma around comet 67P/CG. The
above-mentioned studies mainly reported the magnetic characteris-
tics and the properties of the energetic electrons during the intervals
of diamagnetic region(s) crossings. Nevertheless, the properties of
the thermal plasma environment in the diamagnetic region(s) sur-
rounding comet 67P/CG have, as yet, not been well explored. We
therefore focus on observations of the cold, unmagnetized plasma
that fills the diamagnetic cavity(ies) crossed by Rosetta, with the
aim to characterize its global structure and stability.

First, we show that the plasma density in the diamagnetic region
is entirely determined by the ionization of the cometary neutral
atmosphere. In this respect, we obtain an effective total ioniza-
tion rate from in siru measurements. Secondly, although the dia-
magnetic regions crossed by Rosetta seem to be a priori almost
randomly distributed, we give evidence for a single unmagnetized
plasma structure. Thirdly, we show that the most probable loca-
tion of the boundary between the magnetized and unmagnetized
cometary plasmas (contact surface) is located close to the electron
exobase, which defines the limit of the electron collisionality. This
boundary, between a collisional unmagnetized region and a col-
lisionless (for electron—neutral collisions) magnetized region, has
been crossed several times by Rosetta. We show that the plasma
observations are consistent with an unstable contact surface.

The paper is organized as follows. The in situ Rosetta observa-
tions of the thermal plasma in the unmagnetized regions encoun-
tered by Rosetta are described in Section 2 and used to characterize
the global structure of the unmagnetized plasma in Section 3. The
results are discussed in Section 4.

2 ROSETTA IN SITU OBSERVATIONS OF THE
UNMAGNETIZED PLASMA DENSITY

To characterize the structure of the unmagnetized plasma observed
around comet 67P/CG, we analyse in situ data from the Rosetta
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Figure 1. Plasma observations of an isolated diamagnetic region on 2015
November 28. From top to bottom: RPC-MIP mutual impedance spectro-
gram in amplitude normalized for each spectrum (red: maximum amplitude;
blue: minimum amplitude; first panel) and phase (second panel), RPC-MIP
plasma density and ROSINA/COPS neutral density (third panel, black and
blue lines, respectively) and RPC-MAG magnetic field amplitude (bottom
panel). The unmagnetized region is highlighted in white.

Plasma Consortium RPC (Carr et al. 2007) onboard the Rosetta
orbiter spacecraft (Glassmeier et al. 2007a).

Unmagnetized regions are identified by the RPC-MAG fluxgate
MAGnetometers (Glassmeier et al. 2007b). In particular, we make
use of the diamagnetic cavity crossings reported in Goetz et al.
(2016a). Inside those regions, the plasma density is provided by
the Mutual Impedance Probe RPC-MIP (Trotignon et al. 2007).
RPC-MIP measures the electric coupling between two antennas,
an emitter and a receiver, immersed in a plasma, in a frequency
range that contains the plasma frequency. The identification of the
plasma frequency from the mutual impedance spectra enables to
retrieve the plasma density (Chasseriaux, Debrie & Renard 1972;
Storey 1998). The time resolution of MIP mutual impedance spectra
measurements, and therefore of derived plasma densities, varies
between 2.5 s and 32 s depending on the operational mode used.
In situ neutral gas density measurements by the Comet Pressure
Sensor (COPS) from the Rosetta Orbiter Spectrometer for Ion and
Neutral Analysis (ROSINA) (Balsiger et al. 2007) are also used for
comparison with plasma density measurements. The time resolution
of ROSINA/COPS neutral density is 1 min, corresponding to a 10 s
average every minute.

Two kinds of diamagnetic regions have been crossed by Rosetta:
isolated diamagnetic regions and clusters of diamagnetic region(s).

Observations of plasma density variation when crossing an isolated
diamagnetic region. An example of diamagnetic region crossed by
Rosetta on 2015 November 28 is shown in Fig. 1. The unmag-
netized region, identified by the RPC-MAG magnetic field data
around 16:30 (bottom panel, delimited by two vertical red lines),
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is surrounded by magnetized regions (grey parts). The amplitude
and phase of the RPC-MIP mutual impedance spectrograms (first
and second panels, respectively) show the time variation of the
plasma frequency line. The plasma frequency varies between 100
and 600 kHz during this time interval and is observed at about
150 kHz in the unmagnetized region. The plasma density, derived
from the identification of the plasma frequency, is shown in the third
panel (black points). The unmagnetized plasma density is about
200 cm~ in this example. For comparison, the ROSINA/COPS
neutral density is overplotted (same panel, blue points, with another
corresponding scale on the right part). The neutral density is con-
stant, about 107 cm 3, during the whole time interval. Note that the
ionization ratio is low, of the order of 7,14sma/Mneutral = 1073 in this
example. This is characteristic of the low-ionization ratio observed
during Rosetta operations (Galand et al. 2016; Vigren et al. 2016), as
the spacecraft remained relatively close to the comet nucleus (about
100 km in this example, from 10 to 1500 km over the mission) com-
pared to the typical ionization length scale L = V,/vjon =~ 107 km.
Here, we have used V, ~ 1 km s~! as the typical cometary neutral
escape velocity and vj,, ~ 1077 Hz as the typical H,O ionization
frequency (Heritier et al. 2017).

In general, the unmagnetized plasma density is observed to be
rather steady on the time-scale of the diamagnetic region crossing.
On the contrary, the magnetized plasma is characterized by much
more dynamics with the formation of large amplitude compressible
structures (with relative plasma density variations én/n > 1). They
are associated with the large magnetic amplitude structures observed
at the edges of the diamagnetic regions previously reported in Goetz
et al. (2016a). The nature of these magnetized structures is out of
the scope of this paper and will be addressed in future works.
We concentrate here on the plasma contained in the unmagnetized
regions.

Observations of the plasma density profile when crossing clus-
ters of diamagnetic regions. On top of isolated unmagnetized re-
gions, such as the one shown in Fig. 1, Roserta has also often
crossed successions of diamagnetic regions, such as illustrated in
Fig. 2. The cometary plasma properties are similar to those ob-
served in isolated diamagnetic regions: an almost constant plasma
density in the unmagnetized regions, surrounded by high-density
variations in the magnetized regions. Note that the magnetized
plasma density is of the order of the unmagnetized plasma den-
sity or can even be a few times larger in this example. In some other
examples (not shown here), the magnetized plasma density has
been observed to be slightly smaller than the unmagnetized plasma
density, but still of the same order of magnitude. A major prop-
erty of the plasma observed inside the diamagnetic regions is that
its density remains almost constant from one crossing to another.
The unmagnetized plasma density actually follows the neutral den-
sity variations (third panel: blue dots), typically on time-scales of
hours.

Note however that about 15 per cent of the unmagnetized regions
crossed by Rosetta are characterized by the presence of localized,
smooth density variations (not shown here). These unmagnetized
compressible structures have amplitudes much smaller than the
sharp density variations seen in the adjacent magnetized regions.
Their origin is not yet understood and will be studied in future
works.

Since the plasma density is observed to be almost constant in-
side each diamagnetic region crossed by Rosetta, we can define a
plasma density for each diamagnetic region crossing. When den-
sity variations are seen in the unmagnetized regions, we define
the plasma density associated with the diamagnetic region cross-
ing as the unmagnetized plasma density before/after these local
variations.
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Figure 2. Plasma observations of a succession of diamagnetic region(s) crossings on 2015 July 25. Same panels as Fig. 1.
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Figure 3. Summary of the different unmagnetized plasma density observations during the Rosetta mission, obtained between 2015 April and 2016 February.
Top panel: daily average of the unmagnetized plasma density (colour coded) together with the daily number of diamagnetic cavity(ies) crossings at different
distances from the Sun and the comet nucleus. Central panel: time evolution of the heliocentric distance of comet 67P/CG (black line) and the cometocentric
distance of Rosetta (red line) over the same time interval. Bottom panel: time evolution of instantaneous (small blue dots) and daily average (large blue dots)
of the unmagnetized plasma density during diamagnetic cavity crossings together with daily occurrence of diamagnetic cavity crossings. The same horizontal

scale applies for both central and bottom panels.

Summary of unmagnetized plasma regions crossed during the
Rosetta mission. A summary of the plasma density inside the
cometary diamagnetic regions encountered by Rosetta is shown in
Fig. 3. In terms of the heliocentric distance and the cometocentric
distance (top panel), the number of diamagnetic regions encountered
by Rosetta and their associated plasma density both increase (i) as
the comet gets closer to the Sun, and therefore as the cometary ac-
tivity increases, and (ii) as Rosetta gets closer to the comet nucleus.
Over the entire mission, such diamagnetic regions have been crossed
from 2015 April to 2016 February (bottom panel). They have been
observed mostly around perihelion, at 1.24 au, reached in 2015 Au-
gust, and more sporadically as far as heliocentric distances up to
about 2.4 au (Goetz et al. 2016a). The corresponding unmagnetized
plasma densities, although fairly constant on time-scales of minutes

to hours as shown previously in Figs 1 and 2, were observed to vary
from ~100 to ~1500 cm™3 during the whole mission. The higher
densities are observed in 2015 July, close to perihelion. Most of the
series of diamagnetic region(s) crossings, similar to the one shown
in Fig. 2, are observed in the end of July, early August and the end
of 2015 November (high crossing occurrence in the bottom panel),
which corresponds to local maxima in the observed unmagnetized
plasma densities. Note that Rosetta has crossed fewer diamagnetic
regions during 2015 September—October. Indeed, Rosetta moved
away from the comet nucleus during this period of highest cometary
activity, at cometocentric distances exceeding 300 km, to prevent
navigation safety issues. On top of that, a planned excursion brought
the Rosetta spacecraft up to 1500 km from the comet nucleus in 2015
October.
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Figure 4. Histograms of the unmagnetized plasma density (top panel) and
of Nplasma/ (Mneural C7), representing the plasma-to-neutral density ratio taken
into account spherical expansion at the cometocentric distance r (bottom
panel).

3 GLOBAL STRUCTURE OF THE
UNMAGNETIZED COMETARY PLASMA

As the cometary activity varies significantly during the observations
reported in this paper, it is convenient to take it into account through
observations of the neutral expanding cometary atmosphere, to bet-
ter characterize the global structure of the unmagnetized cometary
plasma observed close to comet 67P/CG. We show in this section
that once the behaviour of the expanding cometary neutral coma
has been taken into account (i) we obtain the total effective ioniza-
tion frequency and (ii) we identify the more likely location of the
contact surface, the frontier between the diamagnetic regions and
the magnetized cometary plasma.

3.1 Total effective ionization frequency

The plasma density inside the different diamagnetic regions ranges
from 100 to 1500 cm™> and shows no particular typical value, as
illustrated in the unmagnetized plasma density histogram in the top
panel of Fig. 4. This can be understood by the fact that Rosetta
has witnessed a large range of cometary outgassing activity, at
different distances from the nucleus. Once that is taken into account,
the unmagnetized plasma density 7pjma Shows a very predictable
behaviour in terms of the neutral density npeyirar:

Nplasma = (]2 + 03) X 1077 Nneutral r[km]7

where cometocentric densities are expressed in the same units (bot-
tom panel) and the cometocentric distance r is expressed in km.

At distances far enough from the nucleus surface, and in the
absence of magnetic field (thus in the absence of plasma cross-field
acceleration), the cometary plasma density is expected to scale as
(Galand et al. 2016; Vigren et al. 2016):

Nplasma = Viot 7 nneutral/uneutral-

We can therefore constrain the total, average, effective ionization
frequency of the expanding cometary coma witnessed by Rosetta
to

Vot (Hz) =~ (1.2 £ 0.3) x 1077 tpeutrar (km s™1)

depending on the actual expanding neutral velocity uneyra. Here,
we have assumed that the neutral and ion velocities are equal. This
is both (i) consistent with the ion composition observed around
perihelion (Heritier et al. 2017) and (ii) justified by the absence
of cross-magnetic field plasma acceleration, as the vx B convective
electric field vanishes in the unmagnetized region.

The cometary neutral radial velocity has been observed in the
range of 0.5-0.8 km s~! by the MIRO instrument in the less active
phase of the comet and shown to be positively correlated with out-
gassing intensity (Gulkis et al. 2015; Lee et al. 2015). Later, near
perihelion, the cometary neutral radial velocity was observed by
MIRO to be in the range of 0.7 to 1 km s~! (Heritier et al. 2017;
Marshall et al. 2017). In addition, still near perihelion, the photoion-
ization frequency of water (the dominant neutral species during this
period) is of the order of 3 x 10~ s~!, while the local electron
impact ionization frequency, derived from the IES suprathermal
electron spectra, is estimated to be of the order of 1073 s~! (Heritier
et al. 2017). This yields an expected Vpp, /Upeurral = 3 X 1077 km™',
which is higher than the value derived from the observations (1.2 £+
0.3)1077 km~".

The ionization frequency derived from the observations is there-
fore somewhat lower than the photoionization frequency from solar
EUYV spectra measured by TIMED/SEE and extrapolated in distance
to 67P (Vigren et al. 2015). While there is significant attenuation
of the solar radiation in the coma by the gas below a few tens of
km, Heritier et al. (2017) have shown that it does not affect signifi-
cantly the electron density at the location of Rosetta, decreasing it by
5 per cent at 200 km. Dust may however attenuate the incoming solar
radiation. Furthermore, the difference found between observed and
modelled ionisation frequency may be indicative of some plasma
neutralization through dissociative recombination. Indeed this pro-
cess is neglected in the derivation of the modelled ionisation fre-
quency. However, Heritier et al. (2017) have shown that it can affect
significantly the electron density, decreasing it by about 50 per cent
at 200 km. Alternatively, it may be a sign of a plasma drift veloc-
ity somewhat exceeding the neutral outflow velocity. Indeed, in a
model combining the effects of acceleration and collisions, Vigren
& Eriksson (2017) have shown that the weak ambipolar electric
field set up by the radial gradient in electron pressure can result in
the ion-flow speed increasing up to several times the neutral gas
expansion velocity, which may explain the lower plasma density
observed.

3.2 Plasma-gas collisions

On the one hand, the newborn cometary ions are typically cold with
a temperature expected to be of the order of the neutral gas temper-
ature (few 100 K, corresponding to few tenths of meV); on the other
hand, the newborn electrons are expected to have a much higher tem-
perature, in the range of 3—10 eV, as observed by RPC-LAP during
most of the mission. On top of this warm electron population, signa-
tures of a cold population have been observed around perihelion, in
particular inside the diamagnetic regions, with temperatures below
1000 K (0.1 eV) (Eriksson et al. 2017). This cold electron population
is understood to have cooled down, through collisions on cometary
molecules, which is consistent with the depletion of suprathermal
electrons observed during diamagnetic region crossings (Nemeth
et al. 2016).

In the inner coma, the thermalization of the weakly ionized
cometary plasma is provided by electron—neutral and ion—neutral
collisions. In a weekly ionized plasma as encountered by Rosetta
(Mplasma/Pneutral = 107> in the examples shown in Figs 1 and 2),

Downl oaded from https://acadeni c. oup. com mras/articl e-abstract/ 469/ Suppl _2/ S372/ 3873953

by ONRS -

| STO user

on 21 Decenber 2017



the electron mean free path Angp = 1/7neuralOen only depends on
the neutral density and the electron—neutral cross-section o,. It
can be estimated between the comet nucleus and the spacecraft
from in situ measurements of the neutral density n.q,s measured
by ROSINA/COPS at the spacecraft position r,.. The neutral den-
sity at a cometocentric distance r falls off as n,(r) = ncops(rsc/ r)?
(Bieler et al. 2015; Hassig et al. 2015) so that the electron mean
free path varies with the cometocentric distance as Ay (r) =
(r/ reo)? /(Neops-0cn). We use here an electron—neutral cross-section
for 5 eV electron on water molecules o, ~ 5 x 1071¢ cm? (Itikawa
& Mason 2005).

The location of the electron exobase L. _ ,, the distance to the
comet at which the scalelength is equal to the electron mean free
path, can therefore be estimated from in sifu neutral density mea-
surements as L,_, = ncopsrszcacn. As the plasma density varies in
1/r, the scalelength is taken here as the plasma density scaleheight
that is 7pjasma /| %nplasmal ~ r. The electron exobase defines the fron-
tier between a collision-dominated region surrounding the comet,
inside which the locally ionized electrons suffer at least one colli-
sion with a cometary neutral, and a collisionless region far enough
from the comet, where locally ionized electrons are not coupled
to the expanding cometary coma and do not cool down (Mandt
et al. 2016). The location of the electron exobase is directly asso-
ciated with the cometary neutral production rate Q and also reads
Len= Qo'en/47-[uneulral~

Fig. 5 shows the daily averaged plasma density observed in the
unmagnetized regions crossed by Rosetta together with its cometo-
centric distance (left), the histogram of the plasma densities inside
each diamagnetic region (middle) and the histogram of the number
of diamagnetic region as a function of the cometocentric distance
(right). The top panels essentially contain the same information as

S377

Unmagnetized cometary plasma

Fig. 3. As Rosetta covered more cometocentric distances in the
range 100-200 km, these distributions are biased towards these
distances. All in all, we observe there is no obvious typical loca-
tion for the position of the boundary between the magnetized and
unmagnetized cometary plasmas.

The top panels are actually shown here for a direct compari-
son with the bottom panels, where the cometocentric distance r
is now expressed in terms of the electron exobase R* = r/L._ .
The different unmagnetized plasma densities, measured at different
distances from the comet and for different cometary activity levels,
collapse into a single unmagnetized plasma density relation that can
be rewritten as

Viot Le o -~ 3 o
—— ~ 2000 cm™/R",

Nplasma =
Oen Uneutral T

shown as ared line in the bottom middle panel of Fig. 5. Note that the
same radial variation of the cometary plasma density was observed
at low cometary activity (at heliocentric distances above 3 au) up to
cometocentric distances of 250 km (Edberg et al. 2015), when the
plasma could still be considered collisionless but the acceleration
of the newborn ions between the comet nucleus and the Rosetta was
negligible.

When expressed in terms of the electron—neutral collisional dis-
tance, which has varied much during the Rosetta mission, the data
reveal that most of the diamagnetic region crossings have occurred
close to the electron exobase (bottom left panel in Fig. 5). This
essentially reflects the fact that the various clustered observations
of unmagnetized regions, such as the one shown in Fig. 2, have
been observed at this distance. Furthermore, the diamagnetic re-
gions crossed at distances much larger than the electron exobase
are essentially isolated unmagnetized regions.
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Figure 5. Left-hand panels: in situ RPC-MIP plasma density inside the different diamagnetic region(s) crossed by Rosetta during the whole mission, shown at
the S/C cometocentric distance r = ry. (left-hand panel). Densities are colour coded from 100 to 2500 cm™3. Black dots refer to diamagnetic region crossings
during times when no MIP density is available. Grey dots show the 1 d average position to keep track of the evolution of the spacecraft cometocentric distance.
Middle panels: variation of the unmagnetized plasma density with the cometocentric distance. Right-hand panels: histogram of the number of diamagnetic
cavity crossings with the cometocentric distance. In the top panels the cometocentric distance r is expressed in km, while in the bottom panels the cometocentric
distance R* = r/Le _ , is expressed in terms of the electron exobase L. _ , estimated along the comet-spacecraft direction.
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4 DISCUSSIONS AND CONCLUSIONS

We have reported (i) Rosetta in situ observations of clustered dia-
magnetic regions with identical plasma densities from one diamag-
netic region to the other, located close to the electron exobase, and
(ii) observations of isolated unmagnetized plasma structures with
similar physical properties as the clustered ones (cold unmagne-
tized plasma with the same density scaling) that can extend as far
as 15 times the cometary electron exobase.

These observations suggest that the clustered diamagnetic regions
are the same single region inside which Rosetta has entered/left
several times, and that the typical position of the contact surface
of comet 67P/CG may be located at/close to the electron exobase.
This means that the origin of the formation of a diamagnetic region
is associated with the limit of electron collisionality, which makes
sense from a Hall MHD point of view.

Indeed, since the nucleus of comet 67P/CG is unmagnetized
(Auster et al. 2015), the only source of the magnetic field observed in
the cometary-induced magnetosphere is the interplanetary magnetic
field. While the magnetic field can be considered to be frozen into the
plasma at large scales, it separates from the (solar wind and newborn
cometary) ions at length scales between the ion and electron inertial
lengths. These are the typical length scales encountered by Rosetta
in the close environment of comet 67P/CG. The magnetic field
can however still be considered as frozen in the electron fluid at
such sub-ion scales. This is why the cometary plasma environment
can still carry a large-scale magnetic field, even in the absence
of the (deflected) solar wind ions, as the interplanetary magnetic
field penetrates deeper in the induced cometary magnetosphere,
carried by the electron flow (similar to the ion diffusion region in
collisionless magnetic reconnection).

However, close enough to the comet nucleus, in the region where
the electrons start to suffer collisions with neutrals, i.e. at distances
smaller than the electron exobase, the electron—neutral viscous fric-
tion dynamically couples the electron fluid to the radially expanding
cometary neutral flow. As a result, the electron fluid should also be
directed outward in this collisional region and the interplanetary
magnetic field can no longer enter deeper inside the close comet
environment: the frontier of the magnetized region therefore scales
as the frontier of the electron collisional region.

While Rosetta has repeatedly been below the ion exobase (not
shown here), it has unfortunately not flown much below the elec-
tron exobase (Mandt et al. 2016). The ion exobase is located about
4-16 times further away from the comet nucleus than the elec-
tron exobase. In other words, Rosetta has been inside the ion—
neutral collision-dominated region, much more often than inside
the electron—neutral collision-dominated region. This may explain
why Rosetta has never remained inside the global diamagnetic
cavity.

Moreover, the fact that Rosetta has entered/left several times the
same region on time-scales of minutes (with a quasi-periodicity
of about 10 min in the case reported in Fig. 2) suggests that the
contact surface may be unstable. Previous authors have found that
the cometary boundaries may be unstable to Kelvin—Helmholtz
and Rayleigh—Taylor instabilities (Ershkovich & Flammer 1988),
as well as convective instabilities (Ershkovich & Israelevich 1993).
This unstable boundary would extend pretty far, as indicated by
observations of isolated, unmagnetized plasma structures as far as
15 times the cometary electron exobase (Fig. 5, bottom middle and
left-hand panels).

Our understanding of how the boundary between the un-
magnetized and magnetized cometary plasmas may look like is

Isolated diamagnetic
region crossings

Unstable interface

Clustered diamagnetic
region crossings

Electron exobase

Figure 6. Schematic of unmagnetized versus magnetized plasma observa-
tions around comet 67P/CG.

summarized in Fig. 6. An unstable contact surface (black line) is
located close to the electron exobase (blue circle, here with a spheri-
cal symmetry, however the electron exobase follows the neutral out-
gassing asymmetry around the comet nucleus) and extends away in
the coma. Two examples of Rosetta trajectory around comet 67P/CG
(green, dotted lines) illustrate the regions where clustered (resp. iso-
lated) unmagnetized regions are observed closed to (resp. further
away from) the electron exobase. Interestingly, similar structures
are observed in the Earth’s ionosphere. Indeed, after local sunset,
due to the absence of plasma production by solar photoionization,
high plasma density magnetic flux tubes at the bottom side of the
equatorial ionospheric F region are thought to change places with
lower density flux tubes from below. This situation is analogous
to the hydrodynamic Rayleigh-Taylor instability, where a heavy
fluid is located over a light fluid. This interchange of magnetic flux
tubes creates a large-scale (tens of kilometres) density perturbation
locally, which rapidly penetrates through to the topside of the F re-
gion due to the action of perturbation electric fields. This is thought
to create what is known as equatorial spread F (see Dungey 1956;
Ossakow 1981; Sultan 1996).

We suggest that the instability observed at the interface between
the unmagnetized, collisional and the magnetized, collisionless (for
electrons) plasma around comet 67P/CG may be similar to a con-
vective or a Rayleigh—Taylor instability (interchange instability, as
called in fusion plasma communities) observed in the Earth’s iono-
sphere. Further works will be required to test deeper this hypothesis.

In this work, we have put the emphasis on the influence of the
cometary neutral outgassing, in particular through electron—neutral
collisions, on the position of the contact surface. It is worth remind-
ing the influence of the solar wind pressure as well. In particular,
changes in the solar wind pressure may also be responsible for
the variations observed in the location of the diamagnetic regions.
Timar et al. (2017) investigated the influence of the variations of
the production rate and the solar wind pressure on the size of a
global cavity using the neutral-ion drag model (Cravens 1986) and
reported good agreement with the location of diamagnetic regions
encountered by Rosetta. It is therefore not excluded that a breathing
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motion of a global cavity boundary is able to explain some of the
observations.
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