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Current sheets in comet 67P/Churyumov-Gerasimenko’s coma
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Abstract The Rosetta Plasma Consortium (RPC) data are used to investigate the presence of current
sheets in the coma of comet 67P/Churyumov-Gerasimenko. The interaction of the interplanetary magnetic
field (IMF) transported by the solar wind toward the outgassing comet consists amongst others of mass
loading and field line draping near the nucleus. The draped field lines lead to so-called nested draping
because of the constantly changing direction of the IMF. It is shown that the draping pattern is strongly
variable over the period of one month. Nested draping results in neighbouring regions with oppositely
directed magnetic fields, which are separated by current sheets. Selected events on 5 and 6 June 2015 are
studied, which show that there are strong rotations of the magnetic field with associated current sheets
that have strengths from several tens up to hundreds of nA/m?. Not all discussed current sheets show
the characteristic peak in plasma density at the centre of the sheet, which might be related to the
presence of a guide field. There is no evidence for different kinds of plasmas on either side of a current
sheet, and no strongly accelerated ions have been observed which could have been an indication of
magnetic reconnection in the current sheets.

Plain Language Summary The solar wind, consisting of plasma and magnetic field, cannot
uninhabited flow past an active comet. The interaction of the gas coming out of the comet, which gets
ionized, and the solar wind leads to a slowing down of the latter, and the magnetic field gets draped around
the nucleus of the comet. As the solar wind magnetic field is not constant over time, there will be layers

of different directions draped on top of each other, which leads to the generation of current sheets. In this
paper the strength of the currents is determined, and signatures of possible magnetic reconnection are
looked for but were not found.

1. Introduction

In the early view on the creation of a cometary tail by Alfvén [1957] (but see also Biermann [1952]), the solar
wind magnetic field is draped around the outgassing nucleus of the comet. The solar wind magnetic field
is mass loaded by local ionization of neutrals of cometary origin, which are picked up by the field lines.
Conservation of momentum then implies that the mass loaded field lines should move slower than the reg-
ular solar wind speed. This requires that the magnetic field gets draped around the nucleus as the “far away”
parts of the field lines are not mass loaded and continue with nominal solar wind speed, thereby stretching
the field into a tail-like structure behind the nucleus as seen from the Sun.

What is missing in this simple-but-useful picture is that the solar wind magnetic field does not have a con-
stant direction and magnitude over time. It will change due to various reasons, and this will complicate the
picture, such that magnetic field of different orientations will be draped around the nucleus. Such layering of
differently oriented magnetic fields near the comet is called “nested draping,” which has been well observed
by the Vega and Giotto spacecraft during their passage by comet 1P/Halley, as shown in Figure 4 in Riedler
et al. [1986] and Figure 3 in Raeder et al. [1987], respectively, as well as in the far down-tail regions of comets
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Figure 1. Magnetic field line draping around a comet for the ideal case and a more realistic case. (a) The XY plane
for constant magnetic field being transported toward the comet by the solar wind. (b) The inner four field lines

with differently dashed lines in the YZ plane, which should be on top of each other, but for clarity have been slightly
shifted in the z direction. (c and d) The same view but for a more realistically behaving magnetic field which changes
direction and leads to nested draping.

C/1996 B2 (Hyakutake [Jones et al., 2000]) and c/2006 P1 (McNaught [Neugebauer et al., 2007]). Indeed, during
the complete flyby of comet 1P/Halley by the Giotto spacecraft, it was possible to identify the corresponding
magnetic field directions during the inbound and outbound path.

Such magnetic field draping has also been studied extensively near comet 1P/Halley by Israelevich et al. [1994]
and Delva et al. [2014]. It was found that indeed the magnetic field curves around the nucleus of the comet
as expected. In a further study Volwerk et al. [2014] showed that there could even be an “overdraping” of
the magnetic field in the region behind the terminator of the comet, similar to the draped magnetic field
around Venus in the —E_,,, hemisphere [Zhang et al., 2010]. Usually, the draped field lines have a parabolic
shape around the object as shown in Figures 1a and 1b. However, there are occurrences that the field lines
wrap around the object further behind the terminator, leading to inward/outward pointing magnetic field
toward/away from the symmetry axis, i.e., the X axis in Figure 1. This is called overdraping.

Saturn’s large moon Titan was finally encountered by Cassini in the solar wind on 13 June 2007, during
which the induced magnetosphere was investigated. Bertucci et al. [2008] found that this magnetosphere also
showed nested draping, with regions of “fossil” fields, which were related to the Kronian field, as there was a
shear of over 156° between the inner field and interplanetary magnetic field (IMF) direction.

The different directions of the nested draped magnetic field lead to the creation of current sheets through
Ampére’s law:

V x B(t) = uJ(t) + %. (1)

This situation is well known in, e.g., the Earth’s magnetotail, where the cross-tail current sheet is generated
by the oppositely directed magnetic fields in the northern and southern lobe [see, e.g., McComas et al., 1986].
From the results by Raeder et al. [1987] an effort was made by Israelevich et al. [1994] and Israelevich and
Ershkovich [1994] to deduce the global magnetic structure and electric currents around comet 1P/Halley,
where they found currents up to tens of nA/m?.

Interestingly, one would expect that when oppositely directed magnetic fields are pressed together in the
coma around the nucleus, magnetic reconnection would take place. Verigin et al. [1987] observed, during a
shortinterval, accelerated ions near comet 1P/Halley during the Vega 1 flyby, indicative of magnetic reconnec-
tion. Kirsch et al. [1989] studied the plasma and magnetic field data from the Giotto flyby of comet 1P/Halley

VOLWERK ET AL.

CURRENT SHEETS IN COMET 67P’S COMA 3309



@AG U Journal of Geophysical Research: Space Physics 10.1002/2017JA023861

and found three different types of spikes in the particle data, one of which they posited to be related to recon-
nection. In a follow-up paper Kirsch et al. [1990] studied spikes of 5 to 15 min duration in the high-energy
particle flux, which seemed to be related to regions of oppositely directed magnetic fields, including also
strong changes in the pitch angles of the high-energy particles, which they considered evidence for field line
merging processes.

If there is so much “nested draping” around a comet, why is there no continuous reconnection in the coma,
basically peeling off the induced magnetosphere? This might be because the reconnection rate is propor-
tional to 1/\/_, where p is the mass density of the plasma [see, e.g., the Sweet-Parker reconnection model
Sweet, 1956, Parker, 1957] for slow and proportional to 1/ In S, where Sis the Lundquist (or magnetic Reynolds)
number, for fast reconnection [Petschek, 1964]. The heavy ion environment in the coma, created by the pickup
of the ionized outgassing neutrals, diminishes the reconnection rate.

Lately, in the era of Rosetta [Glassmeier et al., 2007a] at comet 67P/CG, currents are playing an important
role in new observations. First, the so-called singing comet [Richter et al., 2015] is assumed to be created
by a cross-field current instability created by the freshly picked up, not yet magnetized ions around the
comet. This indeed agrees with the initial observations of the motion of accelerated ions in the vicinity of the
comet [Nilsson et al., 2015a; Goldstein et al., 2015]. Meier et al. [2016] discuss the possibility of the creation of
the singing by a modified ion-Weibel instability [Weibel, 1959], generated by the cross-field current. Next to
that, the discovery of the diamagnetic cavity around comet 67P/Churyumov-Gerasimenko (67P/CG) [Goetz
et al.,, 2016a] calls for a current sheet on the boundary between the magnetic and nonmagnetic regions.
Using a statistical study, Goetz et al. [2016b] showed that there is a current sheet of up to 1 pA/m? on this
boundary.

In this paper the draping of the magnetic field around comet 67P/CG is looked at for three flybys in the early
stage of Rosetta’s comet escort phase: May, June, and July 2015 (i.e., before perihelion on 13 August 2015).
Only one of these three flybys, in June, shows a reasonably structured nested draping pattern, which is then
studied for the occurrence of current sheets during strong rotations of the magnetic field direction.

2. Rosetta Instruments

In this paper the data from the Rosetta Plasma Consortium (RPC) instrument suite [Carr et al., 2007] are used
to investigate the plasma surroundings of comet 67P/CG. RPC consists of a full plasma package with a magne-
tometer (MAG) [Glassmeier et al., 2007b], a mutual impedance probe (MIP) [Trotignon et al., 2006], a Langmuir
probe (LAP) [Eriksson et al., 2006], an ion and electron spectrometer (IES) [Burch et al., 2006], and an ion com-
position analyser (ICA) [Nilsson et al., 2007]. All these instruments communicate with the Rosetta S/C main
board computer through the plasma interface unit [Carr et al., 20071.

3. Draping Around 67P/CG

During May, June, and July 2015 the Rosetta spacecraft was still in “nonbound orbits” around comet 67P/CG,
because of the low gravity of and the far distance to the comet. The orbits, therefore, consisted of hyper-
bolic flight paths by the comet, with strong direction corrections, as can be seen in Figure 2, to maintain
the so-called pyramidal orbits, which have relatively long legs of several 100 km. In this paper the data are
presented in the cometocentric solar equatorial, CSEQ coordinate system (Original definition from the SPICE
kernel: +X axis is the position of the Sun relative to the body; it is the primary vector and points from the
body to the Sun; +Z axis is the component toward the Sun’s north pole of date orthogonal to the +X axis; +Y
axis completes the right-handed reference frame; the origin of this frame is the body’s center of mass [Acton,
1996].) In order to study the draping around the comet, those parts of the orbits have been chosen which
cross Yeseq = 0, where in the ideal draping case the field is expected to rotate from sunward to antisunward
or the other way around (depending on how the spacecraft crosses the induced magnetosphere) as shown
in Figures Taand 1b.

This ideal draping, however, does not take into account that the solar wind magnetic field is dynamic and
changes direction when, e.g., a sector boundary, i.e., the heliospheric current sheet, is crossed. The changes
in the field direction lead to the so-called nested draping, in which the rotations of the field are collected in
the upstream pileup region at the cometary nucleus. This is schematically shown in Figures 1c and 1d.
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Figure 2. Three partial pyramidal orbits of Rosetta around comet 67P/CG for several days in May, June, and July in the
CSEQ (left) XY and (right) YZ plane. The small circle at the origin represents comet 67P/CG.

In Figures 3a-3c the three flybys are shown with the magnetic field in the CSEQ XY plane, where sunward
pointing magnetic field is red and antisunward pointing magnetic field is blue. Figure 3d shows the data for
Junein the CSEQ YZ plane where downward magnetic field (B, < 0) is cyan and upward magnetic field (B, > 0)
is magenta.

The magnetic field is shown for every 300 s. It is clear that only for the June flyby (Figures 3c and 3d) there
is a nicely ordered magnetic field, with mainly sunward pointing field for Yo < 0 and mainly antisunward
for Yegeq > 0, resembling the original model by Alfvén [1957] and reminiscent of the nested draping shown by
Schwingenschuh et al. [1987] and Raeder et al. [1987] around comet 1P/Halley. For May and July both directions
are highly mixed. This effect can either be of solar wind origin or because of the comet-spacecraft distance
during the passage or possibly spacecraft residual fields (which are smaller than 20 nT).

Recently, Koenders et al. [2016] used simulations of the interaction of the solar wind with the outgassing
nucleus of comet 67P/CG to discuss the magnetic field draping and showed a clear event on 28 March 2015.
In this case the spacecraft was mainly travelling in the YZ plane. Interestingly, it was found that the draping
was mainly in a direction perpendicular to the solar wind flow direction, i.e., in the Z direction, and not, as one
would expect, in the X direction. This is explained by the deflection of the solar wind caused by local heavy
ion pickup, i.e,, the acceleration of the cometary ions in the direction of the convectional electric field of the
solar wind in the cometary rest frame. Because of conservation of momentum, the solar wind magnetoplasma
is deflected in the direction opposite to the acceleration direction of the newly formed ions [see, e.g., Broiles
etal., 2015], thereby creating this unexpected field line draping direction. Indeed, a similar effect can be seen
in Figure 3d, where there is also a draping signature in the YZ plane.

Significant deflection of the solar wind and draping was clearly seen already in the very first observations by
Nilsson et al. [2015a], and Broiles et al. [2015] showed the first detailed study of the draping. Further studies
showed how significant draping of the solar wind magnetic field was a clear and consistent part of the ion
environment around comet 67P/CG also over longer time scales [Goldstein et al., 2015; Nilsson et al., 2015b].
Behar et al. [2016a] could even show how the deflection evolved, reaching up to nearly 90° at the end of
March 2015.

4. Current Sheets in June 2015

This section will focus on possible current sheets observed on 5 and 6 June 2015. As can be seen in Figure 3,
the field line draping pattern for June 2015 is reasonably well behaved; however, there are still rotations
from sunward to antisunward direction and vice versa. These rotations of the magnetic field are, by necessity,
associated with current sheets. Some of the rotations during 6 June 2015 were already discussed by Volwerk
etal. [2016] on a broad scale and will now be looked at in more detail.

The magnetic field is very turbulent [see also Richter et al., 2015, 2016; Volwerk et al., 2016] with variations up
to 6B/B~ 1 on short time scales. As the rotations of the draped magnetic field happen over a longer time scale
than the turbulence, the magnetic field data are low-pass filtered using a first-order Butterworth filter with a
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Figure 3. Hedgehog plots of the magnetic field for three subsequent flybys. (a and b) The XY plane for 1-8 May and
24-31 July 2015. (c and d) The XY and YZ plane for 2—-9 June. For Figures 3a-3c the blue vectors show antisunward
pointing magnetic field and the red vectors show sunward pointing magnetic field. For Figure 3d the cyan vectors show
downward pointing magnetic field and the magenta vectors show upward pointing magnetic field. Every 300 s a vector
is plotted along the orbit of Rosetta. The panels show the projected magnetic field strength onto the plane of the plot,
and the black marker indicates the length of a 30 nT projected vector. Figure 3Bb shows a zoom-in of the July flyby over
the interval =100 < Y < -70.

corner frequency of 33 mHz [Butterworth, 1930]. In order to find current sheets in the magnetic field data, the
cone angle of the magnetic field is calculated as

2 2
. By,ﬁl + Bz,ﬁl
cone — tan B ’
xfil

)

where B, is the low-pass filtered magnetic field for component i. Large variations of 6, > 90° over relatively
short time periods act as a indication for currents sheets.
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Figure 4. Current sheet events on 6 June 2015. Shown are the electron density (MIP), the cone angle, the three components, and magnitude of the low-pass
filtered magnetic field. The gray boxes indicate strong fast rotations of the cone angle, and the dashed vertical lines show where B, g = 0.

4.1. The 6 June 2015 Events

Figure 4 shows some of the events on 6 June 2015, where the gray boxes show location of large and fast cone
angle changes. First, the large-scale variations of the magnetic field are studied, using the low-pass filtered
magnetic field data. For a real current sheet crossing, there is a rotation of the field, the B, i changes sign, and
the magnitude B, ¢ has a minimum. Combined with this, there is a peak in the electron density. For the first
event in Figure 4 (left column) a current density can be estimated using Ampere’s law equation (1):

AB

- 3
HoAL ®

VXxB=ul=>J~

where the displacement current is neglected. With AB~ 28 nT and a rotation time of At~ 26 s, and assuming
the current sheet is convected over the spacecraft with v ~ 10 km/s (from IES data). Naturally, this can only
be assumed when the field is frozen into the plasma, and therefore, the plasma g is estimated from the IES
values. With characteristic values of n, ~ 50 cm~3, T, ~ 20,000 K, and the magnetic field B~20 nT, it is found
that f~1.This means that there can be some slippage of the field through the plasma; however, the measured
IES plasma velocity will be a good estimate for the motion of the field. Thus the thickness of the current sheet
is obtained through AL = vAt, and this leads to J = 85 nA/m?. The current values for all events on 6 June are
given in Table 1.

4.2. The 5 June 2015 Event

The situation for 5 June 2015 is rather different from the events in the previous section. As can be seen in
Figure 5, there are many more oscillations of the cone angle; however, the magnitude of the magnetic field
B is significantly lower than on 6 June. With B, 5 and B, g close to 0, any variations of B, 5 will significantly
influence 6.

In Figure 5 (left column) there are strong changes in 6.,,., With associated variation in the electron density
measured by MIP (black) and LAP (red). There is no significant B, g =0 crossing during this interval, only in box
2 there is a small positive-to-negative turning. In Figure 5 (right column) four strong rotations of the field are
marked in boxes 3 and 4. The estimated large-scale currents are listed in Table 1.
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Table 1. Intervals of Strong Magnetic Field Cone Angle, 6 ,,e, Changes?

t1 2 AB,  Buin J N,
(uT) (uT) (n"T)  (nT)  (nA/m?2) (cm=3)
6June 2015
1 06:20:51  06:21:17 28 6 85 290
2a 124519  12:4540 57 7 216 300
2b  12:46:31  12:47:05 48 17 112 320
3a  12:51:58  12:52:38 28 17 56 160P
3b  12:52:38  12:53:03 20 22 64 220°
4a 1255935 12:59:52 28 8 131 300
4b  12:59:552  13:0024 39 31 97 N/A
5June 2015
2 11:226:10  11:2629 6.5 3 27 470b
3a  11:57:19  11:5801 205 4 38 430
3b  11:59:40 12:00:14 175 7 41 310°
4a  12:2529 12:25:553 25 2 83 920 (1620)
4b  12:32:02  12:33:11 44 1 51 420

aListed are the event time windows, the change in B, ¢, and the esti-
mated current density under the assumption that the structure moves

over the spacecraft with 10 km/s.

PAlso listed are the MIP/LAP electron densities, where this is not
the local maximum of the density (Usually the MIP and LAP densities
agree reasonably well. The number between brackets for 5 June #4a
is the LAP electron density deviating strongly from the MIP density for

this case.).
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Figure 5. Current sheet events on 5 June 2015. Shown are the electron density (MIP, black dots; LAP, red dots), the cone angle, the three components, and
magnitude of the low-pass filtered magnetic field and the data in magnetic field aligned coordinates. The gray boxes indicate strong fast variations of the
cone angle, and the dashed vertical lines show where B, ¢ = 0.
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there is no maximum.

5. Electron Densities

One of the characteristics of the kind of
current sheets, discussed in this paper, is
that the ion and electron density in-
creases inside the sheet while the mag-
netic field strength decreases, like in the
current sheet of the Earth’s magnetotail
[see, e.g., Harris, 1962; McComas et al.,
1986; Runov et al., 2005]. In Figures 4
(left panel) and 5 (left panel) the elec-
tron density as measured by MIP (black
dots) and LAP (red dots) are shown. For
the electron density estimates on 5 June,
the LAP and MIP instruments comple-
ment each other. In the mode used here,
MIP has a lower plasma density thresh-
old of about 200 cm~3, so no MIP data
are available at lower densities. For LAP
the limiting factor is the spacecraft po-
tential. When this is very negative, LAP
cannot access the full electron distri-
bution, and so it underestimates the
plasma density. As the spacecraft poten-
tial grows more negative when the
plasma density increases [Odelstad et al.,
2015], the LAP density underestimate is
most severe precisely when MIP den-
sities exist and are highest, as can be
seen in Figure 5 (left column). It is there-
fore reasonable to adapt the MIP den-
sity values when available, and the LAP
estimates in the low-density intervals
where MIP data are unavailable.

There is a clear correlation between the
peaks in the electron density and the
current sheet crossings. Indeed, every
large change in 6. is accompanied by
a peak in N,, even without the “neces-
sity” of B, 5 changing sign, as indicated
by the data on 5 June.

In Table 1 some electron densities are
found in footnote b, which indicates
that this is the value of N, at the center of
the current sheet; however, it is not the
local maximum density. For event 3 on
6 June, for example, the electron den-
sity peaks between the two dashed lines
indicating the fast changes in 0.,.. This
means that according to the electron
density, there are two kinds of variations
in the magnetic field.

Studying the various events, this seems to be related to the relative depth of the minimum in B ¢ during

the rotation. In Table 1 the minimum field strength B

min

at the time of B, 5, = 0 is listed. There seems to be a
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tendency that for strong rotations accompanied by a significant “guide field” (i.e., a nonzero B, or B, compo-
nent) [see also Yoon and Lui, 2008], the electron density does not peak at B, ¢ = 0.

6. Nonfiltered Data

In order to see whether the low-pass filtering is causing the different behaviour of the electron density, Figure 6
shows two events on 6 June (#1 and #3 in Figure 4) and one on 5 June (#3 in Figure 5) . The original magnetic
field data are in blue and the low-pass filtered data are in red. It is clear that the red curve is a reasonably good
approximation, however misses, due to its construction, the higher frequency structures. This means that the
B, = 0 crossing actually happens faster for Figure 6 (top panel), which would lead to a higher current density
than listed in Table 1. Figure 5 (first row) shows the MIP-deduced densities in black dots and the LAP densities
in red (only for 5 June).

The data show that the rather large value of B, during the B, = 0 crossing in Figure 6 (middle panel) is the
only significant difference between the two events. There are no “high-frequency” signatures which might
invalidate using the filtered data to determine the current sheet crossing.

The event on 5 June (Figure 6, bottom panel) shows that two close rotations of the magnetic field direction
can be very different. The first just before 1158 UT has a peak at the B, = 0 crossing, whereas a few minutes
later, at 1200 UT the rotation back to positive B, does not show a peak in N,. Most likely this is cause by the
behaviour of B, which after being almost zero starts to increase in magnitude at the first rotation and after
having been strongly negative starts to become zero again after the second rotation.

7. Propagated Solar Wind

As there is, unfortunately, no upstream solar wind monitor at comet 67P/CG, propagation models for the solar
wind are used to estimate the local conditions. Therefore, the OMNI database is used as a starting point, and
the solar wind parameters are traced back from the Earth’s bow shock toward the Sun and then back outward
again toward comet 67P/CG, where it is assumed that the solar wind does not change during the rotation in
order to reach the starting point on the surface of the Sun to reach the comet. In Figure 7 the propagated
solar wind from the so-called Tao model is shown [Tao et al., 2005].

Clearly, comet 67P/CG is encountering many fast solar wind conditions during the 3 month interval from May
to July 2015. The dashed lines in Figure 7 show the intervals for which the draping was shown in Figure 3.
Clearly, the May flyby is greatly influenced by the fast solar wind and a strong signature in B,. The June interval
shows slowing solar wind from ~400 to ~ 300 km/s with some variations in B,. The July interval is hampered
by a data gap over almost the whole period (between the two black square markers), but it shows that the
solar wind changes drastically in velocity over the data gap. Quite possibly, this means that a nice draping
pattern, as observed during the June interval, mainly happens when the solar wind is relatively constant or
only slowly varying.

8. Nested Draping

Nested draping, i.e., the layering of differently directed magnetic field draped around the comet because of
the changing solar wind conditions, was shown in various other studies near comets as mentioned in section
1. In this paper three intervals during May, June, and July 2015 have been investigated for nested draping
and associated current sheets. For this effect, it is expected that the magnetic vector changes direction sig-
nificantly between neighbouring regions. This can be well observed in Figure 3¢, where the ideal draping
directions for steady solar wind with constant magnetic field direction (like in Figure 1a) sunward for Y <0
(red) and antisunward for Y > 0 (blue) are disturbed by regions of oppositely directed field. In the case of June
the direction switch seems to be offset by ~—20 km in Y from the comet-Sun axis.

For May and July the situation is much more complicated, as there seems to be a constant mix of red and
blue vectors along the orbits. Figure 3Bb displays a zoom-in on a short interval of the July data for —100 <
Yeseq £ —70. It shows that there are clear boundaries between Sunward and antisunward directed magnetic
field intervals, and also here nested draping is an important factor in the buildup of the comet’s induced
magnetosphere. The different regions in Figure 3Bb are on the order of 1 h duration.
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Figure 7. Propagated solar wind parameters using the so-called Tao model [Tao et al., 2005]. Shown are (top) the radial
solar wind velocity, (middle) the tangential magnetic field, and (bottom) the angle between the location of Earth and
Rosetta. The dashed vertical lines show the intervals that are discussed in the draping section: 1-8 May, 2-9 June,

and 24-31 July. The two black squares in Figure 7 (top) show the location of a data gap in the July interval.

9. Are Current Sheets Boundaries?

Nested draping around a cometary nucleus could, in principle, means that the current sheets observed
between the different regions are boundaries between different kinds of plasma populations. The region
where Rosetta is making measurements is totally dominated by pickup ions, and no solar wind ions are mea-
sured since the beginning of May 2015 [Behar et al., 2016b]. However, the change in solar wind magnetic field
direction will lead to a change in the convective electric field that the freshly created ions will experience. This
can cause a difference in the plasma population if the rotation of the magnetic field is significant. In order
to investigate this possibility, one of the field rotations, on 5 June 2015 #4a is studied for which both IES and
ICA data are available, shown in Figure 8. The IES data are shown for 30 and 151 eV electrons, with count rate
on a grid of anodes and elevations [see also Madanian et al., 2016], whereas the ICA data are shown in sec-
tor plots for ions with all 96 energy steps in the top and a zoom-in to the first 48 energy steps in the bottom
[see also Nilsson et al., 2015a]. Four locations around the field rotation are chosen as shown by the black line
in the MAG data.

It can be seenin the IES electron data that for low-and high-energy electrons just before Figure 8a, at Figure 8b,
and just after Figure 8c the field rotation there is basically no difference in electron population, only later
(Figure 8d) after another current sheet crossing are the electron count slightly higher than in the first three.
For the ICA ions there is a slight increase in cold ion intensity near the current sheet (Figure 8b), but the accel-
erated ions and the cold ions are coming from the same direction in neighbouring scans (Figure 8a and 8d).
This means that as far as can be measured by the RPC plasma instruments, there is no difference between the
regions on either side of a current sheet. Naturally, this can easily be a result of large gyroradii of the freshly
picked up ions. With a field strength of ~20 nT and an outflow velocity of the neutrals of 1 km/s, the gyrora-
dius for water ions would be py o ~ 9000 km and even larger if the magnetic field is also moving toward the
comet. This means that there can be ample mixing of the two plasma populations at either side of the current
sheet. There are also no indications of strongly accelerated ions which might have been related to magnetic
reconnection outflow.
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Figure 8. [ES, ICA, and MAG data for four times on 5 June 2015 around field rotation #4a. Shown are the (a-d) IES
electron data for 30.21 eV (top left panels) and 151.03 eV (top right panels), where the counts are plotted in an
anode-elevation grid. The circle shows the direction of the comet, and the red star shows the direction of the Sun.
The two panels below show the magnetic field components, and the magnitude and the rotations are marked by
gray boxes. The times at which the electron data are taken is marked by a vertical black line. The right-hand panels
show the ICA ion data in sector plots, where the top panel shows all 96 energy levels and the bottom a zoom-in on
the first 48 levels.
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10. Discussion

Magnetic field line (nested) draping has been investigated for 3 months in the early mission of Rosetta near
comet 67P/Churyumov-Gerasimenko in preperihelion. It is clear from the three flybys (or partial “pyramidic”
orbits) in May, June, and July 2015 that the draping pattern of the magnetic field is highly variable over the
period of 1 month. Indeed, something similar over a shorter time period was also found by Volwerk et al. [2014]
at comet 1P/Halley, comparing Vega 1 and Vega 2, and Giotto data, where the draping pattern significantly
changed over a period of 8 days.

Itis not clear what causes the changes in the draping pattern from very disturbed to relatively regularly draped
and vice versa, whether external changes in the solar wind magnetic field are responsible or possibly the
internal structure of the coma, as the flybys were at quite different locations (see Figure 2). Looking at the
propagated solar wind, it is found that the two disturbed intervals (May and July) happen when there are
large variations in the radial solar wind velocity, where the comet moves from a region of slow solar wind into
a region of fast solar wind. The draping in June, however, happens during a period when the comet is in a
region of slow solar wind and the radial velocity only slowly decreases.

Changes in the solar wind are ubiquitous in interplanetary space, so it should not be surprising to find that
the events discussed in this paper are also showing strongly varying IMF conditions [see also Edberg et al.,
20164, 2016b]. A study of interplanetary discontinuities was performed by Tsurutani et al. [1996], where a dis-
continuity is selected using two different criteria: first, there must be a field direction change AB/|B| > 0.5
and |AB| > 2o where ¢ is the standard deviation at either side of the discontinuity [Tsurutani and Smith, 1979]
and second, a directional change § =cos~'(B, - B,)/|B, ||B,| > 30° where B, and B, are vectors upstream and
downstream of the discontinuity [Lepping and Behannon, 1986]. This selection was performed on 1 min aver-
age magnetic field data and at vectors 2 min apart, whereby the first criterion is less stringent than the second.
It was found that the rate of occurrence of interplanetary discontinuities in the equatorial plane decreases
with radial distance r from the Sun as N; =38 exp{—(r — 1)/5} and N, =17 exp{—(r — 1)/4} for 1<r<5 AU.

In order to study the nested draping and associated current sheets in the cometary coma, the relatively “well
behaved” data from June 2015 were used. Strong variations in the magnetic field cone angle were found, and
the electron density was checked, as it is expected that the density maximizes in the middle of the rotation
where the magnetic field is smallest.

1. Currents. The obtained current density values in Table 1 are significantly higher than the first estimate by

Volwerk et al. [2016]. However, they are lower than the estimated current on the diamagnetic cavity, which is
estimated as ~ 1 pA/m? Goetz et al. [2016b]. Israelevich and Ershkovich [1994] determined current densities
of up to 25 nA/m? at comet 1P/Halley from the Giotto flyby, albeit not separated by field rotations.
In order to check whether the estimated current densities are feasible, the MIP/LAP densities of hundreds
per cubic centimeter and an estimate for the electron velocity by IES of hundreds of kilometers per second
one can expect a possible maximum current density of several pA/m?. This means that the current density
estimates as listed in Table 1 are at least reasonable in the sense that they are well below this upper limit.

2. Maximum electron density. The location of the maximum electron density should be located in the middle
of the magnetic field rotation. However, there are several events in this paper where this is not the case.
For the events where the density is found in footnote b in Table 1 the maximum does not coincide with
the B, =0 crossing. So, what is different about 6 June #3 and 5 June #2 and #3b? The thing to notice is
that for these events, the magnetic field magnitude B, changes less and there seems to be a “guide field”
(B, and/or B,) present. In an ideal current sheet it tends toward B,,, = 0 as, e.g., in 6 June #2a and to a lesser
extend #2b, and also in 5 June event #3a.

11. Conclusions

This first study of current sheets in the coma of 67P/CG shows that strong rotations of the draped magnetic
field occur that are similar to those observed during earlier missions at comet 1P/Halley. A relatively quiet solar
wind period during of one of the early pyramidal orbits, 2—9 June, showed reasonably “well behaved” nested
draping with some rotations of the field direction from sunward to antisunward and vice versa. The estimated
current densities during the rotations are below that determined for the boundary of the diamagnetic cavity
and below estimates for the maximum using measured electron densities and velocities. Rotations with a
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strong “guide field” do not show a electron density peak near B, =0, whereas “regular” rotations, where B,, = 0
show a centrally peaking density. The current sheets cannot be considered boundaries between different
plasma populations, and there is no indication of accelerated ions generated by magnetic reconnection.
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