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Indirect Observations of Electric Fields at Comet 67P
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of Mathematics, Physics and Electrical Engineering, Northumbria University, Newcastle-upon-Tyne, UK

Abstract No spacecraft visiting a comet has been equipped with instruments to directly measure the static
electric field. However, the electric field can occasionally be estimated indirectly by observing its effects on
the ion velocity distribution. We present such observations made by the Rosetta spacecraft on 19 April 2016,
35 km from the nucleus. At this time comet 67P was at a low outgassing rate and the plasma environment was
relatively stable. The ion velocity distributions show the cometary ions on the first half of their gyration. We
estimate the bulk drift velocity and the gyration speed from the distributions. By using the local measured
magnetic field and assuming an E X B drift of the gyrocentre, we get an estimate for the average electric field
driving this ion motion. We analyze a period of 13 hr, during which the plasma environment does not change
drastically. We find that the average strength of the perpendicular electric field component is 0.21 mV/m.

The direction of the electric field is mostly anti-sunward. This is in agreement with previous results based on
different methods.

Plain Language Summary Measuring the static electric field in space plasmas is difficult. Most
spacecraft do not have dedicated instruments for it, and the Rosetta mission to comet 67P is no exception. But
the electric field is one of the main governing factors behind the motion of newly born cometary ions. In this
study, we use measurements of the cometary ions to estimate the average electric field close to the nucleus.
The observations are made on the 19 April 2016 by the Ion Composition Analyzer, which measures the energy
and travel direction of the different plasma species. The specific shape of the observed velocity distribution of
cometary ions—a partial ring—indicates that the fields accelerating the observed cometary ions are relatively
homogeneous. The spatial scale this applies to is approximately one gyroradius, which we estimated to be
around 340 km. The resulting electric field is 0.21 mV/m, which is significantly smaller than the expected field
in the upstream solar wind, far away from the nucleus.

1. Introduction

The atmospheres of comets are produced by the sublimation of ice at the nucleus' surface. During this subli-
mation, the ice (primarily water and CO,) also lifts off dust from the nucleus surface. Cometary dust is usually
comprised of organic and rocky material (Filacchione et al., 2019). The intensity of this process is quantified
as the outgassing or production rate. It is modulated by the strength of the solar irradiation at the comet's posi-
tion, and depends on the size and composition of the comet itself. The outgassing rate therefore varies along
the comet's elliptical trajectory, and even more so between different comets. Due to the low mass of the comet
nucleus (in comparison to e.g., planets) the atmosphere is gravitationally unbound and expands freely into space
(Bieler et al., 2015). Some of the molecules in this atmosphere become ionized by extreme ultraviolet flux
or electron-impact-ionization and form a plasma cloud of newborn cometary ions (Galand et al., 2016). The
newborn ions are accelerated by the electromagnetic fields around the nucleus. These fields are the result of the
interaction between the solar wind and the cometary plasma cloud (Nilsson et al., 2021).

In the comet reference frame the solar wind travels with a speed of around 400 km/s in the anti-sunward direction.
In combination with the frozen-in magnetic field this creates a convective electric field at the comet. Newborn
ions are accelerated in the direction of the electric field in a process often referred to as ion pick-up. The acceler-
ated ions are called pick-up ions. They gyrate due to the magnetic field and gain energy due to the electric field.
The relative size of the plasma environment can be characterized by comparing it to the gyroradius of the ions. If
the plasma environment is much larger than the ion gyroradius, fluid dynamics is appropriate to describe the main
physical processes, as in the example of comet 1P/Halley. Once the plasma environment is of a similar spatial
scale as the ion gyroradius, kinetic effects have to be taken into account. This is the case for comet 67P, especially
at a low outgassing rate far away from the Sun (Goetz et al., 2022).
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Under typical solar wind conditions, the gyroradius of cometary water ions is on the order of ten thousand kilo-
meters. If the spatial scale of the plasma interaction region between the solar wind and the comet is much larger
than this gyroradius, the pick-up ions form ring distributions in velocity space. Such distributions were observed
during the fly-by of the Giotto spacecraft at comet 1P/Halley (Reinhard, 1987). By pitch-angle scattering these
rings can evolve into shell distributions. The gyrocentre of the distributions is the solar wind velocity component
perpendicular to the magnetic field (Coates et al., 1989). The ring and shell distributions were observed essen-
tially everywhere in the coma of 1P/Halley, from 5 million kilometers away from the nucleus to the bow shock
(Neugebauer et al., 1989). Additionally, enhancements in the power spectra of the magnetic field at the water ion
cyclotron frequency were observed (Glassmeier et al., 1987). This is the same frequency the water ions gyrate
with when forming ring and shell distributions.

A very different situation is present at comet 67P/Churyumov-Gerasimenko (hereafter: comet 67P), target of the
Rosetta mission (Glassmeier et al., 2007a). The outgassing rate of comet 67P is much lower than 1P/Halley, even
at perihelion. As a consequence, the spatial scales of the plasma environment are also much smaller. Because the
Rosetta spacecraft was usually orbiting the comet with a speed of about 1 m/s relatively close to the nucleus, the
nature of the observations are very different compared to Giotto observations. The observations in the terminator
plane probe the plasma environment of the newborn cometary pickup ions. The evolution to full ring and shell
distributions is expected to happen much farther downstream, in the tail of comet 67P (Williamson et al., 2022).

Estimating the gyroradius close to the nucleus is difficult, as it requires knowledge about the electric and magnetic
field. Previously, estimations of the electric field direction were based on the assumption that the ions are unmag-
netized, and are therefore accelerated and flowing along the electric field (Nilsson et al., 2018). This method only
gives the direction of the field, not its strength. If the ion gyroradii are very large, the assumption of unmagnet-
ized ions holds. The ions are observed as uni-directional. Rosetta has no dedicated instruments that are capable
of measuring the static electric field with sufficient accuracy. However, the velocity distribution of cometary
pick-up ions gives us information about the plasma environment close to the nucleus. If we observe the beginning
of a gyration in the velocity distribution of cometary ions we can characterize the electric field and gyroradius
close to the nucleus. In this paper, we present observations of partial ring distributions in the cometary pick-up
ion data, and show how they relate to the electric fields around the comet.

2. Instrument Description

To derive the ion velocity distributions of the cometary plasma environment, we use data from the Ion Compo-
sition Analyzer (ICA), part of the Rosetta Plasma Consortium (RPC; Carr et al., 2007). In addition to that,
we use magnetic field measurements from the magnetometer MAG, also part of the RPC instrument package.
Both instruments are described below. More information about RPC can be found in the RPC User Guide (Beth
et al., 2019).

2.1. Ion Composition Analyzer

ICA was designed to measure the energy distributions of the major positive ion species around comet 67P
(Nilsson et al., 2007). The mass resolution of the instrument allows us to distinguish between protons (H*), alpha
particles (He?*), He*, and heavier ions, such as H,O* and CO;3. The energy range covers low energy ions at a few
eV/q up to energies of 40 keV/q. There are 96 energy bins in total, which are logarithmically spaced.

The nominal instrument field-of-view is 360° X 90° (azimuth X elevation). This angular field-of-view is subdi-
vided in 16 azimuth and 16 elevation angles. An individual pixel in this 16 X 16 grid has therefore a nominal size
of 22.5° X 5.625°. All 16 azimuth directions are measured simultaneously. The different elevations are measured
in sequence. The full energy range is measured for each elevation. A full measurement cycle covering all eleva-
tions and energies, also referred to as “scan,” takes 192 s. Due to the limited resolution of the instrument's high
voltage supply the elevation angles at low energies (up to approximately 100 eV/q) depend on the measured
energy. This results in a changing pixel boresight at different energies. To compensate for this effect, we resample
the elevation angles of each azimuth sector into 17 equally-spaced angles that cover the nominal 90° elevation.
Parts of the ICA field-of-view are obstructed by the spacecraft and solar array, but this is not expected to affect
the results shown here. In this study we use the L4-PHYSMASS data set, which contains differential flux for H*,
He?*, and heavier ions.
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2.2. Magnetometer

The magnetometer MAG consists of two triaxial fluxgate magnetometers that are mounted on a spacecraft boom.
The measurement range is +16,384 nT in each direction, with a resolution of 20 bit (31 pT). The vectors are
sampled with a frequency of 20 Hz (Glassmeier et al., 2007b). For the purpose of this study, we average the
magnetic field data over the duration of one ICA scan, which eliminates high-frequency disturbances. There is
a remaining unknown offset in the data due to temperature drifts of the instrument. This offset is of the order of
a few nT for each axis, and can affect the magnitude and direction estimate of the magnetic field. With a typical
measured magnetic field strength of 20 nT the error is expected to be below 15° for the time period considered
in this study.

3. Methods

The starting point for our analysis is the velocity distribution of cometary pickup ions. To quantify and interpret
them we apply a ring fitting procedure to the observed energetic cometary ion population. The resulting fitted
velocities are projected into a coordinate system that is decoupled from changes in the plasma environment (e.g.,
a change in magnetic field direction) for better comparison between the individual scans. From the fitted veloci-
ties we can derive an estimate for the average electric field.

3.1. Ring Fitting

As we will show in Section 4, there is an energy-angle dispersion in the distribution of cometary ions. We use a
ring fitting procedure to estimate the bulk flow properties of the energetic cometary plasma. This procedure is
presented in Moeslinger et al. (2023), but in this study we apply it to the data set of cometary pickup ions. We
will outline the main algorithm and its limitations below.

In a first step, we estimate the plane that contains the data. This plane corresponds to the gyration plane of
the particles, which is perpendicular to the estimated magnetic field direction. From this step we get the
parallel (to the magnetic field) bulk flow velocity w,, ;. Normalizing this vector gives the unit vector ry |,
which is the plane normal. In the second step we fit a sphere to the data, with the constraint that the center
of the sphere must lie on the plane determined in the first step. The intersection of both results gives a circle
with a radius that corresponds to the gyration velocity u,. The offset between the fitted center of the sphere
and uy,,  is the drift velocity of the bulk plasma w4 An illustration of the different components can be
found in the Appendix (Figure B1). In both steps we use a weighted non-linear least squares fitting algorithm.
More information can be found in Moeslinger et al. (2023). The fitting is done individually for each ICA scan.
The velocity vectors used for fitting are the median energy vectors of the cometary ions for each azimuth/
elevation pixel. As we are interested in the pickup ion population, the energy bins below 40 eV are excluded
from the analysis. These low energy ions typically belong to a different ion population with a different flow
direction (see Bercic et al., 2018; Nilsson et al., 2020). We also discard pixels with zero flux. The median
energy is defined as the energy bin where the flux integrated in energy from 40 eV up to this bin exceeds
50% of the total flux of the pixel. This median energy is converted to velocity vectors assuming a water ion
plasma (m = 18 amu). The logarithm of the total flux for each vector is used as a weight parameter for the
fitting procedure.

3.2. Projections

The fitted velocity parameters obtained by the algorithm in Section 3.1 are in ICA instrument coordinates. Due to
the low spacecraft velocity with respect to the comet (of the order of a few m/s) this is essentially the rest frame
of the comet nucleus. However, the alignment of the instrument coordinate system is arbitrary with respect to the
plasma flow. Therefore, we define a new coordinate system, which is determined individually for each scan. In
this system:

1. The z-axis is aligned with the direction of w,,, . This reduces the gyration to the x-y plane. To ensure a
consistent gyration direction for all scans, the sign is determined by the local magnetic field (i.e.,z - B > 0).

2. The x-axis is the sunward direction, projected onto the gyration plane.

3. The y-axis completes the right-handed system.
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This coordinate system decouples the observed ion distribution from changes in the plasma environment, such
as the magnetic field direction. The resulting fitted velocities can be compared in both magnitude and direction
over longer timescales. It also allows for an easier analysis of the velocity distributions and the accuracy of the
fitting procedure. For this purpose, we project the measured data into a cartesian velocity grid, converting them
to velocity vectors assuming a mass per charge of 18 amu/q (single charged water ions) as above. In this reference
frame, the x-y projection contains the velocity distribution information that shows the gyration pattern of the ions.

3.3. Electric Field

The drift velocity in the gyration plane determined from the ring fits, W, 4¢- 1S the result of electric fields
around the comet. If we assume that the electric and magnetic fields are homogeneous over the relevant spatial
scales, the drift velocity is given by:

Woulk drifc = EBLZB > E. = —upukain X B (1)
To fully utilize the information obtained by the ring fitting procedure, we only use the z-component of the meas-
ured local magnetic field vector. This is the component along the estimated parallel bulk flow of the cometary
plasma, and the estimated electric field is confined to the gyration plane. The parallel electric field component
E, (parallel to u,,, ) cannot be estimated using this method. Therefore, the provided estimates of the perpendic-
ular electric field component (hereafter simply denoted as E) are lower limit estimates of the total electric field
strength.

4. Results

We present results from a case study using data from 19 April 2016, when comet 67P was at a heliocentric distance
of 2.8 AU. Only the time period between 00:00-13:00 is included. This is the same time period as analyzed in
Moeslinger et al. (2023). The cometocentric distance between comet 67P and Rosetta was about 35 km, and the
spacecraft was orbiting in the terminator plane. The rest of the day exhibits strong fluctuations in the magnetic
field as well as spacecraft maneuvers and is therefore not suitable for studying partial ring distributions.

4.1. Velocity Distributions of Cometary Ions

Any distribution with a large angular spread may partially fall outside the field-of-view of the instrument. To
monitor these limitations, we assess the measured velocity distributions directly in instrument coordinates, as
shown in Figure 1. The upper panel shows the cometary ions with energies above 40 eV. Protons are shown in the
lower panel. The plots visualize the median energy as the hue of each pixel, and the differential flux, integrated
over the entire energy range considered, as its intensity. More information on this visualization method and a
discussion of the solar wind protons can be found in Moeslinger et al. (2023).

Figure 1 shows a typical example of the distributions of cometary and solar wind ions during one ICA scan. ICA
does not cover elevations exceeding +45° (white areas). The energy-angle dispersion is clearly visible in both
populations. In case of the cometary ions, the highest observed median energies are around 150 eV. The results
of the ring fitting procedure are indicated by the dots, color-coded with the respective energy color scale. The
estimated normal vector of the gyration plane is indicated by the green (cometary ions) and light blue (protons)
cross. The dark blue marker shows the observed magnetic field direction. Both normal vector estimates are within
15° of the local magnetic field measurement. The fitted velocities for the cometary ions are uy 4 = 9.1 km/s,
u; =29.4 km/s, and uy, = 9.1 kmi/s.

A different perspective of the same data is given in Figure 2. The measurements of each pixel were converted
to velocities in a cartesian coordinate system, as described in Section 3. The three panels show the projec-
tions on the x-y, y-z, and x-z plane. The data is summed over the third dimension. In panel (a) the fitted ring
and its center, the estimated bulk drift velocity, are indicated. The fitted ring is a good approximation of
the measured data. The lowest velocities in the gyration plane are about 20 km/s, which corresponds to the
lower energy threshold at 40 eV. These low velocities are found in the direction opposite of the drift velocity.
The maximum velocities are at around 40 km/s. These ions have completed a little less than half a gyration
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Figure 1. Dual colormap plots of the cometary ions (top panel) and the solar wind protons (bottom panel). The background
shows one Ton Composition Analyzer (ICA) scan, taken at 06:38:24 on 19 April 2016. No particle flux was detected for the
black pixels. The white areas are not covered by the ICA field-of-view. The dots in both panels show the result of the ring
fitting procedure for each species. For more information see text.

compared to the lowest energy ions. As there is no complete ring distribution, all observed ions are expected
to be on their first gyration. The “side views” of the data, shown in panels (b) and (c), are quite flat and only
spread horizontally. This indicates that the data is indeed mostly distributed on a plane, and the ry;, | estimate
is a good estimator of the plane. The parallel velocity component varies a few km/s around the fitted value
of 9.1 km/s.
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Figure 2. Projected velocity distributions of the cometary ions. The data is the same as shown in Figure 1, but converted to velocity and projected into a cartesian
coordinate system. The colorbar shows the velocity distribution function (VDF) of each bin. The z-axis is aligned with the estimated parallel direction (i, ) and
oriented almost parallel to the local measured magnetic field. The x-axis is the component of the sunward direction perpendicular to the z-axis, and the y-axis completes
the right-handed system. The solid circle in the left panel shows the fitted ring, with its center (“X”) at w4 The dotted ring corresponds to an energy of 40 eV in
this plane. Datapoints below 40 eV are not included in the plot.
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Figure 3. Resulting fitted velocities for 19 April 2016, from 00:00-13:00. Top row: timeseries of the three fitted velocities for cometary ions. Only the 99 good fits
are included. No Ion Composition Analyzer data is available for the time indicated by the gray areas. Bottom row: histograms of the distribution of the fitted velocities
for the same data as the top row. The left panel shows the bulk drift velocity. The middle panel shows the fitted gyration velocity u,. The right panel shows the parallel
velocity. The gray histograms show the distribution of all good fits. The red and blue histograms show the distributions of the good fits separated in scans with low and
high energy range; see text for more details. All histograms are normalized. The y-axes are corresponding probability densities (in [km/s]~!). The text insets give the
mean and standard deviation for each distribution.

The data analysis shown in Figures 1 and 2 was done for a 13 hr time period, from 00:00-13:00 on 19 April 2016.
There are a total of 225 ICA scans available during this period. A preliminary inspection of the cometary ion
data as shown in Figure 1 (without the ring fitting) showed that 169 of these 225 scans are suited for a ring fitting
algorithm. The scans excluded in this step either have too little data (e.g., only a few pixels contain any flux),
or there is no clear energy-angle dispersion visible. The ring fitting algorithm yielded a successful fit in 99 of
these 169 scans, based on visual inspection. The criteria for a successful fit include good agreement between data
and fit in both angular space as well as energy. To analyze why the success rate was not higher, we performed a
principal component analysis (PCA) of the underlying data. We found that the fitting algorithm works better for
larger PCA variances (data not shown). We interpret this as a requirement for sufficient spread of the data points
to give stability to the fitting procedure. If the points are distributed mostly along a straight line in 3D space, the
plane this line lies on is not well defined. Only if the line deviates significantly from a straight line, as in the case
of a partial ring with sufficient angular extent, the plane is well-defined. In this case, both the first and the second
PCA component variance are sufficiently large. In the case of good fits, the third PCA vector aligned very well
with the corresponding parallel vector estimate from the ring fitting procedure.

A timeseries of the resulting velocities can be seen in Figure 3, top panel. The plot only includes good fits. The
dominating velocity is the gyration speed u, with an average of 30.1 km/s. The magnitude of the bulk drift
velocity is about half of the gyration speed. The average is 13.2 km/s. w41 and u; are correlated. The parallel
bulk velocity is usually the smallest of the three (average: 9.9 km/s), and does not correlate with the other two.

The statistical distribution of the three fitted velocity components can be seen in the bottom row of Figure 3. The
gray histograms show the normalized distribution of all good fits for each velocity component. The distributions
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of uy, 4ir and 1, are roughly Gaussian-shaped, with slightly elongated tails toward higher velocities. The standard
deviations of the distributions are very similar, with 6.7 km/s and 7.5 km/s for w4 and u, respectively. The
distribution of u,,, , does not have a high velocity tail. Instead, there is a slight increase for very low velocities.
This is because the fitting procedure effectively gives the absolute value of the parallel component. Any negative
values in a fixed frame (e.g., B-field aligned) are mapped onto their positive counterparts, creating this artificial
peak at velocities close to zero.

Inspecting all individual gyration patterns (as shown in Figure 2) we noticed a change when the maximum
energy observed is higher. Therefore, we divided the good fits into two categories: “high energy” and “low
energy” scans. The “high energy” scans contain pixels where the median energy exceeds 200 eV. This is
the case for 58 out of the 99 good fits, for the remaining 41 scans the median energy of every pixel is below
200 eV. Both uy, 4 and u, have the distribution shifted toward higher velocities for the high energy scans,
compared to the low energy scans. The distribution of u,,, , on the other hand appears almost identical for
both cases.

4.2. Electric Fields

We can use the fitted drift velocity of the plasma bulk flow to get an estimate of the average perpendicular electric
field. The magnetic field used to calculate the electric field (according to Equation 1) is the r, , -aligned compo-
nent of the average measured magnetic field for each scan. The results are projected into the same coordinate
system used for Figure 2. This way, we can compare the scans in a statistical manner.

Figure 4 shows the electric field estimates of all good fits, split up into high energy and low energy scans. The
plot shows the x-y plane, which contains all necessary information. As the magnetic field is exclusively along
the z-axis in this frame the z-component of the electric field is zero. The electric field is dominated by an
anti-sunward component for all scans. It ranges from —0.05 to —0.35 mV/m along E . The mean is —0.2 mV/m.
The high energy scans show a larger E, component, with a mean of —0.23 mV/m, compared to the low energy
scans (mean: —0.15 mV/m). No such dependence on the energy range can be identified in the E, component. It
ranges from 0.05 to —0.25 mV/m, with a mean of —0.06 mV/m. The distributions along E, and Ev“ are also shown
by the histograms on top and left of the main figure. The similarity of the high and low energy distributions for
the E|, component is evident. A tendency toward stronger anti-sunward fields for high energy scans can also be
identified in the E -histogram.

The inset on the upper left corner shows the distribution of the magnetic field strength used for calculating the
electric field. Overall, the distributions for the high and low energy cases are very similar. There is no favor
toward higher magnetic fields for the high energy cases that could influence the results of the electric field esti-
mate. The second inset shows the magnitude of the E-field estimate. There is a tendency for higher electric field
strengths for the high energy scans as well, but it is not as pronounced as for E..

A timeseries of the same data set as in Figure 4 is shown in Figure 5. Until 03:00 the E-field estimates vary signif-
icantly, both between individual scans and over time. After 03:00 the variability over time becomes less. There is
another clearly noticeable peak around 06:00. An anti-sunward electric field component (negative E,) dominates
the total electric field in almost all cases. The occurrence of high or low energy scans does not show consistent
patterns over time. During some periods there are several consecutive scans of the same type, for example, around
06:00, and between 07:00-08:00. After 09:00 on the other hand, the high and low energy scans alternate almost
every successful fit.

5. Discussion

As shown in Figure 1 there is a clear energy-angle dispersion visible in the cometary ions above 40 eV. Such
partial ring distributions can only form in a plasma environment with sufficiently homogeneous electric and
magnetic fields. Of the observed particles, the most energetic ones have completed almost half a gyration, so the
ions cannot be regarded as unmagnetized. However, the spatial scale of the interaction region is not large enough
for the formation of fully developed rings. If the fields were heterogenous there would be more randomness in the
ion velocity distribution pattern and the partial rings would be smeared out. Occasionally, some energetic ions

MOESLINGER ET AL.

7 of 15

8SUB01T SUOWLLIOD BAIIRID 3|qedl dde ayy Aq peussnob e SSpILe VO ‘88N JO Sa|NJ 10} Aiq1T 8UIUO AB[IA\ UO (SUOIIPUOD-PUR-SWBY/LL0D" A8 IM" AeIq1BU1UO//:SANY) SUOIIPUOD PUe SWB | 84} 88S *[£202/60/02] U0 Ariqiauluo A8|im ‘Bulupsieg SUSRIS AQ 97/ TE0VTEZ02/620T 0T/10p/wod A3 |im Aseiq 1 putjuosqndnBe//sdny wouy papeojumod ‘6 ‘€202 ‘20766912



-~
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Space Physics

10.1029/2023JA031746

E-field distribution, projected

® high energy range
low energy range

E,=0.00%+0.00
0.3 1 i
0.2 High energy: Ex =-0.23+0.13
E, =-0.07+0.08
E,=0.00+0.00
021 0.1 . 1
Good fits: E, =-0.20%+0.11
E, =-0.06+0.10
= +
014 00 oo E, =0.00£0.00 i
0 20

B| (in nT) - e ®

Low energy: Eyx
E

0.0

] 75 \"
0.1 ® t .‘J

5.0 e ®

Ey (in mV/m)

-024 25 :

0.0

0.0 0.2 0.4
|E| (in mV/m)

0.3 0.2 0.1 0.0 -0.1 -0.2 -0.3 -04 0 5
Ex (sunward) (in mV/m)

Figure 4. Distribution of the electric field estimates. Only the good fits, split up between high and low energy range scans,
are included. The results are projected into the same cartesian coordinate system as used in Figure 2. The magnetic field used
for the calculation of the E-field estimate is the z-component of the measured magnetic field (in this cartesian coordinate
system). The inset in the upper left corner shows a histogram of the magnitude of the magnetic field. In the lower left corner
another inset shows the distribution of the estimated perpendicular E-field magnitude. The text gives the statistical properties
of the individual distributions (all values in mV/m). For more information see text.

with energies far above 200 eV occur outside of the partial ring pattern (not shown). We believe that these are
born outside the homogeneous interaction region, possibly in a region that is more dominated by the solar wind
given their high energies. These random high-energy ions usually interfere with the ring fitting procedure and are
therefore excluded from the results.

From the fitted rings we can deduce the bulk flow of the energetic cometary plasma (see Section 5.1). The
obtained fitting parameters can also be used to infer other quantities of the plasma environment. With the gyration
speed u, we can estimate the gyroradius of the particles. The drift velocity in the gyration plane w4 gives us
an estimate for the electric field strength and direction. This is discussed in further detail in Section 5.2.

5.1. Velocity Distributions

There are no significant changes in the spacecraft pointing with respect to the sunward and cometward directions
during the considered time period. However, the same cannot be said for the plasma environment. Even if the
fields are homogeneous, they can slowly change over time. This can easily be seen in the change of the locally
measured magnetic field from scan to scan, but is equally applicable to the electric field. To quantify the changes
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Figure 5. Timeseries of the estimated electric field. The coordinate system for the individual components is the same as
used for Figures 2 and 4 (i.e., E, is sunward in the gyration plane). The E and E, components as well as the magnitude are
displayed. The E_-component is zero for all scans and therefore not shown. Different markers indicate whether the estimate
belongs to a high (circle) or a low (cross) energy scan.

in the plasma environment we analyzed the variability of the magnetic field as well as the fitted yux,. For each
scan with a good fit we looked at the angle between the direction and the average direction over the entire obser-
vation period. The angular variability relative to the measured magnetic field is on average 18°, but even exceeds
30° in multiple cases. The variability relative to the mean in the direction of i, are slightly less, with an average
of 12.5° (good fits only). Deviations above 30° are possible in this case as well. A static coordinate system is
therefore not suitable. Instead we used the Fyuy ) estimate to calculate the projection as described in Section 3.2.
In this coordinate system the bulk drift velocity and electric field estimates of the individual scans can be system-
atically compared over the entire observation period.

In the simplest theoretical case of ion pickup in a homogeneous plasma, for example, in the undisturbed solar
wind, the ratio between the gyration speed and the drift speed is 1. This is a direct consequence of the ions
being introduced into the system with O velocity. The average speed is the drift speed as determined by the
background electric field, but the maximum speed of the particle is twice that. In our case the ratio u, /. 4
is 2.3 for all good fits, 2.1 for the high energy scans, and 2.6 for the low energy scans. Consequently, the mini-
mum speed of the particles gyrating along the fitted rings never reaches 0. Drift velocities of approximately
13 km/s further indicate that the observed velocity distributions are not directly caused by ion pickup in the
undisturbed solar wind electric field. For this case, drift velocities of the order of 400 km/s are expected. We
rather see pick-up in a region that is mostly shielded from the solar wind electric field and consequently has
a lower drift speed.

An estimate for the spatial scales of the interaction region that forms the observed partial rings is the gyro-
radius of the cometary ions: r, = '"—L;l. The gyroradius is defined in the electric-field-free reference frame.
q

Due to the lack of knowledge about the electric field strength it usually cannot be calculated properly at

comet 67P. We get the required gyration speed u, directly from our fitted rings. The mass m and charge
q are assumed to be 18 amu and 1.6 x 10~ C (singly charged water ions). For the magnetic field we use
the z-component of the locally measured magnetic field in the projected coordinate system. The average
gyroradius for all good fits is 340 km. High energy scans have on average a larger gyroradius (364 km) than
low energy scans (306 km). We therefore expect the interaction region in which the rings are formed to be
somewhat larger for the case of high energy scans. These values are much smaller than the expected gyroradii
in the undisturbed solar wind (approx. 10,000 km). At the same time, they are much larger than the distance
between the spacecraft and the nucleus (35 km). The observed ions, especially those with higher energies that
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have completed more than a quarter of a gyration, must therefore originate from an area farther away from the
nucleus than the Rosetta spacecraft.

Apart from some large fluctuations in the beginning of the day, the variation in the magnitude of all three fitted
velocities are rather small (see Figure 3). Some differences in the mean values of the individual distributions of
high and low energy scans are found. No significant differences in the standard deviations of the distributions
between the high energy scans and the low energy scans are found. The uncertainties in the measured energy
due to the limited energy resolution of the instrument and the derived velocity estimate may contribute to this
spread in the fitted velocities. The energy bin width of ICA increases with higher energies, potentially increas-
ing the spread of the distribution when higher energies are measured. As we see no such increase from low to
high energy range scans in the results, the main contributing factors to the spread are uncertainties from the
fitting procedure and the actual variations in the ion distribution over time. Occurrence of the latter is supported
by the observations, for example, around 03:00 and between 07:00-08:00 where the estimates of uy,, ¢ and
u, increase/decrease consistently over several successful fits. Visual inspection of the observed and projected
distribution functions (Figures 1 and 2, but for the entire observation period) revealed that there are changes in
the velocity distribution function on the timescales of individual scans. This includes both changes in the shape
of the distribution, as well as changes in the direction of the drift velocity. These changes are not exclusively
due to a change in the magnetic field direction because they also appear in the projected velocity distributions.
We think that these variations are actual changes in the ion distributions and the entire plasma environment over
time.

The parallel velocity component u,,,  may be the result of an acceleration along the magnetic field. It may also
result from an initial acceleration perpendicular to the magnetic field followed by a change of the magnetic field
direction. Such a change of direction is expected around the nucleus due to field line draping. The direction of
w,,,  gives us an estimate of the upstream magnetic field direction on a spatial scale of the gyroradius. The
estimate of |upui | is not well correlated with the |y arire | €stimate. This indicates that the mechanisms respon-
sible for acceleration in the gyration plane and perpendicular to it are not coupled. The ambipolar electric field,
which is only strong close to the comet nucleus (Vigren & Eriksson, 2019), can provide such an acceleration
mechanism. However, as our estimation method relies on the magnetic and electric fields being perpendicular,
we cannot characterize the magnetic field-aligned component.

For a larger statistical analysis of cometary pickup ion populations PCA may provide a more efficient way to
detect the occurrence of partial ring distributions. A sufficient variance of the individual principal compo-
nents seems to be a requirement for successful ring fitting. An automated pre-selection based on this crit-
erium will make the assessment of large data sets more feasible than visual inspection alone. Furthermore
the last principal component estimate can directly be used as an estimate for the parallel flow direction. This
may speed up the fitting procedure, and can also be used to directly calculate the projections for visualization
purposes.

5.2. Electric Fields

The local electric field at the comet is important in many ways. It accelerates the newborn ions. Without
electric fields, the ions can only change their direction through gyration, not their energy. The gyroradius of
newborn ions can only be calculated if we know the electric field in their rest frame. The change between
the upstream solar wind electric field and the local cometary electric field shows how shielded the cometary
plasma cloud is from the solar wind electric field. In general, wave electric fields can also provide energy
to the ions through wave-particle interaction. This mechanism usually happens at frequencies larger than
the available time resolution of the ion measurements and can therefore not be assessed with the results
presented here.

The anti-sunward component almost always dominates the electric field estimates. This component is larger for
the high energy range scans. We identified two possible explanations:

1. The overall electric field strength at the comet is larger for the high energy range scans.
2. The high energy range scans include ions from a larger area around the comet with higher electric fields.
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Because the spatial scales for the low energy case are smaller (see gyroradius calculation above) and the distance
between spacecraft and nucleus is the same throughout all observations, the high energy scans also sample an
area that is slightly farther away from the comet nucleus compared to the low energy scans. If the second scenario
is correct, this would imply an increase of the anti-sunward electric field farther away from the nucleus. It also
indicates that the fields are not completely homogeneous over the spatial scales affecting the observed ions. Goetz
et al. (2017) provide an estimate for the homogeneity of the magnetic field with respect to cometocentric distance
at low outgassing rates. For the solar wind parameters and comet outgassing rates seen in this study, their model
predicts a quite stable magnetic field strength from the nucleus up to a distance of approximately 300 km. Farther
away the magnetic field drops quickly to the magnetic field strength of the undisturbed solar wind. These results
indicate that the constant magnetic field assumption is true for about one gyroradius. Variations in the electric
field estimate are unlikely to be caused by the magnetic field profile.

We can compare our results to other published electric field estimates for comet 67P at low activity levels.
Nilsson et al. (2018) derive an electric field estimate for the entire Rosetta mission. Their estimate was based
on a simple analytical model for a cylindrical comet plasma cloud and assumptions about the solar wind
electric field. The pickup ion gyroradius was assumed to be much larger than the spatial scale of the come-
tary plasma. The results show large variabilities over time. For the time period in this study, the magnitude
of the electric field estimate is between 0.1 and 0.8 mV/m. The direction deviates from the anti-sunward
direction by 10° to 60°. Now, for the first time, we have estimates of the electric field directly derived from
observations. Our results fall within the same range as the model based estimate, with a strong bias toward
lower electric field strengths. Since we estimate the perpendicular component of the electric field and
therefore provide a lower boundary estimate, this could partly be due to an additional parallel electric field
component.

Gunell and Goetz (2023) used particle-in-cell (PIC) modeling to determine the electric fields around the nucleus,
and compared with an analytical electric-field model similar to the one in Nilsson et al. (2018). For computational
reasons, the nucleus and the entire plasma environment were scaled down by a factor of 200, and the simulation
is purely electrostatic. The fields presented are therefore much larger (up to 1 V/m) compared to reality and can
only be compared to our results in direction, not strength. Very close to the nucleus the electric field has a strong
anti-sunward component. This is partially retained in the downstream region (cf. their Figure 6). However, the
convective electric field of the solar wind is the dominant component at 40 km and farther away from the nucleus
(scaled back to a “real” comet). The heliocentric distance of the comet in their paper is 3 AU, which is larger
than in our case. This may explain some of the discrepancies, as the plasma cloud of cometary ions should be
larger in our case. In addition to this, the PIC model uses heavy electrons (m/m, = 20). This further disturbs the
spatial scales of the plasma cloud. Another PIC simulation for a weakly outgassing comet, roughly corresponding
to comet 67P at 4-4.5 AU was presented by Deca et al. (2019). Their simulations also show a shielded area of
about 100 km close to the nucleus in the upstream region, where the total electric field strength is decreased by
up 80% relative to the solar wind convective electric field. Our results are in rough agreement with those values.
The extent of the shielded region is smaller than our estimated spatial scale, probably due to the lower outgassing
rate in the simulations.

In our case the gyroradius is small enough so we can observe a partial gyration of the cometary ions. The esti-
mated drift velocity is perpendicular to the electric field, and the ions are partially magnetized. The resulting elec-
tric field is mostly anti-sunward. The same result was also found in previous publications, but in a very different
scenario: it was inferred by the motion of the energetic pickup ions, which were traveling anti-sunward according
to their calculated bulk velocity moments (see Ber¢ic et al., 2018; Nilsson et al., 2018). This only provides an
approximate estimate of the direction of the electric field in the case of very large gyroradii, where all observed
energetic pickup ions are accelerated along the electric field. In this scenario, a gyration is not seen in the velocity
distribution. If there is a substantial energy-angle dispersion, as in our case, the moment calculations may give
inaccurate results. Only in the case of full rings can the bulk drift from moment calculations be used to properly
estimate the drift velocity of the distribution.
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6. Summary and Conclusions

In alignment with previous observations at Giotto (Coates et al., 1989), we find a clear partial ring-shaped
distribution of cometary pickup ions in Rosetta data recorded at comet 67P. Our observations are made at low
cometary activity. The plasma environment is much smaller than at 1P/Halley. Instead of fully developed ring
distributions we observe newborn cometary ions on the first half of their gyration. These partial rings in velocity
space are characterized by their gyration speed u , their bulk drift velocity in the gyration plane w, 4, and the
bulk velocity perpendicular to the gyration plane u,, . The results describe average properties of the plasma
environment that are applicable in a region between the solar wind-dominated environment far upstream of the
comet, and the plasma environment in the direct vicinity of the nucleus. The clear ring distributions indicate that
the fields affecting the cometary pickup ions are sufficiently homogeneous over this spatial scale. After dividing
the observations in two groups based on the occurrence of ions with energies >200 eV (high and low energy
range observations), we find that the mean of u, and u, ., increase for the high energy observations, while that
of u,,, , does not. This indicates that the additional energy is only distributed in the gyration plane, not in the
component along the magnetic field.

Based on the gyroradii estimates (average: 340 km), we expect this region to be a few hundreds of km in size.
There is a large discrepancy between the expected gyroradius of water-group pickup ion in the undisturbed solar
wind (10,000 km) and the value found here. The comet plasma cloud partially shields the inner part of the coma
from the solar electric field. This lower electric field strength, in combination with the increased magnetic field
due to pile-up closer to the nucleus, results in much smaller ion gyroradii.

We furthermore estimate the electric field at the comet based on this homogeneous-field assumption. The result-
ing perpendicular electric field is mostly directed anti-sunward and does not include an electric field parallel
to the magnetic field. The average strength is 0.21 mV/m, and increases from 0.16 mV/m to 0.24 mV/m when
splitting the observations in a low and high energy range. The anti-sunward component (—E) increases for the
high energy observations, while the perpendicular component (E,) remains the same. The larger gyroradii asso-
ciated with the high energy observations could indicate that the homogeneous-field assumption breaks down
for the ions born furthest away from the observation point. In this scenario, the electric field is still directed
anti-sunward farther away from the nucleus, but less shielded by the cometary plasma cloud. The strength is
therefore higher.

Another estimate for the average electric field direction is available from the solar wind proton distributions (see
Moeslinger et al., 2023). Because of the larger velocities and therefore larger gyroradii, these estimates are repre-
sentative of an even larger spatial scale in the upstream region of the nucleus. The fields close to the nucleus are
not expected to have a significant impact on this estimate. The direction of this electric field is roughly perpen-
dicular to the anti-sunward field close to the nucleus presented here (not shown). This is in agreement with the
expected convective electric field of the upstream solar wind in the comet reference frame. The effects of the
transition region between these two fields should be analyzed more carefully, for example, using simulations, in
a future study. Furthermore, we mainly used the shape of the velocity distribution to estimate the electric fields
in this paper. Nilsson et al. (2018) also provided another way to estimate the electric field strength by relating the
measured flux of particles with their energy as a proxy for their origin. Using the results of this paper, we can
also backtrace the observed particles to the approximate location of where they were ionized. Combining both
approaches in a future study would help to refine the electric field measurements, and refine the validity of the
homogeneous-field assumption.

Appendix A: Direction of Wi drie

Figure A1l shows the direction of the fitted drift velocity w4 Of all successful fits. The individual
scans are projected into the cartesian coordinate system as described in Section 3.2. The average velocity
is [-3.2, 11.3, 0] km/s for good fits, so the dominant component is along the y-axis. In agreement with the
electric field estimates (Figure 4), the average value of the y-component increases for the high energy scans,
compared to the low energy scans. There is no significant difference found in the x-component of the same
data.
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Figure A1. Scatter plot of the fitted drift velocity u, ;¢ projected into the same cartesian coordinate system as Figures 2
and 4. In this coordinate system, the z-component is always 0.
Appendix B: Fitting Parameters
A schematic illustration of the different components of the fitted ring and the corresponding parameters is
given in Figure B1. The black arrows (1) indicate the observed velocity vectors. The fitting parameters u,,, |
plane defined
by wpyk, |
X
Figure B1. 3D Illustration of the different fitting parameters. From Moeslinger et al. (2023).
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