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67P/Churyumov-Gerasimenko

4 km

Periodic comet, 6.5 year
Discovered 1969
Belongs to the  Jupiter family of comets



Emergence of boundaries



Role of a Planetary 
Magnetic Field

A  C h a n g i n g  P a r a d i g m ?



Ion Environment of comet 67P

Cone angle of cometary ions, 0° anti-sunward

Solar wind

Cometary ions

> 100 eV

< 60 eV

Nilsson et al., MNRAS, 2017



Before the boundaries form 

The role of mass-loading



Why is mass loading important?

Direct interaction between solar wind and atmosphere

May happen for a hot atmosphere with a large scale 

height

Young Earth - strong EUV heated the upper atmosphere

Strong stellar wind may overcome pressure of 

ionopause / magnetopause 



Lets look at some of the physics!
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Comet reference frame

Electric field
Solar wind E x B drift

Magnetic field



What happens to a new born 
ion?
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Comet reference frame

Electric field
Solar wind E x B drift

Magnetic field

H2O+

F = v x B



S398 E. Behar et al.
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Figure 1. Proton and alpha particle bulk properties through the complete active mission.

results in poor quality moments, as seen in the figure. During the
second period, because of technical issues, no data were produced.

Integrated ion velocity distributions are given in Fig. 2. The
integration time was chosen to be 160 min (50 full-field-of-view
scans) for each distribution, at the exception of the 6th of August
2014, first day of the active mission (21 scans available only). The

distributions are rotated from the instrument reference frame in
which they are measured, to a right-handed frame with the x-axis
pointing to the Sun and the z-axis direction given by the projec-
tion of the proton bulk velocity within the (y, z)-plane. With the
assumption that solar wind proton flow remains in a plane while be-
ing deflected (assumption corresponding to the light mass-loading
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E. Behar et al.: Solar wind dynamics around a comet

3.0 au 2.4 au 2.0 au

1000 km

Fig. 4. Top row: examples of solar proton trajectories, dimensionless, initially flowing from the right to the left. No particle can enter in the cavity,
the central disk of radius rcav ≈ 0.28 rE . Bottom row: the shape of the caustic created by particles coming from infinity, using the same spatial
scale for three different heliocentric distances, as developed by Saillenfest et al. (2018). The corresponding values of rE are, from left to right: 27,
165 and 714 km. Near the origin, the caustic wraps around the cavity. The nucleus position is displayed by a black cross in all plots.
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Fig. 5. Integrated ion spectrum, 2014-11-28, 2.88 au

day’s and Ampère’s laws. Close to the caustic, two beams are
seen, one incident and one emerging from it. These two beams
of identical speed but different directions have the effect of de-
creasing the local bulk speed. The magnetic field should also be
affected, slightly increasing along this structure. In turn, particle
trajectories will be corrected by this magnetic feedback. Parti-
cles and fields will affect each other until steady state is reached.
The model however cannot go further than the third step – the
bulk speed decrease – in the following sequence.

Deflection Caustic formation

B-field enhancement Bulk speed decrease

Yet another source of magnetic field pile-up is missing: pick-
up cometary ions that gained energy from the interaction are
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be νml = 0.025 s−1, larger than the previous experimental es-
timatations. We find that similarly as in the semi-analytical
model, proton trajectories are slowly deflected, and intersect
each other in the (-x, -z)-quadrant, forming a caustic. Imme-
diately after passing the caustic, the protons are now experi-
encing the electric field mostly dictated by the denser incom-
ing beam, and therefore starts a more complex gyromotion
not accounted by the analytical model. They are accelerated
upward and cross the caustic. In both the simulation and
the analytical model, just below the caustic, the phase space
distribution function of the solar wind protons presents two
beams. One can also note that the presence of the pick-up
ions, denser in the +z hemisphere, can be seen in the locally
higher deflection of the solar wind protons. We do not dis-
cuss the situation for cometocentric distances below 500 km,
as too few cells cannot resolve properly the smaller scales in
this inner region, where charge exchange is also expected to
play a role. A noteworthy observation is that in the simula-
tion, the finite size of the box leads to an underestimation of
the deflection, as can be seen at 2000 km upstream of the nu-
cleus, an issue pointed out and quantified in Saillenfest et al.
(2018) (cf. Section 3.2).

Downstream of the caustic, the proton density drops in
both pannels, and accordingly to Equation (3) and (4), so
does the electric field. In turn the new-born cometary ions
will be less accelerated than just upstream of the caustic, and
will accumulate: the caustic shields the new-born cometary
ions, and in turn a discontinuity in their density is expected
to form along the caustic. This goes beyond the scope of this
article, and left for further studies.

Finally, the nature of this structure may be now discussed
under a new light. Bagdonat&Motschmann (2002) describe
the structure (the caustic in our description) as one side of
an asymmetric Mach cone formed by the front wave of prop-
agating density and magnetic field disturbances, induced by
the obstacle – the new-born cometary ions in this case – in the
incident flow. The complete asymmetry of the cone is how-
ever not further discussed. It is extremely interesting to note
that the present model does not consider at all the super-
magnetosonic character of the solar wind, nor does it prop-
agate any type of disturbance. Based on this 2-dimensional
approach, this asymmetric structure is not formed by a prop-
agating perturbation, and therefore is not a Mach cone. Fur-
thermore, the cometary new-born ions are only indirectly the
obstacle in this picture, as the over-density (the caustic) is
formed purely by the geometry of the deflected flow. The so-
lar wind is forming an obstacle to itself, an obstacle with a
shape independent of the magnetosonic Mach number. De-
veloping the model to a third dimension, comparing it more
thoroughly to self-consistent numerical models and studying
the effect of the plasma pressure on this structure is however
necessary to conclude on this topic.

5. Concluding remarks

We have shown how momentum and energy are transferred
between two collisionless plasma beams for spatial scales that
are large compared to the ion inertial length and in the case
of negligible electron pressure gradients. This so-called gen-
eralised gyromotion applies for the most general, or arbitrary,
3-dimensional configuration of two plasma beams.
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Fig. 6. Comparison FLASH

There are two possible ways to consider the exchange of
energy between the solar wind and the coma. The first way
states that at scales large compared to the gyroradius and based
on classical fluid concepts, there is necessarily a loss of kinetic
energy in the solar wind. The second way considers individual
particles of the solar wind, and the present model shows how
and under which conditions and assumptions these particles do
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Our first boundary, a solar wind cavity 

Next was a diamagnetic cavity



C. Goetz et al.: First detection of a diamagnetic cavity at comet 67P

Fig. 1. Magnetic field data on July 26, 2015 from 14:40:00 UT to 16:00:00 UT. The top panel shows the three vector components, which have
been corrected by subtracting a constant o↵set determined by the remaining magnetic field data in the cavity. The magnetic field magnitude shown
in the bottom panel has been calculated from the corrected data. The cavity is visible between 15:16:00 UT and 15:41:00 UT, and the shaded areas
mark the transition regions. The inset shows a more detailed picture of the three magnetic field components in the diamagnetic cavity.

There were asymmetries between the outbound and inbound
diamagnetic cavity traversals. The outbound crossing is a factor
of 2.2 shorter than the inbound one. In addition to the faster tran-
sition on the outbound leg, there are other notable di↵erences be-
tween the two crossings. The transition region is preceded on the
outbound path by three smaller quasi-periodic increases starting
at 15:38 that are not observed on the inbound leg. During the
outbound pass it is notable that Bx is a factor of ⇠2 smaller than
the other two components, before a sudden increase directly af-
ter this again makes it the primary component.

A further prominent feature of this cavity crossing is the re-
versal of the magnetic field in x-direction. As seen in Fig. 1, the
x-component of the magnetic field is negative (pointing away
from the Sun) before the cavity encounter and positive (pointing
to the Sun) afterward.

There are two small magnetic anomalies in the cavity at
15:24 and at 15:33. During the first one, the y- and z-components
both reach about 2 nT, whereas the x-component drops from 1 nT
to �1 nT, which gives a maximum field strength of 3 nT. The sec-
ond anomaly only has a maximum field strength of 2 nT because
only the x-component and y-component contribute.

Table 1 shows the results of a minimum variance analy-
sis (e.g. Sonnerup & Cahill 1967) conducted on the ionopause
transition, and Fig. 2 displays the magnetic field and boundary
normal configuration. The ionopause crossings used for the anal-
ysis are 110 s and 50 s long. For both intervals the ratio of the
eigenvalues is su�ciently high to treat the minimum variance
direction as indicative of the boundary normal. During both the
inbound and the outbound pass, the boundary normal is quasi-
perpendicular to the magnetic field, with the main component
of the boundary normal in z-direction for the former and in
y-direction for the latter.

3. Interpretation of the observations

First, we address the fact that the cavity detected here is sig-
nificantly farther away from the comet than steady-state simu-
lations (e.g. Koenders et al. 2015) suggest. A possible trigger
for the outward motion of the cavity could be a gas and/or dust
density increase, which should be detectable by OSIRIS (see
Fig. 3). The middle panel approximately coincides with the time
when Rosetta entered the cavity, and both the first and second
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What about shocks?



There are shocks in the solar wind 
independent 

of the presence of a comet 
How do we tell?
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No solar wind ions, no solar wind 
magnetic field, 

What about the solar wind 
electric field?



Berčič et al., A&A 2018
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Barium release experiments: Haerendel and Brenning
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Fig. 3. The electric field of equations (2) and (3), and the associated plasma drift pattern. 

The electric field of (2) and (3) is completely specified by the 
internal electric field vector E i. For the different types of currents 
that are driven we will calculate the rate of change (dEi/dt) n of 
the internal electric field, where the index n stands for the 
process. 

1. The generator is the motion of the cloud ions across the 
magnetic field. Derivation of (2) gives the rate of change of E i 
due to this ion motion: 

dEi 1 dPo/dr =- •e (4) 
dt 2 •0 

where the vector (1,0,0) has been replaced by the unit vector e in 
the direction of displacement of the ions. In this case, dPo/dt = 
eIVilAn, and e = Vi/IVil. With these values inserted, (4) becomes 

dE. V. An e 

(.•)l = - 1 ' (5) 2 e o 
2. In the absence of collisions, the ExB/B 2 Hall drift of a 

homogeneous plasma, which is shown by the open arrows in 
Figure 3, is (for both electrons and ions individually) divergence- 
free. The Hall drift of the ambient plasma will therefore not build 
up any space charges. The Hall drift of the surplus An of 
electrons inside the cylinder will give a contribution of the same 
form as (5), but with the ion velocity V i replaced by the electron 
Hall drift velocity and with a change in sign due to the change in 

•B i// 

iH 

i 
// 

(a) (b) 

Fig. 4. The geometric relationship between the different types of 
•urmnts and the internal electric field in the cylindrical cloud. (a) The ion 
motion and the electric and magnetic fields, which drive the different 
currents. (b) The currents. 

sign of the charge: 

dE. 1 EixB An e 
(-•)2 = '• ß B2 e0 (e 

3. When changes are slower than the ambient plasma ion 
gyrotime, the ambient ions give a contribution to the displace- 
ment current, 

c 2 dE (7) JD = ' E0'V• dt 
Space charges are built up where i D has a divergence, i.e., at the 
already-present surface charges on the cylinder surface. 
Integrating div(i D) across the cylinder surface gives the 
contribution to dDs/clt from the plasma displacement current: 

'dPs' c2 dPs (8) ('•-) D = ' v 2 d t 
A 

The contribution to the internal electric field is 

dE. 2 dE. 
i c 1 

3 dt (9) 

4. The surface charges at the sides of the cylinder will draw 
magnetic-field-aligned currents from the ambient ionosphere. 
Using the concept of the Alfv6n conductivity [ Mallinckrodt a• 
Carlson, 1978], the current density is 

1 dive (10) . 

where V A is the Alfv6n velocity in the ambient ionosphere. These 
currents flow in both directions along the magnetic field. We 
assume that they will spread out uniformly along the length L of 
the cylinder. Integration of (10) across the cylinder surface gives 
dPo/dt - 2.2.EiI(!•oVAL//). The contribution to the internal 
electric field is found by inserting that value into (4): 

dE. 1 2 E (11) (-•L)4='œO•o•L i II 

The rate of change of the internal electric field is given by the 
combination of the processes discussed above: 

'= Y-, (-•)n (12) dt n= 1-4 

9738 BRE•O •:r aL.: BagraM SWARM 

Because the internal electric field remains homogeneous, all ions 
wm r•m• in phase and change their velocity according to 

dV. 

dt - m i (Ei+ V xB) (13) i 

Equations (12) and (13) together are the equations of motion 
for the ion cloud in differential form. They can be used to track 
the motion of the center of the cloud; the combination of this 
motion with the field pattern of (2) and (3) specifies how the 
electric field in and around the cloud evolves in time as a function 

of the initial conditions. One case of particular interest is the 
"quasi-steady-state" version of (12), where dE/dt • 0 (this 
excludes a class of phenomena initiated by rapidly time-varying 
initial conditions): 

0= 1 ViAne 1 EixB Ane _ 2 E. - -- •+ • (14) 
2 t; 0 2 B 2 t; 0 trOtloV L A I! 

The solution is found after some vector algebra (where E'B = 0 is 
assumed): 

K 2 E =-V KB _V xB (15) 
K 2 i K 2 i il+ 1+ 

where 

K= Ane lao VA L/[ 
4B 

The electric field of (15) is dircted at an angle 
at = arctan(K) 

to the -V i direction and has a strength 

(16) 

(17) 

= v B K 
• • (1 + K 2)•/2 

For this quasi-steady solution, equations (13) and (15) together 
are the equations of motion for the cloud. The whole cylinder 
moves across the magnetic field with the velocity V i of the 
individual ions, which changes at a rate given by (13). An 
observer fixed in the plasma rest frame would see an electric field 
variation which is a combination of a temporal variation because 
E i decreases in time and a spatial variation because the whole 
electric field pattern moves with the velocity V i in relation to the 
observer. 

The electric field and the motion of the cloud in the quasi- 
steady approximation are entirely determined by the K value. For 
a sufficiently dense plasma cloud, K>>I, and we recover the 
usual self-polarization field E i = -VixB. The electrons within the 
cloud follow the ions in the original injection direction over a 
deceleration length which is proportional to K. For a K value 
close to unity, Ei-V i has a maximum, and the cloud is stopped 
rapidly, of the order of the ion gyrotime. For a thin plasma cloud, 
K<<I, and the electric field is weak, approximately E i = KViB. It 
is directed in the -V i direction. Such a weak field cannot 
influence the ion motion much, and consequently the whole cloud 
makes a number of collective gyrations with a frequency close to 
the ion gyrofrequency. In the thin cloud case the electrons cannot 
follow the ions across the magnetic field, and space charge 
neutrality is maintained by magnetic-field-aligned currents. This 
is the case we will apply to the barium frequency oscillations in 

CR1T I. We propose that the electric field and density oscillations 
in Figure 1 are caused by the repeated passage of a gyrating thin 
cloud of barium ions across the field line of the subpayload as 
indicated in Figure 2. After the initial brief time inside the fast 
and dense part of the barium jet, collisions can be neglected for 
these ions. Elastic collisions with neutral oxygen give a mean free 
path of several hundred kin. 

The current of (1 0) gives rise to magnetic field fluctuations AB. 
We chose a coordinate system such that i//is in the z direction 
and has a strength i//(x,y). We consider the situation along the 
flux tube between the cloud and the Alfvtn wave fronts. In this 

region i//>>iperp and therefore the magnetic field fluctuations lie 
in the (x,y) plane. They are related to the current by curl(AB) = 
/t01//. From (10) and Poisson's equation it follows that the source 
of Eperp is a space charge which is uniform in the z direction and 
which in the (x,y) plane is proportional to the current density, 
p(x,y) = œOtloVA i//(x,y). It is straightforward to calculate the 
mathematical expressions for the magnetic field A B as a function 
of il/(x,y) and AE as a function of p(x,y). Both AB and AE contain 
the same integrals over i//(x,y) which disappear for the relative 
amplitudes: 

AE AE 
x y 

AB - - • = :!: V A (19) 
y x 

With these relative amplitudes, the dot product AE'AB = 0; 
consequently the electric and magnetic field perturbations are 
perpendicular. The total amplitudes of the perturbations obey 

AE _ V (20) AB- A 

3. APPLICATION OF THE CLOUD MODEL TO CRIT I 

The model above requires that the injection time is short com- 
pared to the barium gyrotime and also that the ions are not 
scattered after the injection so that they lose the phase correlation. 
In CR1T I the injection time probably was of the order of the time 
duration of the dense jet, which was 0.1 s in burst 1. This is well 
below the barium gyrotime of 0.2 s. However, the dense jet 
coincided with the strong electric field oscillation shown in the 
top panel of Figure 1, which is large enough to scatter the ions 
completely after the ionization, both parallel and perpendicular to 
the magnetic field. To study this process, we will concentrate on 
the ion motion up to the first density maximum, which is 
indicated by an open arrow in Figure 1. After this time the 
electric field was so weak (E << V/B) that the ions would 
maintain any phase correlation they had at the first density 
maximum. 

We have estimated the perpendicular scattering of the ions by a 
model calculation of ion trajectories in the plane transverse to the 
magnetic field. The result is shown in Figure 5. The ion motion 
transverse to the magnetic field has here been calculated using the 
observed internal electric field in the stream. It is assumed that 
the electric field structure followed the neutral barium stream and 

evolved linearly between burst 1, where it was measured 1.99 km 
from the explosion, and burst 2, where it was measured at 4.34 
krn. The ions have been added at random times and positions in 
the moving high-density part of the jet. In each of the panels in 
Figure 5, all ion trajectories are stopped at the same time and 
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Summary, solar wind

The comet environment is “kinetic” for low activity comets
and evolves to a more “fluid” state at high activity

At intermediate activity the first boundary forms, a solar wind 
cavity

It is associated with a “caustic” that evolves into a bow wave

Mass loading slows down the total plasma, the solar wind ions 
are first deflected, then gyrates

The gyration can be seen as the heating of a fully developed 
shock



Summary, cometary ions

A diamagnetic cavity forms

A polarisation electric field develops, which largely shields the 
inner coma from the solar wind electric field

The polarisation electric field accelerates ions tailward, giving 
a more “fluid”-like behaviour for the dominant ion population

We have shown how we may remotely detect a comet ion 
shock

We can sometimes see bow waves or shock-lets - the first 
stage of going from “kinetic” to “fluid”?


