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ABSTRACT

Context. lon speeds at comet 67P/Churyumov-Gerasimenko significantly exceed local neutral gas speeds, a discrepancy that challenges
current ion-neutral coupling models. The presence of counter-streaming ion populations is a proposed solution, as it can reconcile high
individual velocities with a low bulk flow speed and potentially drive wave activity through ion-ion instabilities.

Aims. We aim to identify and statistically characterize counter-streaming ion populations to provide the first quantitative constraints
on this phenomenon.

Methods. We analyzed high- and standard-resolution data from the Ion Composition Analyser (ICA), part of the Rosetta Plasma
Consortium (RPC) on board the Rosetta spacecraft. The events were selected from periods when Rosetta was inside or near the
diamagnetic cavity, a key region for cometary plasma dynamics.

Results. A total of 112 events are identified in the high-resolution data and 338 in the standard-resolution data, both inside and
outside the diamagnetic cavity. In general, the anticometward ion population exhibits higher energy and particle counts compared to
the cometward ion population. The angular separation between the two flows is peaked in the range of 150°—~180°. The superposition
of these high-speed flows produce net bulk velocities of a few km/s.

Conclusions. Our findings provide statistical evidence of counter-streaming ions at a comet and demonstrate that they can lead to a

low net bulk speed. Return flows can be explained by gyration of the ions in the magnetic field just outside the diamagnetic cavity.

Key words. magnetic fields — plasmas — methods: observational — methods: statistical — comets: general —

comets: individual: 67P/Churyumov-Gerasimenko

1. Introduction

Comets are relics from the dawn of our planetary system. They
carry fundamental clues about the formation and primordial
composition of the Solar System (Altwegg et al. 2019). When
these icy bodies approach the Sun, their surface materials sub-
limate to form an extensive neutral atmosphere, the coma (e.g.,
Lamy et al. 1998; Lisse et al. 2005; Nilsson et al. 2015). The
outgassed material subsequently interacts with the solar wind
and the Sun’s extreme ultraviolet (EUV) radiation, creating a
complex and dynamic plasma environment (Goetz et al. 2022)
through processes of photoionization, electron-impact ioniza-
tion, and charge exchange (Biermann et al. 1967; Galand et al.
2016; Simon Wedlund et al. 2017). For decades, the direct
exploration of this environment was restricted to brief flybys.
This limitation was overcome by the European Space Agency
(ESA) Rosetta mission, which orbited comet 67P/Churyumov-
Gerasimenko (67P/C-G) from 2014 to 2016 (Glassmeier et al.
2007a). The mission delivered the first-ever, long-term in situ
measurements from deep within the coma. The plasma instru-
ment package provided by the Rosetta Plasma Consortium (RPC;
Carr et al. 2007) has revolutionized our understanding of the
large-scale comet-solar wind interaction (Broiles et al. 2015;
Edberg et al. 2016; Glassmeier 2017), while also revealing an

* Corresponding author: fusion@whu.edu.cn

unexpected complexity of fine structures (e.g., Goetz et al.
2016a,b; Stenberg Wieser et al. 2017; Ostaszewski et al. 2021).

The diamagnetic cavity is a region of the near-zero mag-
netic field that forms around the nucleus of an active comet
(Neubauer et al. 1986; Goetz et al. 2016a). Its existence is a direct
consequence of the solar wind’s interaction with the expanding
cometary atmosphere. The solar wind carries the interplane-
tary magnetic field (IMF) through the dense neutral gas of the
coma. As this magnetized plasma moves, it continuously assim-
ilates newly formed, heavy cometary ions. This process, known
as mass loading, causes the plasma to deflect and decelerate
before it can reach the nucleus (e.g., Wallis 1973; Szegé et al.
2000; Behar et al. 2016a,b). When the outgassing from the
nucleus is large enough, the diamagnetic cavity is formed. While
the diamagnetic cavity seen at 1P/Halley was large and stable
(Neubauer 1988), the cavity at 67P was intermittent and unsta-
ble (Goetz et al. 2016a; Henri et al. 2017). The size and distance
of its boundary were governed by long-term trends in the out-
gassing rate and the solar wind dynamic pressure (Goetz et al.
2016b; Timar et al. 2017). Investigating the plasma in and around
this region is therefore crucial for understanding the formation of
the cavity boundary and the dynamics of the cometary plasma,
unperturbed by the direct influence of the solar wind (Israelevich
etal. 1992; Hajra et al. 2018; Odelstad et al. 2018; Masunaga et al.
2019).

Nemeth et al. (2016) reported sharp dropouts in the
suprathermal electron population (100-200 eV) near the
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cavity, interpreted as field-aligned electrons being excluded from
the unmagnetized region. Concurrently, the energetic ion bursts
have been observed, pointing to local acceleration mechanisms
(Stenberg Wieser et al. 2017; Masunaga et al. 2019). Knowledge
of both the initial low-energy cometary ion flow and the acceler-
ated energetic particles is important to understand the dynamics.
Modeling and theoretical studies suggest an initial outward
flow of low-energy ions driven by the ambipolar electric field
(Koenders et al. 2015; Vigren & Eriksson 2017, 2019). These
ions may be reflected at the diamagnetic cavity boundary
(Puhl-Quinn & Cravens 1995). However, there are no observa-
tional reports of the initial, newborn low-energy ion population
(<20 eV) traveling away from the nucleus (Bergman et al.
2021a). Low-energy ions (<20 eV) are observed flowing back
toward the nucleus, whereas accelerated ions with higher ener-
gies move away from the comet and possess an antisunward
component (Bergman et al. 2021a).

Typically, a newly formed ion is assumed to inherit the
velocity of its parent neutral molecule, which is ~0.5-1 km/s
(Gulkis et al. 2015). This assumption holds true reasonably well
when modeling the cometary environment at low outgassing
rates, successfully reproducing observed electron densities at
larger heliocentric distances (Galand et al. 2016; Heritier et al.
2017). However, this simple picture breaks down near perihe-
lion (Vigren et al. 2019). Models that neglect ion acceleration
significantly overestimate the plasma densities measured inside
the diamagnetic cavity. To match the observed density profiles,
recent modeling indicates that ions must be transported away
with an accelerated bulk speed of 1.2-3 km/s, faster than the
neutral gas (Lewis et al. 2024).

In contrast to the relatively modest speeds required by mod-
els, in situ observations reveal a complex picture of ion veloc-
ities. Analyses combining data from Langmuir probes (RPC-
LAP; Eriksson et al. 2007) and the Mutual Impedance Probe
(RPC-MIP; Trotignon et al. 2007) suggest effective ion speeds
in the range of 2-8 km/s (Vigren et al. 2017; Odelstad et al.
2018). These LAP-derived speeds are inferred from current volt-
age characteristics under the assumption of a single, drifting
Maxwellian population. This assumption makes the interpre-
tation ambiguous if multiple ion populations are present. In
contrast, the Ion Composition Analyser (PPC-ICA; Nilsson et al.
2007) offers a more direct approach by measuring the ion dis-
tribution itself. Detailed investigation of these data reveals even
higher bulk speeds, in the range of 5-10 km/s (Bergman et al.
2021b).

To reconcile the low bulk velocity required by models with
the high speeds observed for individual ions, a leading hypothe-
sis proposes the existence of two counter-streaming ion popula-
tions (Bergman et al. 2021a). One of these streams corresponds
to the theoretically necessary but still unobserved outward low-
energy flow. Such a counter-streaming configuration provides a
natural source of free energy that can drive plasma instabilities.
This offers a mechanism for generating plasma waves frequently
observed in and around the diamagnetic cavity (Gunell et al.
2017; Madsen et al. 2018; Ostaszewski et al. 2021).

In the present study, we survey the ion data observed by
Rosetta for evidence of counter-streaming low-energy ion pop-
ulations and characterize the events we identify. The structure
of the paper is as follows: Section 2 describes the instru-
mentation, database construction, and event analysis method.
Section 3 presents the observations and the statistical results.
The discussion and conclusion are provided in Sections 4 and
5, respectively.
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2. Instrumentation and data analysis
2.1. The Rosetta plasma consortium (RPC) instruments

The Rosetta Plasma Consortium (RPC) is a suite of five instru-
ments designed for in situ measurements of the plasma environ-
ment of comet 67P (Carr et al. 2007). In this study, we specif-
ically use data from the Ion Composition Analyser (RPC-ICA;
Nilsson et al. 2007), the Magnetometer (RPC-MAG; Glassmeier
et al. 2007b), and the Langmuir Probes (RPC-LAP; Eriksson
et al. 2007).

RPC-ICA is a mass resolving ion spectrometer, which pro-
vides measurements of the ion composition and velocity distri-
bution function. Its field of view covers 360° in azimuth and
+45° in elevation, divided into 16 X 16 angular bins (22.5°
and 5.625° resolution, respectively). The analyser resolves ion
energies from a few eV up to 40 keV in 96 discrete steps.
This range is effective for capturing local newborn ions. These
ions are accelerated from their initial low energies (~0.1 eV)
into this detection window by the negative spacecraft potential
(for a detailed description, see Section 2.3). Beyond measur-
ing their energy, the analyser also identifies key species such
as protons (H*), helium ions (He*, He?*), and other heavy
ions (=16 amu). In addition to its normal 192-second 4D scans
(energyxazimuthxelevationxmass), the RPC-ICA can operate
in a high-resolution mode with a 4-second time resolution
(Stenberg Wieser et al. 2017). This higher cadence is achieved by
fixing the elevation angle near 0° (for a field of view of 360° x 5°)
and focusing the energy sweeps to the 0.3—-82 eV/q range.

RPC-MAG is a dual-sensor fluxgate magnetometer designed
for precise measurements of the magnetic field vector. It con-
sists of an inboard (IB) and an outboard (OB) sensor mounted
on a 1.5-meter boom. The instrument features a magnetic field
resolution of 39 pT and a dynamic range of =16 384 nT.

By measuring the current collected by two spherical sensors,
the dual-probe instrument RPC-LAP determines fundamental
plasma properties, including the plasma density, electron tem-
perature, and effective plasma flow speed. These parameters
are derived assuming a single plasma population that follows a
drifting Maxwellian distribution. Furthermore, RPC-LAP pro-
vides estimates of the spacecraft potential, which is derived from
either the probe’s floating potential or the photoelectron knee in
a voltage sweep.

2.2. Case selection and dataset assembly

Our study builds upon the 665 diamagnetic cavity crossings
identified by Goetz et al. (2016b). We selected a subset of events
by requiring the availability of concurrent data from RPC-ICA,
as ion measurements are central to our analysis. For each event,
we defined a variable-length time interval encompassing the
20 minutes before entry, the entire cavity duration, and the
20 minutes after exit. A multi-instrument dataset was then
assembled for each interval, comprising:

(1) Ton data (RPC-ICA): ion counts summed over all
mass bins from the “PSA RPC-ICA L4 CORR CTS”
data, including both the standard 192-second 3D scans
(energyxazimuthxelevation) and the high-cadence 4-second 2D
scans (energyxazimuth). Additionally, sensor temperature from
the “PSA RPC-ICA L1” data is included for subsequent ion
energy calibration.

(2) Magnetic field data (RPC-MAG): the total magnetic
field strength and its vector components at 20 Hz and/or 1 Hz
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resolutions. The components are provided in the comet-centered
solar equatorial (CSEQ) coordinate system, which is defined as
follows: the x-axis points from the comet toward the Sun; the z-
axis is aligned with the Sun’s rotational axis and points toward
the solar north pole; and the y-axis completes the right-hand
system.

(3) Plasma parameters (RPC-LAP): measurements of elec-
tron density, electron temperature, effective ion speed, and
spacecraft potential. The potential data are also used to correct
low-energy ion measurements from RPC-ICA.

(4) Spacecraft position: ephemeris data are obtained via
SPICE kernels, providing the spacecraft’s location in both CSEQ
and J2000 coordinates. The J2000 coordinate system is defined
with its x-axis pointing toward the vernal equinox as it was on
January 1, 2000; its z-axis pointing along the Earth’s north celes-
tial pole; and its y-axis completing the right-hand coordinate
system.

2.3. Analysis within event windows: Identification and
quantification

Each event window was partitioned into two regions: “inside” the
diamagnetic cavity (the crossing duration itself) and “outside”
(defined as two 20-minute intervals: one immediately preceding
entry and another following exit). This enabled separate analysis
of these two physically distinct plasma regions (Bergman et al.
2021a). For cases when two cavity crossings occurred in close
succession (i.e., less than 40 minutes apart), a special handling
protocol was implemented to prevent their nominal 20-minute
outside windows from overlapping. In such a case, if the time
gap between two cavities was greater than 20 minutes, the first
20 minutes were assigned to the preceding cavity. The remain-
ing time was regarded outside data for the subsequent event. If
the inter-cavity gap was 20 minutes or less, the entire gap was
assigned as outside data for the preceding event, leaving the
subsequent event with no outside data preceding the cavity.

The spacecraft potential induces an energy shift in the ion
measurements of —qUj,., where q is the ion charge and Uy, is
the spacecraft potential. For example, if the spacecraft potential
is —10 V, the observed ions are accelerated toward to space-
craft and are detected with an energy 10 eV higher than they
originally had. Additionally, low sensor temperatures (<13.5 °C)
can lead to internal high-voltage drifts, shifting the instrument’s
energy scale toward higher energies. Due to the lower time and
energy resolution of the standard-resolution data, it is not fea-
sible to determine the total energy offset directly from the ion
distribution itself. The correction is performed in two separate
steps, relying on auxiliary measurements for spacecraft poten-
tial and sensor temperature. First, a correction for the spacecraft
potential is applied (E’ = E + qUj,.), followed by a correction
for the sensor temperature (7 se,50) Using the formula E .y recreq =
E’ + (13.5 = Tonsor) X 0.7 (Nilsson et al. 2017). For this method,
both U and T are provided as average values for each
measurement interval. For the 4-second data, we used a more
direct, time-resolved method based on the RPC-ICA’s lower
energy cut-off (Odelstad et al. 2017; Bergman et al. 2021a). The
observed energy at the cut-off, assumed to correspond to a true
energy of 0 eV, provides a direct measure of the total energy off-
set at each 4-second time step. This offset was then subtracted
from all energy bins for that specific measurement. Since this
procedure results in a time-dependent energy grid for the cor-
rected data, we subsequently interpolated the data at each time

Table 1. Parameters for characterizing individual ion flows.

Parameter Description

Peak counts Maximum ion counts in a single

energy-sector bin (counts).

Center energy  Energy of the bin containing the peak

counts (eV).

Sector width Angular extent of continuous sectors
with counts >20% of the peak value (at

center energy, degrees).

Energy width  Full energy width where counts >20%
of peak (in the peak sector, eV).
Sun angle Angle between the peak sector and the

Sun direction (degrees).

Comet angle Angle between the peak sector and the

comet nucleus direction (degrees).

step back onto the instrument’s original energy grid. This ensures
a basic data for the time-averaged analysis of each event.

Using the energy-corrected ion data, we surveyed inside and
outside time windows to identify counter-streaming ion popula-
tions. Any window containing data gaps was discarded, resulting
in 199 valid windows from the high-resolution data and 442 from
the standard-resolution data (refer to Table S1). For each valid
window, we generated a time-averaged two-dimensional energy-
azimuth distribution. To accomplish this, the standard-resolution
data was first summed across all elevation angles. Based on the
known location of the comet, the 16 azimuthal sectors were then
divided into two groups: eight “cometward” sectors, oriented
toward the comet, and eight “anticometward” sectors, oriented
away from it.

Within each time window, we identify an ion flow in a given
direction (cometward or anticometward) if it satisfies two distinct
criteria. Firstly, to ensure the signal is significant, the ion count
in at least one energy-azimuth bin must exceed a threshold of 10.
Secondly, to confirm the detection is a genuine physical struc-
ture, the flow must exhibit energy broadening. We define this as
the presence of ion counts exceeding 20% of the Peak Counts
in at least one energy channel immediately adjacent to the one
containing the peak. We defined six parameters to quantify the
properties of the detected flows, as shown in Table 1.

An event was classified as a counter-streaming ion event
if distinct ion flows were detected simultaneously in both the
cometward and anticometward directions. To characterize the
relationship between these two opposing flows, we defined three
additional parameters based on the properties of the individual
flows described above, which are listed in Table 2.

3. Results
3.1. Case studies of counter-streaming ion events

Fig. 1 illustrates an example of counter-streaming ions observed
by high-resolution data inside the diamagnetic cavity (Case 1).
The event occurred between 11:29:20 and 11:31:16 UT on July
26, 2015, lasting 116 seconds. The energy-time spectrogram
in Fig. 1a shows an ion population with the characteristics of
the “band” ions observed within the cavity by Bergman et al.
(2021a). Before 11:31:04 UT, the ion counts are essentially
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Fig. 1. Example case of counter-streaming ions observed by RPC-ICA inside the diamagnetic cavity on 2015 July 26. Note that the energy scale in
all panels has been corrected using the lower energy cut-off method, as detailed in Section 2.3. (a) Energy-time spectrogram of ions. The magenta
line indicates the total magnetic field strength. (b) The corresponding sector polar plot of ion counts, showing the instrument’s raw directional
measurements. (c) The same polar plot after a directional correction has been applied using the spacecraft plasma interaction software (SPIS;
Bergman et al. 2020a,b). In the polar plots (b, c), the polar axis represents the instrument’s viewing sector, while the radial axis corresponds to
three re-binned energy ranges (2.5-5 eV, 5-10 eV, and 10-20 eV). The color scale indicates the ion counts normalized by the observation time
for energy interval. Data from the contaminated sector 0 have been removed, and sector 13 is inactive. The blue and red arrows point toward the

average directions to the comet and the Sun, respectively.

Table 2. Parameters for characterizing counter-streaming ions.

Parameter Description

Energy ratio Ratio of center energies (anticomet-

ward/cometward).

Count ratio Ratio of peak counts (anticomet-

ward/cometward).

Angular separation  Absolute angle between the peak
sectors of the anticometward and

cometward flows (degrees).

constant, after which there is a sudden enhancement in counts,
and the energy shifts slightly upward.

The directional properties of the ions are detailed in the
polar plots of Fig. 1b (uncorrected) and Fig. 1c (SPIS-corrected).
In these polar plots, the polar axis represents the instrument’s
viewing sector, the radial axis corresponds to re-binned energy
ranges (2.5-5, 5-10, and 10-20 eV), and the color scale indicates
the counts normalized by the observation time for each energy
interval. This energy binning is chosen to allow for a direct com-
parison with the directional correction results shown in Fig. lc.
The direction of the comet, marked by a blue arrow, is aligned
with sector 4. Consequently, the anticometward flow is detected
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in and around sector 4, whereas the cometward flow is observed
in the opposing sector 12 and its vicinity.

In the uncorrected data for Case 1 (Fig. 1b), the anticomet-
ward flow is centered at sector 7, spanning sectors 5-8, and is
dominated by ions in the 10-20 eV energy range. In contrast, the
cometward flow is confined to a single sector (sector 14), with
energies concentrated between 5 and 10 eV. An analysis of the
spectrograms for each of the 16 sectors (not shown here) reveals
that the anticometward flow emerges only after 11:31:04 UT,
coinciding with the aforementioned enhancement in ion counts
and energy. The cometward flow is observed only before this
time period. The two ion flows are not observed simultaneously.

A second example, featuring counter-streaming ions
observed outside the diamagnetic cavity (Case 2), is presented
in Fig. 2. This event was recorded between 08:11:05 and
08:31:01 UT on January 31, 2016, lasting approximately 20 min-
utes. The ion spectrogram in Fig. 2a exhibits entirely different
features from those inside the cavity. Both the energy and counts
of the ions show more dynamic and irregular variations. While
the dominant ion population resides in the 0-25 eV, transient
enhancements reaching up to 75 eV are also present. These
features are similar to Type 5 ions defined in Stenberg Wieser
et al. (2017) and “burst” ions described by (Bergman et al.
2021a).

The corresponding polar plots showing the ion flow direction
are given in Fig. 2b (uncorrected) and Fig. 2c (SPIS-corrected),
following the same format as described for Fig. 1. In the
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Fig. 2. Second example case of counter-streaming ions, observed outside the diamagnetic cavity on 2016 January 31. The energy scale for all panels
has been corrected using the lower energy cut-off method. (a) Energy-time spectrogram of ions, with the total magnetic field strength overlaid
as a magenta line. (b) The sector polar plot of ion counts before directional correction. (c) The sector polar plot after the SPIS-based directional
correction(Bergman et al. 2020a,b). The format of the polar plots (b, c) is the same as Fig. 1: the polar axis is the instrument sector, the radial axis
represents binned energy ranges (2.5-5 eV, 5-10 eV, and 10-20 eV), and the color scale shows normalized counts. Data from sector 0 have been
removed, and sector 13 is inactive. The blue and red arrows point toward the average directions to the comet and the Sun, respectively.

uncorrected data (Fig. 2b), the anticometward flow is centered at
sector 4, distributed across sectors 2—-5, with its energy also con-
centrated in the 10-20 eV range. The cometward flow is centered
around sector 12. Its energy is primarily in the 5-10 eV range.
Unlike in Case 1, the individual sector spectrograms (not shown)
indicate that both flows persist throughout the event interval.

A negative spacecraft potential not only shifts the energy
of low-energy ions but also alters their trajectories. The poten-
tial attracts ions before they are detected, causing a deflection
in their apparent arrival direction within the instrument’s field
of view (FOV). To account for this effect, Bergman et al.
(2020a,b) employed the spacecraft plasma interaction software
(SPIS, Thiebault et al. 2015) to correct the direction of ions
detected by RPC-ICA. Figs. 1c and 2c present the results after
applying the SPIS correction to the two events. Compared to the
uncorrected results (Figs. 1b and 2b), the corrected distributions
show a somewhat broadened azimuthal distribution. This broad-
ening is likely an artifact stemming from uncertainties in the
correction procedure. By spreading the signal over adjacent sec-
tors, this effect also accounts for the observed shift and reduction
in peak counts. It should be noted that due to noise level in the
SPIS model, data from the 2.5-5 eV energy range are excluded
when the spacecraft potential is below a threshold of —12.25 V
(Bergman et al. 2021a). For consistency, the 2.5-5 eV data are
also omitted from the uncorrected plots.

The comparison between the results before and after correc-
tion for our example cases reveals that the directional deflection
induced by the spacecraft potential is minor. These two cases
were observed when the spacecraft potential was —10 V and
—17 V, respectively. While more negative potentials could, in
principle, cause more severe distortions, our statistical analysis

shows that 85.6% of the events occurred when the spacecraft
potential was above —17 V. This suggests that for the vast major-
ity of our dataset, the distortion is likely as minor as what is
shown in our examples. Consequently, the effect is not expected
to significantly alter our overall statistical interpretation of the
ion flow’s direction and properties. Therefore, to avoid intro-
ducing any potential artifacts from the correction model, our
subsequent statistical analysis uses the uncorrected ion direction
data across the full energy spectrum, with no general low-energy
threshold (e.g., at 5 eV) being applied.

3.2. Statistical properties of anticometward and cometward
ion flows

A statistical survey of the high-resolution data has yielded a
total of 156 anticometward and 167 cometward ion flow events
(Table S1). Of the anticometward events, 50 were observed
inside the diamagnetic cavity and 106 outside. For the comet-
ward flows, 67 were detected inside the cavity and 100 outside.
The statistical properties of these two populations are summa-
rized in Fig. 3.

The distributions of peak counts for both anticometward and
cometward ions exhibit similar characteristics (Fig. 3a). The
majority of events are concentrated in the 0—150 counts range.
Furthermore, the median peak counts are comparable across all
four subgroups (i.e., inside and outside the cavity for both flow
directions). The center energy distributions reveal a clear distinc-
tion between the two types of flows (Fig. 3b). The distribution
for cometward flows peaks in the 5-10 eV bin, whereas the anti-
cometward flows peak at a higher energy of 10—15 eV, indicating
that the latter population is, on average, more energetic. For
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Fig. 3. Histograms showing the statistical distributions of six key parameters for cometward (blue) and anticometward (orange) ion flows, derived
from high-resolution RPC-ICA data. The data are separated into observations inside (light shades) and outside (dark shades) the diamagnetic cavity.
Each panel corresponds to a specific parameter: (a) peak counts, (b) center energy, (c) sector width, (d) energy width, (e) Sun angle, and (f) comet
angle. The median value for each of the four distributions is indicated by a corresponding dashed line, as detailed in the legend in panel a.

both flow types, there is no significant difference in the energy
distributions observed inside versus outside the cavity, as their
respective median values are nearly identical.

Fig. 3c illustrates the distribution of the sector width. The
cometward flow is typically narrow, with its width concentrated
at 22.5° and 45°. No discernible difference is found between the
distribution inside and outside the cavity, as both show a median
width of 45°. In contrast, the anticometward flow is broader, with
its width distribution peaking at 90°. A clear distinction exists
based on location: the flow outside the cavity is wider (median
of 90°) than that observed inside (median of 67.5°). The energy
width distributions are presented in Fig. 3d. Unlike the sector
width, all four subgroups exhibit similar characteristics. For all
populations, both the peak and the median of the energy width
distribution fall within the 10-20 eV range.

The Sun angle distribution (Fig. 3e) shows that the comet-
ward flow events predominantly have angles less than 90°,
indicating a sunward component. The anticometward flow events
exhibit an antisunward component, which is more pronounced
for events observed inside the cavity. This finding is consis-
tent with observations reported by Bergman et al. (2021a). The
distribution of the comet angle is shown in Fig. 3f. For the comet-
ward flow, both the peak and the median of the distribution
are found in the 30°-60° range, suggesting that this ion flow is
not strictly directed toward the comet. The distribution for the
anticometward flow is relatively uniform across the 90°—180°
range.
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Corresponding to Figs. 3 and 4 shows the statistical proper-
ties of the anticometward and cometward ion flows derived from
standard-resolution data. In this dataset, we identified 403 anti-
cometward events (136 inside, 267 outside the cavity) and 406
cometward events (136 inside, 270 outside) (Table S1). While
these results are generally in agreement with the high-resolution
data, two key differences exist. First, although the peak count
distribution (Fig. 4a) has a similar shape to its high-resolution
counterpart (Fig. 3a), its median is shifted toward higher val-
ues. This is attributed to the detection of a subset of events with
very high peak counts (>1000) in the standard-resolution mode.
Meanwhile, the anticometward flow exhibits a larger median
peak count than the cometward flow. Second, the center ener-
gies are systematically higher, with medians in the 10-15 eV
range for cometward flows and 15-20 eV for anticometward
flows (Fig. 4b). This systematic shift toward higher energies may
be attributed to the poorer energy resolution and less accurate
sensor temperature correction in the standard-resolution mode,
both of which can introduce biases in energy estimation.

3.3. Statistical properties of counter-streaming ion events

To ensure that the detected flows were genuinely in opposition,
a final selection criterion was applied for counter-streaming ion
events: only events where the angular separation between anti-
cometward and cometward ion flow exceeded 90° were included
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in the statistical analysis. As detailed in Table S2, we identi-
fied 112 counter-streaming ion events from the high-resolution
data (71 in outside region and 41 inside) and 338 events from
the standard-resolution data (228 outside and 110 inside). These
numbers correspond to detection rates of 56% (112/199) and 76%
(338/442) for the high- and standard-resolution data, respec-
tively. The statistical distributions of these events are shown in
Fig. 5.

For the high-resolution results (Figs. 5a—5c), the energy ratio
distribution (Fig. Sa) shows events clustering within the first two
of the three logarithmic bins in the 1-10 range, with mean values
of 1.43 and 1.83 for the outside and inside populations, respec-
tively. The comparable values indicate that the anticometward
flow is consistently more energetic than the cometward flow in
both regions. The count ratio distribution (Fig. 5b) is approxi-
mately normal and reveals a reversal between the two regions:
outside the cavity, the anticometward flow has higher counts
(mean ratio of 1.26 + 0.19), whereas inside, its counts are lower
than the cometward flow’s (mean ratio of 0.68 + 0.15). The stan-
dard errors confirm this is a statistically significant trend, as the
former ratio is clearly above unity and the latter is clearly below
it. The angular separation results (Fig. 5c) are similar for both
locations, peaking sharply in the 150°-180° range. The mean
values are 155.28° (outside) and 150.37° (inside).

The statistical results from the standard-resolution data
(Figs. 5d-5f) are broadly consistent with those from the high-
resolution data. However, the count ratio reversal between the

outside and inside regions is absent. The anticometward flow
consistently contains higher counts than the cometward flow,
although the ratio is larger for the outside region than for
the inside one. Furthermore, we investigated the dependence
of event properties on both cometocentric and heliocentric
distances. Some trends were observed, but only within the
high-resolution dataset (not shown). Events at smaller cometo-
centric distances tended to show larger energy ratios and smaller
count ratios. Conversely, events at smaller heliocentric distances
showed smaller energy ratios and larger count ratios.

3.4. Effects of the limited field of view

Since our analysis utilizes data from two different instrumen-
tal modes, it is crucial to discuss the implications of the reduced
dimensionality of the high-resolution data, which lacks elevation
information. The limited elevation coverage presents two poten-
tial challenges. First, it can lead to an underestimation of the total
ion counts. Fig. 6a provides an example of this, while valid ion
signals are detected within the field of view (FOV) of the high-
resolution mode (outlined by the red dashed ellipse), a portion
of the signal exists at other elevation angles. Another chal-
lenge is the potential for non-detection, as depicted in Fig. 6b.
Here, detectable ion signals are present, but they fall entirely
outside the narrow FOV of the high-resolution mode. Conse-
quently, an event with such a distribution could be missed by
the high-resolution dataset.
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To quantify this effect, we statistically analyzed the fraction
of ion counts detected within a FOV of 360° x 5° (emulating
the high-resolution mode) relative to the full 360° x 90° FOV
of the standard mode. This comparison was performed using
standard-resolution data, restricted to the 0.3-82 eV/q energy
range (before correction) to match the high-resolution coverage.
For the anticometward sectors (4 and 5), the average fractions
were found to be 20% and 25%, respectively. For the comet-
ward sectors (14 and 15), the fractions were 36% and 27%.
This shows that even though the high-resolution data uses only
one elevation, it captures a significant part of the signal when
event is within its FOV. However, we cannot quantify the num-
ber of events missed entirely (Fig. 6b), which likely explains
the lower detection rate of counter-streaming ion events in the
high-resolution (56%) compared to the standard-resolution data
(76%).

4. Discussions

A key objective of this study is to characterize the velocities
of the counter-streaming ion populations and their bulk flow,
thereby addressing the discrepancy between previous in situ
observations and the assumptions made in numerical models
(Galand et al. 2016; Heritier et al. 2018). Inside and near the
diamagnetic cavity, we frequently found counter-streaming ion
events. As highlighted in the presentation of Case 1 (Section 3.1),
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which occurred inside the diamagnetic cavity, the anticometward
and cometward flows are sometimes temporally separated. This
temporal separation makes it uncertain whether the two flows are
intermittent and sequential, or if they coexist but are observed
at different times due to limited field of view of the RPC-
ICA instrument. To investigate this, we manually inspected all
41 high-resolution counter-streaming events identified inside the
diamagnetic cavity. We found that while the majority of events
(76%) exhibit the temporal separation, a significant minority
(10 events) show clear evidence of both flows being detected
simultaneously.

One such event was selected for a detailed velocity analy-
sis (11:35:04-11:36:20 UT on July 26, 2015). The results show
that the anticometward and cometward flows have a velocity of
9.3 km/s. Crucially, the resulting bulk velocity of the combined
population is 0.1 km/s. This single case demonstrates that two
high-speed, counter-streaming populations can produce a low net
bulk velocity. We confirmed this finding by analyzing the veloci-
ties for all 10 events that showed simultaneous counter-streaming
ions. In these cases, the anticometward flows had velocities in
the range of 8.9—11.6 km/s and the cometward flows ranged from
8.6—10.3 km/s, while the resulting bulk velocity was significantly
lower, at 0.1-3 km/s. The counter-streaming phenomenon pro-
vides a mechanism to reconcile the discrepancy between high
measured ion speeds by RPC-ICA (5-10 km/s, Bergman et al.
2021b) and the low bulk speeds required by kinetic models (e.g.,
Galand et al. 2016; Lewis et al. 2024) in the vicinity of the
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diamagnetic cavity. This is an issue recently highlighted as a
key challenge that needs to be solved (Beth et al. 2022). The
finding is also crucial for interpreting the high effective speeds
(2-8 km/s) reported by RPC-LAP (Vigren et al. 2017; Odelstad
et al. 2018). This is because the single-population analysis
model can misinterpret two counter-streaming beams as a single,
genuine high-speed flow (see Introduction).

Having established the properties of the counter-streaming
flows, we now investigate the mechanism responsible for their
formation. Edberg et al. (2019) has demonstrated that the solar
wind convection electric field can influence cold plasma deep
within the coma, even in the vicinity of the diamagnetic cav-
ity. Therefore, a primary candidate to investigate is whether this
external field (E = —v X B) is strong enough to turn the initial
anticometward flow back toward the nucleus. If this mechanism
was dominant, the occurrence of these events would exhibit
a clear spatial asymmetry in the comet-centered solar electric
(CSE) coordinate system, where the z-axis is aligned with the
electric field. To test this, we mapped the locations of events out-
side the cavity and the pre-entry positions of events inside the
cavity. The resulting distributions show no discernible asymme-
try between the +Z and —Z hemispheres (not shown), suggesting
that the convection electric field does not play a dominant role.
This conclusion is reinforced by our energy analysis (Section 3.3,
Figs. 5a and 5d), showing the anticometward flow to be, on
average, comparable in energy to or even more energetic than
the cometward flow, which is inconsistent with an electric field
acceleration scenario.

Given the inconsistencies with the electric field model,
we therefore examine an alternative mechanism based on ion

gyration, a scenario first suggested for the cometary environ-
ment by Puhl-Quinn & Cravens (1995). This is similar to the
situation at a magnetopause, where the larger gyro-radius of the
ions allow for a magnetopause Hall electric field to arise. This
electric field is a consequence of the gyro-radius of the ions, so
the gyration is the primary physical mechanism. We statistically
analyzed the magnetic field just outside the cavity boundary dur-
ing the observed events, finding a mean and median magnitude
of approximately 17 nT. The magnetic field strength corresponds
to a gyro-radius of roughly 100 km for a typical cometary ion
(assuming m/q = 20 amu/e and E = 5 eV). This scale is consis-
tent with the average altitude of the observed counter-streaming
events, which is approximately 150 km. The comparability of the
ion gyro-radius and the characteristic scale of the cavity region
strongly suggests that the cometward flow can be interpreted
as the returning phase of the anticometward ions as they exe-
cute their gyration orbits in the piled-up magnetic field at the
boundary.

Furthermore, this gyration model is quantitatively supported
by an analysis of the pressure balance at the cavity boundary. For
the high-resolution events, we calculated the mean ion dynamic
pressure for both flow components. The anticometward flow
exerts an outward dynamic pressure of approximately 0.2 nPa,
while the returning cometward flow provides an inward pressure
of about 0.05 nPa. This results in a net outward dynamic pres-
sure from the ion population of 0.15 nPa. In opposition to this,
the 17 nT magnetic field piled up just outside the boundary exerts
an inward magnetic pressure of approximately 0.12 nPa. The
remarkable comparability between the net outward ion pressure
(0.15 nPa) and the inward magnetic pressure (0.12 nPa) suggests
a state of approximate pressure equilibrium at the boundary.
The magnetic gyration model thus offers a robust and self-
contained explanation for the origin of the counter-streaming ion
phenomenon.

5. Summary and conclusions

In this paper, we present the first statistical characterization of
counter-streaming ion populations in and around the diamagnetic
cavity at comet 67P/Churyumov-Gerasimenko using both high-
and standard-resolution data from RPC-ICA on board Rosetta.
Our analysis reveals that these events are a frequent feature in the
plasma environment of this near-nucleus region, typically char-
acterized by two oppositely directed flows. The anticometward
population is generally more energetic and more intense than its
cometward counterpart. The trends are consistent for populations
both inside and outside the cavity. We show that the super-
position of these high-speed streams produces a low net bulk
velocity, potentially reconciling in situ ion measurements with
results based on kinetic models. Furthermore, we propose that
the cometward flow is a consequence of ion gyration within the
piled-up magnetic field at the cavity boundary. This motion is not
driven by the large-scale convection electric field, but is instead
dictated by local forces arising from the magnetic pressure gra-
dient and the Hall term. These findings establish a quantitative
framework for this phenomenon and offer a direct observational
basis to address a long-standing discrepancy between measured
and modeled ion speeds near the diamagnetic cavity.

Data availability

The datasets and supplementary tables generated during this
study are available in the Zenodo repository at https://
zenodo.org/records/18164707.
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