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ABSTRACT

In the plasma environment of a comet, waves are generated on vastly different temporal and spatial scales. Wave observations were
carried out during the cometary flybys in the 1980s and 1990s as well as by the Rosetta spacecraft which accompanied comet
67P/Churyumov-Gerasimenko between 2014 and 2016. Waves are thought to contribute to the transfer of energy in the ionised coma.
One of the fundamental plasma waves observed in space is the Langmuir wave, which appears at or above the electron plasma fre-
quency. The Mutual Impedance Probe of the Rosetta Plasma Consortium (RPC-MIP) recorded frequency spectra of electric field
fluctuations in the cometary plasma, and we used these spectra in order to detect and identify Langmuir waves. Langmuir waves were
found during the part of the Rosetta mission when the comet was less than 2.65-2.8 AU from the Sun. The Langmuir waves appear
near, but always outside, the diamagnetic cavity boundary, in a region where, at much lower frequencies, steepened magnetosonic

waves also are present.
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1. Introduction

Waves are important in plasmas as they transfer energy, and
they take on a role in energy dissipation by heating the ionised
particle populations (Krall & Trivelpiece 1973; Treumann &
Baumjohann 1997). Observations of waves in plasmas can often
provide information about the properties of the plasma itself,
both at the location of an observation, the source region of the
waves, and the space through which the waves have travelled
(Tsurutani & Oya 1989). At comets, a number of different waves
on vastly different temporal and spatial scales were found during
the flybys of 1P/Halley and 21P/Giacobini-Zinner in the 1980s
(Scarf 1989), and 26P/Grigg-Skjellerup in the 1990s (Neubauer
et al. 1993; Volwerk et al. 2013). The present paper concerns
observations of Langmuir waves, which are electrostatic waves
in a plasma with a frequency of the order of the electron plasma
frequency.

The Rosetta spacecraft (Glassmeier et al. 2007a) spent
two years accompanying comet 67P/Churyumov-Gerasimenko
(henceforth comet 67P) from August 2014 until the end of
September 2016. Rosetta was the first spacecraft orbiting a
comet, as all the comet encounters in the 1980s and 1990s were
fast flybys. The plasma physical aspects of the Rosetta mis-
sion were reviewed by Goetz et al. (2022a). Plasma waves were
observed throughout the time Rosetta spent at the comet. To
put our new observations in context, we briefly review previ-
ous wave observations during the different phases of cometary
development in chronological order. Soon after Rosetta’s arrival
at comet 67P in August 2014, singing comet waves were detected.
The singing comet waves are magnetic field oscillations below
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100 mHz that have wavelength between 100km and 700km
(Richter et al. 2015, 2016). The singing comet waves have been
observed as far out as 800 km from the nucleus (Goetz et al.
2020). Still early in the mission, in January 2015, ion acoustic
waves were observed at a 28 km cometocentric distance (Gunell
et al. 2017b). Ion acoustic waves were also detected during the
close flyby of 28 March 2015, when the spacecraft reached down
to a 15 km cometocentric distance (Gunell et al. 2021).

Shortly after the close flyby, the comet transitioned into a
topologically different regime, where a solar wind ion cavity
formed, that is to say, a region around the nucleus into which the
solar wind ions cannot reach (Behar et al. 2017; Simon Wedlund
et al. 2019). Further inside the solar wind ion cavity, another cav-
ity is situated, namely the diamagnetic cavity, which is a region
of space around the nucleus where the magnetic field is close to
zero. The diamagnetic cavity at comet 67P, in which the mag-
netic flux density could be determined to be below 1 nT, was first
observed by Goetz et al. (2016b). From April 2015 until February
2016, Rosetta encountered the diamagnetic cavity approximately
700 times. Many of these encounters occurred in the months
around the perihelion passage on 13 August 2015 (Goetz et al.
2016a). Most of the time, the diamagnetic cavity was located
inside the solar wind ion cavity. In a few events, solar wind
ions were seen inside the diamagnetic cavity, which was inter-
preted as a result of the interplanetary magnetic field (IMF)
being parallel to the solar wind velocity (Goetz et al. 2023). This
interpretation was supported by simulations that showed that for
a parallel IMF, there is neither a solar wind ion cavity nor a bow
shock (Gunell et al. 2024).

During a large part of the mission, the Rosetta spacecraft was
located at cometocentric distances between 100 km and 400 km,
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where the diamagnetic cavity boundary moved past the space-
craft position many times. Thus, the vicinity of the diamagnetic
cavity boundary was probed extensively, and a number of dif-
ferent waves were found both inside and outside of it. Gunell
et al. (2017a) found ion acoustic waves peaking at approximately
200 Hz whenever Rosetta was inside the cavity. Madsen et al.
(2018) examined intervals around Rosetta spacecraft crossings of
the diamagnetic cavity boundary, and they observed lower hybrid
waves at a frequency of a few hertz outside the diamagnetic cav-
ity and ion acoustic waves at the same frequency on the inside of
the diamagnetic cavity boundary.

One type of wave that has a significant influence on the
plasma density as well as the magnetic field in the inner coma
is known as a steepened wave (Stenberg Wieser et al. 2017).
These waves appear close to the diamagnetic cavity boundary,
but always on the outside. They have periods of a few minutes
and are characterised first by a rise in magnetic field and density
by a factor of 2-5 for approximately 20s. This is followed by
a decay over 2-3 min (Stenberg Wieser et al. 2017; Engelhardt
et al. 2018; Ostaszewski et al. 2021). In a statistical study of
Rosetta data from December 2014 to June 2016, Ostaszewski
et al. (2021) interpreted the steepened waves as magnetosonic
waves propagating in a direction perpendicular to the magnetic
field. The large difference between the minima and maxima in
the magnetic field and density of the waves creates significant
gradients in both of these quantities. A few unusual density
enhancements have been reported inside the diamagnetic cavity
(Hajra et al. 2018). They were not accompanied by any magnetic
field enhancement as the magnetic field in the cavity remained
close to zero. The shape of the density enhancements resembles
the steepened waves, and the authors speculated that they could
have been transmitted through the boundary from the outside.
However, what the transmission mechanism might be remains
an open question.

Other waves of a shorter and faster length and timescale have
been observed when the spacecraft was situated on those gradi-
ents. Odelstad et al. (2020) observed waves with periods of the
order of 10s predominantly in the plasma density, but in some
cases the waves were also seen as fluctuations of the magnetic
field. These waves were classified as ion Bernstein waves. On
an even faster timescale, several authors have reported waves
in the lower hybrid frequency range (1-10 Hz approximately)
(Karlsson et al. 2017; André et al. 2017; Stenberg Wieser et al.
2017).

Myllys et al. (2021) surveyed ‘electric field emissions’ near
the plasma frequency, indicative of Langmuir waves, through-
out the time that the Rosetta spacecraft spent near comet 67P,
using the passive mode of the mutual impedance probe RPC-
MIP (Trotignon et al. 2007). Such wave emissions were found
in approximately 1% of the recorded spectra. The highest occur-
rence rates were found on days near perihelion and in connection
with the passage of stream interaction regions and coronal mass
ejections. In the 1980s, wave activity near the plasma frequency,
which is an indication of Langmuir waves, was recorded in flybys
of comet 1P/Halley (Grard et al. 1986) and 21P/Giacobini-Zinner
(Kennel et al. 1986).

The Langmuir wave (Langmuir 1928) is a longitudinal wave
in a plasma, appearing at and above the electron plasma fre-
quency. Langmuir waves may be generated by electron beam—
plasma interactions (see for example Briggs 1964) or through
current-driven instabilities (e.g. Sauer & Sydora 2015). In col-
lisionless plasma, Langmuir waves constitute one of the ways
in which energy can be transferred between particle populations
that otherwise would not interact. The occurrence and the role
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of Langmuir waves in plasmas throughout the solar system was
reviewed by Briand (2015).

In this paper, we use the RPC-MIP instrument to observe
Langmuir wave spectra in the plasma outside the diamagnetic
cavity of comet 67P, and we examine the relationship between
these Langmuir waves and the previously reported steepened
waves. The instrumentation, data processing and statistical meth-
ods are described in Sect. 2; the observations including waves,
plasma environment, and statistics are reported in Sect. 3; a pos-
sible explanation for the observed waves is discussed in Sect. 4,
and the conclusions are summarised in Sect. 5.

2. Instrumentation and data processing
2.1. Instrumentation

In this work, we have used data acquired by instruments belong-
ing to the Rosetta Plasma Consortium (RPC) (Carr et al. 2007).
The wave spectra were obtained by the Mutual Impedance Probe
(RPC-MIP) (Trotignon et al. 2007) operating in its passive mode.
In the passive mode RPC-MIP measures the voltage between two
8 cm long cylindrical electrodes mounted 1 m apart on the boom
of Langmuir probe 1, at a distance larger than 12 cm from the
boom axis. A Fourier spectrum analysis is performed onboard
and the spectrum in the range 7 kHz-3.5 MHz is transmitted to
ground. The signal is related to the electric field of waves in the
plasma. However, as only one component of the electric field is
probed, and since any wave field can be distorted by the presence
of the spacecraft and/or the boom itself, this must be seen as a
relative measurement. The treatment of interference and noise in
the spectrum is described in Sect. 2.2.

In its active mode, RPC-MIP transmits from a set of one
or two electric sensors an oscillating pulse through the plasma
while simultaneously measuring the electric fluctuation that
propagate in the plasma with another set of two electric sen-
sors. This procedure enables to identify the plasma eigenmodes,
which enables the determination of the plasma frequency and
hence also the plasma density. This density is cross-calibrated
(Heritier et al. 2017; Breuillard et al. 2019) with data, ion cur-
rent and floating potential, from the Langmuir probe instrument
(RPC-LAP) (Eriksson et al. 2007). The aim is to optimise both
accuracy and temporal resolution, and the resulting product is
the MIP-LAP dataset (Johansson et al. 2021), which we have
used for the plasma densities reported in this work. The mag-
netic field was measured by the magnetometer (RPC-MAG)
(Glassmeier et al. 2007b) and the ion data were provided by the
Ton Composition Analyser (RPC-ICA) (Nilsson et al. 2007).

2.2. Data processing

The RPC-MIP spectrograms contain, apart from a desired Lang-
muir wave signal, notable levels of noise that appear at higher
levels in some of the frequency bands. Fig. 1a shows an original
passive spectrum obtained by RPC-MIP. The instrument output
is colour-coded and shown in decibels, where 0 dB corresponds
to 0.6 wV Hz /2. In order to highlight the signal, we employed
the noise-removal procedure described in Appendix A. The data
points in each frequency band shown in Fig. la can be mod-
elled as a superposition of statistical noise and a wave signal.
We approximated the noise distribution with a modified Poisson
distribution, keeping the high amplitude data points, as detailed
in Appendix A. As an example, Fig. 1a shows the original spec-
trum and Fig. 1b the output of the noise removal procedure. For
some frequency bands that are particularly prone to noise, as,
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Fig. 1. Removal of noise from the RPC-MIP spectrograms. (a) An RPC-MIP spectrum using the original data. (b) A spectrum with the noise

removed. The colour scale is normalised so that 0 dB corresponds to 0.6 uV Hz

for example a known interference band at 266 kHz, it is difficult
to separate the signal from the noise, because the scheme relies
on the power level of the signal being higher than that of the
noise. Therefore part of the noise at 266 kHz remains, although
the power of that noise has been significantly reduced. In the fol-
lowing we have removed all data in the 266 kHz channel as well
as the ones immediately below (252 kHz) and above (280kHz)
it, and we have not included those channels in the analysis.

2.3. Statistical analysis

We used the cleaned data to conduct a statistical analysis. The
algorithm described below allowed us to automatically detect
the presence of Langmuir waves in the RPC-MIP data set. In
a first step, we integrated, for each data point (time instance),
the power spectral density (in decibels) over all frequencies con-
sidered here, that is, above 300 kHz. Only data points for which
that integral had a value above 70 dB kHz after integration were
considered for further analysis. The limiting value was chosen
to keep most of the observations that may contain Langmuir
waves while removing as much noise as possible. Additionally,
we removed data points, which meet the limiting criteria only for
one single time instance within a 5-point sliding window, unless
there were at least three consecutive frequency bins where the
power spectral density was larger than the threshold value. The
necessary trade-off made in this step is that while it removes
noise it can also discard instances of weak or very sporadic wave
activity.

In a second step, we used the plasma frequency, calcu-
lated from the plasma density obtained from combining data
from RPC-MIP and RPC-LAP (Johansson et al. 2021). We only
included time periods where high time resolution data were
available. The time resolution of the density observations is
therefore much higher than the electric field observation, and
we decided not to apply any advanced interpolation scheme to
associate the plasma density to each electric field observation.
Instead, for each RPC-MIP data point identified in the initial

-12

filtering, we identified all density observations made during the
acquisition of the RPC-MIP electric field spectrum and com-
puted the minimum and maximum plasma frequency (fpemin
Joemax) for this time period. To select data points representing
Langmuir waves, for each time instance in the RPC-MIP data, we
then considered the frequency range between fiin = kmin - fpe,min
and fnax = kmax * fpe,max» Where kpin = 0.85 and kpax = 1.15. Any
signal observed within this frequency band is very likely Lang-
muir waves. However, to avoid including noise, we identified as
Langmuir waves only those time instances where the power spec-
tral density integrated over this frequency band was at least 50%
of the power spectral density integrated over the entire frequency
range (above 300 kHz). The results from the statistical analysis
are presented in Section 3.3.

3. Results
3.1. Plasma environment

The plasma outside the diamagnetic cavity of comet 67P during
the months around perihelion was characterised by a plasma den-
sity, 500cm™ < n, < 5000cm™3, i.e. going from a few hundred
to a few thousand per cubic centimetre, and a temperature in the
approximate range 5eV < kg7, < 30eV (Stenberg Wieser et al.
2017; Odelstad et al. 2020). The magnetic field was in the range
10nT < |B| < 100nT (Goetz et al. 2017), varying notably within
that range as the plasma was subjected to steepened waves.
A typical example is shown in Fig. 2.

For the sake of a simple estimate of scales we assume the typ-
ical values kgT. = 10eV, n. = 3 x 103cm™3, and |B| = 40nT.
For such values, we have the electron cyclotron frequency at
fee ® 1.1kHz, the plasma frequency fp. ~ 500kHz, the thermal
speed vy, = V2kgTo/me =~ 1.9 x 108 ms~!, and the electron Lar-
mor radius rie = vn/(27fee) ~ 270 m. Thus, we have fee < fpe,
which means that, for the purposes of our wave analysis, we can
treat the plasma as unmagnetised. Furthermore, assuming a typi-
cal wavelength of A = 204p. < 10 m for the Langmuir waves, we
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Fig. 2. Rosetta data recorded on 31 July 2015 as comet 67P was close to perihelion. (a) Passive spectrum obtained by the RPC-MIP instrument.
(b) Magnitude of the magnetic field |B| measured by RPC-MAG. (c¢) Magnetic field components B, (blue), B, (green), and B, (red). (d) Plasma
density obtained by RPC-MIP and RPC-LAP (see Sect. 2.1) (e) Ion energy spectrogram obtained by RPC-ICA. The colour coded quantity 1g (I'ica)

is the logarithm of the differential particle flux in units of cm™s™! sr™! eV~!

obtain A < r, showing that the direct influence of the magnetic
field on the Langmuir waves is negligible. However, while there
is no direct influence from the magnetic field, an indirect influ-
ence is possible, as the processes that set up beams or currents
that can generate waves in the plasma are likely to depend on the
magnetic field.

3.2. Wave observations

Fig. 2 shows Rosetta data recorded during two hours on 31 July
2015. In panel a, the RPC-MIP spectrum, after application of the
noise removal technique described in Sect. 2.2, is shown. The
grey line shows the plasma frequency calculated from the density
(Fig. 2d) data of the cross-calibrated MIP-LAP dataset. Signals
around the plasma frequency, indicative of Langmuir waves,
can be seen throughout the two-hour period. These signals are
more prominent when the density is high, but the signal is not
exclusively confined to high density periods, as Fig. 2a shows.
Steepened waves are also present during all of the 2 hours shown.
These waves are seen in both the magnetic field magnitude
(Fig. 2b), in the components of the magnetic field (Fig. 2c), the
plasma density (Fig. 2d), and the ion energy spectrum (Fig. 2e).
The variations in ion energy indicate that the spacecraft poten-
tial is changing as a result of the steepened wave, as previously
reported by Stenberg Wieser et al. (2017).

Fig. 3 shows a closeup of a 6-minute interval from 12:07
to 12:13 on 6 September 2015 with the same quantities as in
Fig. 2. The electric field RPC-MIP spectrum (Fig. 3a) shows that
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summed over all azimuth angles.

there is wave activity mostly at and above the local plasma fre-
quency, but at times also below it, for example around 12:08:30.
The same tendency as noted in the discussion of Fig. 2 above
is seen here: the signal is stronger when the plasma frequency,
and therefore also the density, is higher. Steepened waves are
seen in both the magnetic field data (Figs. 3b and c), the plasma
density (Fig. 3d) and the ion spectrogram (Fig. 3e). However, as
the waveform of the steepened waves is somewhat irregular, one
cannot find a one to one correspondence between the phase of
the steepened waves and the presence of Langmuir waves.

Fig. 4 shows Rosetta data for part of 3 August 2015. Rosetta
moved in and out of the diamagnetic cavity many times during
that day. The cavity encounters can be recognised as periods of
low values of |B| in panel b and low values also of the compo-
nents of B shown in panel c. The cavity encounters, as identified
by Goetz et al. (2016a), have also been marked by grey areas at
the top and bottom of each panel, and the diamagnetic cavity
boundary was traversed at the times of the vertical grey lines.
Panel d shows the plasma density as measured by the Lang-
muir probe instrument. The cross-calibrated MIP-LAP dataset
was not available for this day. Fig. 4a shows the RPC-MIP pas-
sive spectrum, and there are Langmuir wave signals during most
of the interval shown. However, all of the wave signals that are at
significant levels appear outside of the diamagnetic cavity. Dur-
ing the intervals in Fig. 4 that are inside the cavity only a few
low level signals appear, and these do not follow the plasma fre-
quency as the signals outside of the cavity do. The signals in the
cavity should therefore rather be regarded as noise that the noise
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Fig. 3. Rosetta data for 6 minutes on 6 September 2015. (a) Passive
spectrum obtained by the RPC-MIP instrument. (b) Magnitude of the
magnetic field |B| measured by RPC-MAG. (¢) Magnetic field compo-
nents B, (blue), B, (green), and B, (red). (d) Plasma density obtained
by RPC-MIP and RPC-LAP (see Sect. 2.1 (e) Ion energy spectro-
gram obtained by RPC-ICA. The colour coded quantity 1g (I'ica) is the
logarithm of the differential particle flux in units of cm™2s~'sr eV~
summed over all azimuth angles.

reduction method failed to remove completely. Density enhance-
ments and magnetic field peaks regularly occur as the spacecraft
leaves the diamagnetic cavity (Goetz et al. 2016b; Hajra et al.
2018). It is seen in Fig. 4a that also Langmuir waves occur at
these times. It is likely that the magnetic field and density peaks
appear as a result of the interaction between the steepened waves
and the diamagnetic cavity boundary, and that the Langmuir
waves follow the steepened waves in the same way as they do
at distances further away from the diamagnetic cavity.

3.3. Statistical study

For the statistical investigation, we consider six hour long time
periods. If both RPC-MIP data and high time resolution density
from MIP-LAP are simultaneously available during some time
intervals during the six hours, we include the six hour block in
our analysis. For each included six hour period we compute the
occurrence rate T of Langmuir waves. The occurrence rate is the
total time T anemuir Langmuir waves are observed divided by the
total time Tg4,, When data were available (the time where both
density with high time resolution and RPC-MIP data exist). The
general definition of 7 is thus

= TLangmuir . (1)
Tdata

and the six hour average is denoted 7¢}. Typically high time res-
olution density is not available during all six hours and it should
be noted that the occurrence rate is computed from time periods
of different lengths.

In Figure 5 the six hour time periods with data are plotted
as a function of heliocentric distance. We used a bin size of

0.005 AU and periods where data are available are shown as blue
shaded time intervals. If Langmuir waves are present the com-
puted occurrence rate is shown as black bars. The occurrence
rate given is the mean of 74}, in each bin. From Fig. 5 we see
that the data covers heliocentric distances from Rosetta’s perihe-
lion at 1.25 AU out to 3.8 AU. Langmuir waves are more often
observed for smaller heliocentric distances. To put a quantitative
measure to this statement we compare the presence of Lang-
muir waves for heliocentric distances below and above 2.65 AU.
Out of 664 six hour intervals with data observed at heliocentric
distances below 2.65 AU (red dashed line in Fig. 5) 459 (cor-
responding to 69%) contain Langmuir waves. At heliocentric
distances above 2.65 AU there are 276 six-hour intervals from
which only 26 (9%) have Langmuir waves.

To understand how common Langmuir waves are during the
6 hour intervals when they were detected the occurrence rate Tgp,
is computed, and it is found to be highly variable. The mean
occurrence rate for six-hour blocks containing waves is 1.8%,
ranging from 0.02% to 41%. (The occurrence rates seen in Fig. 5
are slightly different due to the re-binning process.) For helio-
centric distances below 2.65 AU the mean of ¢, is 1.5% and
for the 26 periods at distances above 2.65 AU the mean is 6.3%.
This means that while Langmuir waves are more common close
to perihelion, they occur for longer time periods on the few occa-
sions when they appear at large heliocentric distances. While the
occurrence rate of the Langmuir waves drops sharply at 2.65 AU
in our dataset, Fig. 5 shows that there is a gap in the data avail-
able for heliocentric distances just above 2.65 AU. Therefore, the
transition could in reality be smoother and take place anywhere
between 2.65 AU and 2.8 AU.

In Figs. 2 and 3, we see that Langmuir waves are more likely
to be observed when the plasma frequency is larger. This also
holds statistically for the entire dataset. For 79% of the time
where data are available the plasma frequency is below 406 kHz.
However, only during 55% of the time when we detect Lang-
muir waves the plasma frequency falls below 406 kHz. As the
plasma frequency increases with increasing density, this means
that there is a preference for the Langmuir waves to be observed
when the plasma density is high. Additionally, there is a posi-
tive correlation between the power in the observed waves and the
plasma frequency. This could in part be an instrumental effect:
the spectrum is based on a measurement of the voltage between
two electrodes separated by a fixed distance (1 m), and for a
constant electric field amplitude, shorter wavelengths, and hence
higher frequencies, would produce a larger voltage. The observa-
tion above that fewer occurrences of Langmuir waves are seen at
large heliocentric distances can also be related to this, since far-
ther away from the Sun, the density is lower, which leads to lower
frequency waves and lower observed amplitudes. Also, at low
plasma density the wave frequency can move below the lower
frequency limit for the statistical study of 300 kHz (Sect. 2.3).

4. Discussion
4.1. Wave environment

The environment in which Langmuir waves were detected in
this work is characterised by the presence of other waves, most
notably steepened waves. These waves have a much lower fre-
quency, and from a Langmuir wave point of view they could
be seen as quasi-stationary spatial variations in the plasma den-
sity and magnetic field. The foreshock of planets bear some
resemblance to this region: there are large amplitude magnetic
fluctuations, and Langmuir waves are present (cf. the review by
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Fig. 5. Occurrence rate of Langmuir waves versus heliocentric distance. Six hour long periods are considered and the occurrence rate, T¢h, of
Langmuir waves is given as the percent of the time with the required observations during these 6 hours, Langmuir waves are seen. The shaded blue
background is the 6 hours long blocks, where both RPC-MIP and MIP-LAP data exist. The vertical red dashed line marks a heliocentric distance

of 2.65 AU, discussed further in Sect. 3.3.

Briand 2015). In the foreshock, the Langmuir waves are gen-
erated by interactions between the plasma and electron beams
created by acceleration at the bow shock. In our case, the region
where we observe the Langmuir waves is not directly connected
to a shock, and therefore there must be a different source of
free energy to generate the waves. Langmuir waves have also
been detected in magnetic holes in the solar wind (Lin et al.
1996; Briand et al. 2010; Briand 2015). The magnetic holes are
regions with weaker magnetic fields than the surrounding solar
wind plasma. A recent statistical study showed higher occur-
rence rates of Langmuir waves inside than outside these holes,
and that the majority of the Langmuir wave detection are happen-
ing at locations with a higher than background plasma density
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(Boldu et al. 2023). The Strahl electron population of the solar
wind could be involved in the generation of the Langmuir waves,
but the precise mechanism is not yet determined (Boldu et al.
2023). Thus, the comet case has similarities with but also dif-
ferences from both the planetary foreshock and the solar wind
magnetic hole environments.

4.2. Possible explanations

Among the waves that can be supported by an electron beam—
plasma system we find the Langmuir wave of the background
plasma as well as two beam modes, namely the fast space
charge wave, travelling faster than the beam and the slow space
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charge wave, travelling slower than the beam (Briggs 1964). A
narrow beam relaxes first into a gentle bump and eventually
into a plateau as it is affected by the waves generated by the
beam—plasma interaction. When this happens the topology of
the dispersion relation changes and beam modes can connect
to the Langmuir mode of the background plasma (O’Neil &
Malmberg 1968). Another possibility is that of current-driven
waves, meaning that the electron distribution itself is stable,
but the instability is created by the entire electron distribution
moving with respect to the ions. This was seen in simulations
by Sauer & Sydora (2015, 2016). Langmuir waves can also
be generated by a time-dependent modulation of the distribu-
tion function, which changes the electron heating (Briand et al.
2008).

4.3. A beam—plasma example

Given that the timescale of the steepened waves is much longer
than that of the electron motion, the density variations of the
steepened waves should also be associated with a potential dif-
ference. In order to test whether electrons accelerated by this
potential difference would be able to generate the observed
Langmuir waves calculations using a simple one-dimensional
kinetic model are performed in Appendix B. Assuming Boltz-
mann distributed electrons with a 5eV temperature, the mini-
mum and maximum densities in Fig. 3, which are used as an
example, yields a potential difference of approximately 10 V.
This voltage could create an electron beam from the low den-
sity, and low potential, side going into the high density, high
potential, side. The kinetic calculation in Appendix B shows that
this would lead to a distribution that would be unstable, and the
slow space charge wave would be growing for a wide range of
wave numbers. This beam-type slow space charge wave could
then transition into a Langmuir wave as described by O’Neil &
Malmberg (1968).

For this scenario to be viable, there must be a component of
the steepened wave electric field parallel to the magnetic field,
since a perpendicular electric field only would create a slow
E x B drift and not an electron beam. The steepened waves are
thought to be magnetosonic (Ostaszewski et al. 2021), and such
waves could have a parallel electric field component even if that
is not necessary. However, as these waves approach the approx-
imately spherical density gradient in the head of the comet, the
waves are expected to steepen more near the nucleus, than fur-
ther out. This would lead to high density peaks near the nucleus,
being magnetically connected to lower density regions, and in
such a geometry parallel electric fields are likely to form.

A 10eV electron beam cannot be measured directly, since the
spacecraft is negatively charged to a similar potential. However,
the conditions for wave generation via this mechanism are there,
and this mechanism is consistent with the waves we observe.
This would then be a process through which energy is transferred
from the large and slow scale of the steepened waves to the small
and fast scale of the Langmuir waves and from there into heating
of the plasma. We compared the instances of Langmuir waves in
this study to list of steepened magnetosonic waves published by
Ostaszewski et al. (2021), where the waveforms were identified,
using an machine learning technique (Ostaszewski et al. 2020).
The Langmuir waves identified in this work coincided with the
steepened waveforms identified by Ostaszewski et al. (2021), in
13% of the cases. This number depends not only on the occur-
rence rates of the two kinds of waves, but also on the definition
of when a wave is steep enough to be identified as a steepened
wave (Ostaszewski et al. 2020). Also when a magnetosonic wave
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is not as steep, there can be density variations large enough to
enable the proposed mechanism for Langmuir wave generation.

4.4. Verification needs

In this section, we consider what would be needed to verify the
beam-plasma interaction mechanism described in Sect. 4.3 or
one of the competing explanations discussed in Sect. 4.2 such as
current-driven waves or time dependent electron heating. For an
observational verification one would need to measure the elec-
tron distribution function, resolving both the thermal distribution
and any beam or bump on tail. This was not possible on Rosetta
due to the negative spacecraft potential.

The Rosetta spacecraft became negatively charged, to a
large extent because bus bars on the solar panels were exposed
to space. The bus bar cathode was connected to spacecraft
ground and the anode was biased at approximately +75V.
At this potential the bus bars pulled in electrons from the
plasma, giving the spacecraft a net negative charge. The problem
became particularly severe in the dense plasma near the comet
nucleus, where the electron population has a cold component
(Johansson et al. 2020). This effect can be mitigated when a
spacecraft is designed by connecting the anode of the bus bar
to spacecraft ground, thereby making the potential of the bus bar
negative, which means it will not attract an electron current. This
design was used successfully on for example the Atmosphere
Explorer and Dynamics Explorer spacecraft (Samir et al. 1979;
Zuccaro & Holt 1982).

Any electron scale model for what is causing the Langmuir
waves relies on assumptions about the nature of the density gra-
dient associated with the steepened magnetosonic waves. All our
knowledge about these waves come from single-spacecraft mea-
surements. In the future, multi-point observations of cometary
environments will help to better characterise the environment
in which Langmuir waves develop and evolve. An example of a
possible multi-spacecraft mission with such capabilities was pro-
posed to ESA’s Voyage 2050 programme by Goetz et al. (2022b).
In simulations, to thoroughly determine the cause of the Lang-
muir wave generation one would have to simulate both the large
scale steepened magnetosonic waves and the smaller scale Lang-
muir waves, including the electrons and resolving plasma period
and Debye length scales. That task would be very demanding on
the computational resources.

5. Summary and conclusions

We have observed waves in a frequency range of several hundred
kilohertz, using the passive mode of the RPC-MIP instru-
ment onboard the Rosetta spacecraft at comet 67P/Churyumov-
Gerasimenko. The waves were observed around the local elec-
tron plasma frequency, and we interpret them as Langmuir
waves. The vast majority of these Langmuir waves were seen
when the comet was near its perihelion and out to heliocentric
distances of approximately (2.6-2.8) AU. They appear during
periods where also the, previously reported, much slower steep-
ened waves (Stenberg Wieser et al. 2017; Engelhardt et al. 2018;
Ostaszewski et al. 2021) are seen. The Langmuir waves prefer-
entially occur when the plasma density is in the higher part of
the range of density values associated with the steepened waves.
This is shown in Sect. 3.3, and preference for higher plasma
frequencies, and thus densities, is also visible in Figs. 2 and 3.
We suggest an explanation that is consistent with the avail-
able data: that the Langmuir waves are caused by electron beams,
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moving from the low density, and low potential, region of the
steepened waves towards the high density, and high potential,
region of these waves. The density variation corresponds to a
potential difference of the order of 10 V (Appendix B), and this
can generate electron beams capable of causing the observed
waves according to estimates made using kinetic theory. For this
scenario to play out the electric field associated with the den-
sity gradients in the steepened waves must have a significant
component parallel to the magnetic field. This can happen in
the non-uniform plasma surrounding the comet nucleus, where a
highly steepened wave in the density gradient near the nucleus is
likely to be magnetically connected to less steepened waves far-
ther away. Experimental verification of this mechanism would
require the capability to measure electron beams at energies
down to 10eV or lower, and that was not possible on Rosetta,
where the spacecraft potential generally was lower than —10 V.

In the scenario proposed here, Langmuir waves provide a
means of transferring energy from the large scale fluctuations of
the steepened waves to the smaller Langmuir wave spatial scale
and ultimately into heating of the particle populations.
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Appendix A: Noise reduction scheme

The dataset from RPC-MIP is a 2-dimensional matrix of even
integer numbers, noted as C = (cf,,), with ¢z, € {2k |k € Np}, and
f and t indicating the time and frequency bin numbers, respec-
tively. We define the Poisson distribution modified to account
only for even integers as

A% 2

PoisMod (c ;1) = o . m ,

(A1)

with 1 € R] the digitised signal strength. The signal strength
reported by the instrument is assumed to follow the aforemen-
tioned distribution, ¢s, ~ PoisMod (/lf,,), with Ay, the measured
signal in the frequency band f and time ¢. The wave signal /lj;’t

and background noise /lbfgr both contribute to the observed signal

strength, such that A5, = /1;,’ .t /l%. At every frequency band, the
measured signal is calculated using a maximum likelihood esti-
mation from the observation of data within a time window about
20 min long and sliding over time, with a time stepping of about
2 min. The sliding window allows to gather enough statistics for
the estimation of Ay, while scanning in fine steps the observa-
tion period. The duration and stepping of the sliding window
were derived heuristically.

It is now assumed that the signal strength is greater than zero
rarely enough to write med (/lf) X /ll;z, with med the median of
all observations within a time window. The frequency band at
1064 kHz, henceforth labelled the reference band, is assumed to
consist only of a background signal with strength A,.r,. Another
fundamental assumption is that there is a linear relationship
between A,.r; and /l‘l;i"l, unique for all frequency bands. The
matrix %K,

bg
K = (kf,[), with kf, = M x i s

(A.2)
/lre_f,t /lref,t

contains the intensity of the noise level with respect to the ref-
erence band. The noise for any frequency band can therefore be
derived as /l;gt =kpy - Arefs-

The data are finally filtered by a likelihood rejection scheme,
defined by

o = 0
&=
f Cry

with @ = 0.05 the significance level of the rejection. The noise-
reduced dataset is showcased in Fig. 1, along with the original.
The rejection scheme, however, degrades the foreground signal
and can even completely remove it when 1° = 1%9.

if PoisMod ¢y, ;A = kpy - dref) < @

. , (A3)
otherwise

Appendix B: Sample dispersion relation

In this appendix, we first determine the potential difference
between the high and low density points of a steepened wave,
assuming a Boltzmann distribution. Then, we use a one-
dimensional kinetic model to see whether electrons accelerated
by that potential drop could cause a beam—plasma instabil-
ity that, in turn, could cause the generation of the observed
Langmuir waves.

We assume the density fluctuations of the steepened waves
are also associated with potential fluctuations and that the elec-
trons follow a Boltzmann distribution. As an example of a typical
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Fig. B.1. Dispersion relation calculation illustration, showing (a) dis-
tribution function of an electron beam—plasma system, (b) dispersion
relation, and (c¢) damping rate. The black curves show the slow space
charge wave (SSCW), the red curves show the fast space charge wave
(FSCW) for large values of k and that connects to the forward travelling
Langmuir wave for small k. The blue curves show the backward travel-
ling Langmuir wave.

steepened wave we use interval shown in Fig. 3. For the low den-
sity — and hence low potential — side, we pick the density from
2015-09-06 at 12:10:17, which is n; = 7.28 x 108 m=3. The den-
sity on the high potential side n;, = 5.76 x 10° m™ is taken at
12:10:35. The energy equivalent of the electron temperature is
assumed to be kg7, = 5eV, where T, is the temperature and
kg is Boltzmann’s constant. This is in the range of commonly
observed temperatures when the comet was near perihelion
(Broiles et al. 2016; Eriksson et al. 2017; Gilet et al. 2017,
Wattieaux et al. 2020). The Boltzmann distribution is

eAV)’ B.1)

ny =n;exp(k T
Ble

where e is the elementary charge and after rearranging the
potential difference AV becomes

AV = "B—Teln(@).
e ny

(B.2)

With the above-mentioned densities of our example we obtain
AV ~10.3V.

The part of the electron distribution on the low potential
side which is moving towards the high potential side will be
accelerated by the approximately 10 V potential drop. Liouville
mapping of this distribution enables us to estimate its density
and temperature after it has been accelerated and superimposed
on the denser plasma on the high potential side. An approxima-
tion of the resulting beam—plasma or bump-on-tail distribution
is shown in Fig. B.1a.

The distribution used here is a superposition of two popu-
lation, representing the kg7, = 5eV background plasma and a
kgT. = 0.05eV beam, which is moving at vy = 2 x 10°ms™!
relative the background. The beam density is 1.5% of the total
(background + beam) density. The two components are mod-
elled using simple pole expansions (Lofgren & Gunell 1997).
Each population is represented by 1 divided by a truncated Taylor
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expansion to obtain an approximate Maxwellian:

1
= )
i 2oy (22
exp(2vf) 1+ 2’)(2 + + m! (21)[2)

where v, is the thermal speed. The distribution in (B.3)
approaches a Maxwellian as m tends to infinity. For finite val-
ues of m, f(v) has thicker tails than the Maxwellian distribution.
In our example we have used m = 3 for the beam and m = 5
for the background population. The dispersion relation is com-
puted using the method described by Lofgren & Gunell (1997),
and a computer code that can perform the computations is avail-
able at <http://cdsarc.u-strasbg. fr/viz-bin/qcat?]/
A+A/600/A3>.

The plasma population is associated with two Langmuir
waves, travelling in opposite directions. The beam is associated
with the fast and slow space charge waves (Briggs 1964). We
solve the dispersion equation for real £ and complex w, and
we apply the convention where a positive imaginary part of w
corresponds to damped waves and a negative imaginary part to
growing waves. The real part of w as a function of k represents
the dispersion relation, and it is shown in Fig. B.1b. The black
curve represents the slow space charge wave, travelling slower
than the beam. The fast space charge wave, represented by the
red curve for kAp. = 1.2 connects to the forward, in the direction
of the beam, travelling Langmuir wave for kAp. < 1.2. The blue
curve shows the backward travelling Langmuir wave.

Fig. B.1c shows the imaginary part of w, which represents
the damping rate. The two Langmuir waves are weakly damped
in the long wavelength limit, i.e. small values of &, and the fast
space charge wave, red curve for kdp. = 1.2, is heavily damped.
The slow space charge wave, shown by the black curve, is unsta-
ble over a wide range of k values, and this would lead to growing
waves in the plasma. As seen in Fig B.l the fastest growing
mode occurs for kAp. ~ 1, meaning that the wavelength would
be 1 = 21 dp.. If the beam density is lowered from the value in
the example, an unstable mode remains present as long as the
beam density is above 0.5%.

The density ratio, n,/n; = 8, used in the numerical exam-
ple presented here, is in the higher range of what is shown in
Figs. 2 and 3. For lower density ratios the acceleration voltage
is lower than in our example, but on the other hand, the relative
beam density is higher due to both the lower acceleration and
that the density ratio was lower from the start. We repeated the
calculation for a density ratio of 3, and found that the resulting
distribution also was unstable.

f) ~ (B.3)
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