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Abstract

The Solar Orbiter spacecraft crossed Comet Leonard’s ion tail on 2021 December 17 near 1 au. In and near the ion
tail, significant amounts of singly charged oxygen (O") ions were detected by the Heavy Ion Sensor on board the
spacecraft. These ions are likely the result of outgassed water molecules from the comet that became ionized and
disassociated into protons and O™ ions and that were then picked up by the interplanetary magnetic field and
advected outward with the solar wind. At this time, the spacecraft was also located amidst the denser parts of the
interstellar helium (He) neutrals that are focused here by their gravitational interaction with the Sun. Pickup He™"
ions in greater numbers are also found in this region and form when neutrals interact with solar photons. Newly
ionized ions can generate waves that propagate mainly along the background magnetic field before the waves
scatter the ions toward isotropy. Spectral magnetic field analyses are employed to find mainly elliptically
polarized waves associated with O" and He™ from ring-beam instabilities. Waves associated with He™ are
identified, but O" waves are not seen. Visibility is concluded to be affected by the relative amplitude of the waves
to turbulence, and the visibility increases when the sampling direction is more aligned with the background
magnetic field.

Unified Astronomy Thesaurus concepts: Pickup ions (1239); Interplanetary turbulence (830); Solar wind (1534);
Comets (280)

1. Introduction comet nucleus. Singly charged oxygen (O") was observed
throughout this interval. This ion likely originated from the
dissociation of water molecules outgassed from the comet that
were then picked up by the interplanetary magnetic field when
they acquired a charge. At the same time, Solar Orbiter was
well within the focusing cone of neutral interstellar helium
(He). From neutral He, interstellar singly charged helium
(He™) is produced mainly by extreme-ultraviolet (EUV)

Comet Leonard (C2021/A1) was a long-period comet that
reached perihelion on 2022 January 3. The orbit was highly
inclined to the ecliptic plane, but in 2021 December in the
middle of the month it crossed the ecliptic. It passed closest to
Earth on December 12 at a separation distance of 0.23 au
(S. R. Watson et al. 2024). Thereafter, the comet made a very
close pass of Venus at a separation of only 0.02au on

. + .
December 18 (S. R. Watson et al. 2024). The comet was Ehoﬁons.thf.romth th? Sup. The co(r;cerll;ratlon ?f IHCZOIES'
relatively inactive up to about December 13 and then igh within the focusing cone (C. Drews et al. ’

underwent a number of outbursts (D. Jewitt et al. 2023; D. J. Gershman et al. 2.013; S. A, Spitzer et al. 2024) because
N. Biver et al. 2024). The gas originated from a nucleus of the neutral He has a high concentration and also because the
~0.5 km in diameter (D. Jewitt et al. 2023). The ion tail of this focusing cone is relatively near the Sun where the concentra-
gas-rich comet showed a number of changes during the active tior} of EUV photons (.decreasing generally with the square of
phase, including streamers, kinks, and disconnection events he%oiﬁn(t)ric dlst;ncf) 15a l'so tla(rlge.. hl lociti lative

associated with heliospheric current sheet crossings (S. Faggi 0 and He * are injected with low velocities relative to
et al. 2023: D. Jewitt et al. 2023: N. Biver et al. 2024: the solar wind. As such, the newly ionized particles are

: table to a ring-beam instability that generates waves
S. R. Watson et al. 2024, 2025). Ultimately, Comet Leonard uns ) .
broke apart in 2022 February (D. Jewitt et al. 2023). (M. A. Lee & W.-H. Ip 1987; B. T. Tsurutani 1991). Once

The Solar Orbiter spacecraft passed through the tail of ions become fully scattered by the waves, they no longer
Comet Leonard between 2021 December 16 and 18 at a contribute to wave generation. The accumulation of additional

heliocentric distance of 1.01 au and about 0.25 au from the wave power requires yet more newly 10p1z§d particles.
Using magnetic field power and polarization spectra, waves
G Original content from this work may be used under th terms associated with He™ have been occasionally detected near 1 au
of the Creative Commons Attribution 4.0 licence. Any further (M. R. Argall et al. 201_5; M. K. Fisher et al. 20.1 6). This low
distribution of this work must maintain attribution to the author(s) and the title occurrence has been attributed to the presence of interplanetary
of the work, journal citation and DOI. turbulence, where the energy cascade draws off the energy
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associated with the pickup ion waves and limits the amount of
energy that they can accumulate with time (B. E. Cannon et al.
2014a, 2014b). In an interval where the waves associated with
He® can be observed, the opportunity to identify
O™ -associated waves should be enhanced.

Spectral techniques common to the study of pickup ions
from interstellar neutrals, especially in the outer heliosphere,
are applied in the present analysis. Waves associated with He™
are identified on December 16. Those intervals containing the
He™ did not show signs of O" waves. Waves associated with
O™ were not found in any other interval where the He™ waves
were absent during the tail crossing. Reasons why this could
occur are discussed.

The outline of this paper is as follows: Section 2 describes
the data and analysis methods. Results are presented in
Section 3 and discussed in Section 4. Section 5 gives
conclusions.

2. Data and Analysis Methods

Solar Orbiter data from 2021 December 16 to 2021
December 18 are used in this study. Magnetic field spectra
to search for waves are obtained using magnetic field data at
eight vectors per second that are publicly available at the
Space Physics Data Facility website (T. S. Horbury et al.
2020). The magnetic field instrument on Solar Orbiter is a flux
gate magnetometer. Plasma data are obtained from the Solar
Wind Analyzer consisting of the Proton and Alpha Sensor
(PAS) and the Heavy Ion Sensor (HIS) instrument suite
(C. J. Owen et al. 2020; S. Livi et al. 2023). Background solar
wind conditions are assessed with hourly proton data from
PAS merged with hourly magnetic field data that are publicly
available. The time-of-flight ion spectrometer HIS (S. Livi
et al. 2023) provides species composition organized by energy
per charge (E/Q), mass per charge (M/Q), and (under certain
conditions) mass (M). For the present study, species are
isolated principally through their M/Q. For the M/Q of 16, the
oxygen (O7) is well isolated from other species. For M/Q of
four, measured species include helium (He"), but also
potentially solar wind magnesium (Mg"™®), silicon (Si'7),
sulfur (S™®), and iron (Fe™'*). For this study, M/Q = 4 solar
wind species that include energy measurements have been
isolated out by their measured mass while the remainder of
solar wind contributions (where only M/Q is available) are
confined to solar wind speeds. The measurement cadence for
HIS is 30s, but for statistical reasons the measurements of
pickup He™ and O" ions shown in this paper are aggregated in
counts per hour.

When a new pickup ion of species i is injected at low speed
relative to the flow speed of the solar wind Vg, it streams
along the background magnetic field B, with a speed
~—Vsw cos gy, where Oy is the angle between Vgw, and By
is restricted to between 0° and 90°. This streaming speed is
relative to the flow of the solar wind and is directed back
toward the Sun. The solar wind carries the magnetic field lines
about which the pickup ion gyrates with a radius of
~Vsw sin Oyg/(27f; .), where f; . is the cyclotron frequency of
the ion. The cyclotron frequency can be expressed as
fic = qiB/Q2nM,c), where g, is the ion charge, B is the
magnetic intensity, and c is the speed of light.

The newly ionized pickup ions form a ring-beam distribu-
tion that is resonantly unstable to waves (M. A. Lee &
W.-H. Ip 1987). For the inner heliosphere, 6y is generally less
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than 70°. With these angles, fast waves are cyclotron resonant
with species i in accord with w + k| Vsw cos Opy = —27f; ,
where w is the wave frequency, and kj is the wavevector
component along B, Fast waves traveling sunward are
unstable with maximum growth rate for parallel propagation.
The wave frequency of the lowest magnitude of kj; has
w =2 kV 5, where V, is the Alfvén speed. At 1 au, Vgw is much
larger than V,. The minimum magnitude |k ;| for species i or
equivalently the longest wavelength )| ; can be estimated from
the resonant condition to be \; S Vsw cos fpy/f; ., where the
inequality corresponds to fast waves with wavelengths as long
as Aj; and shorter.

The speed of the waves and the speed of Solar Orbiter at
1 au are significantly less than Vgyw. Turbulent fluctuations also
have a rate of change due to nonlinear evolution that is small
compared with the rate that fluctuations are advected by the
solar wind past the spacecraft. As a result, wave and turbulent
fluctuations can be considered, approximately, to be frozen
into the flow and simply advected past the spacecraft. This
assumption, as applied to turbulence, is called the Taylor
hypothesis (G. I. Taylor 1938). In this limit, the advection of
the fluctuations past the spacecraft allows the time of transit to
be transformed into the spatial extent of the fluctuations along
the direction of the wind or vice versa. Generally, the solar
wind flows along the radial direction, and gy is approximated
as the angle fgr between By and the radial direction. The
pickup waves in the spacecraft frame have A ; projected along
the radial direction as Ag; < Vsw/fi. where the radial
wavelength g ; is )‘H, ;/cos Ogg. In terms of the spacecraft frame
frequency f, pickup 1on waves are found to begin where f 2 f; .
for each species i and extend up to higher frequencies.

The O™ ions in the present analysis develop waves near
f=3 x 107> Hz and He" waves at 4 times this value. As such,
the detection of O" determines the lowest frequencies to be
included in the spectrum and the interval duration. To provide
enough neighboring frequencies to sample adequately about
Jo.e» the interval durations used in the present analysis range
from 1 to 2.4 hr so that the difference between frequencies Af
in the spectrum ranges from 2.7 x 107* to 1.2 x 10~*Hz.
These durations are also sufficient for the turbulent fluctua-
tions, which have an expected correlation time of 30 minutes
or more.

Waves from pickup ions must be detected amidst the
turbulent fluctuations that pervade the interplanetary medium.
With turbulence alone, the power spectrum toward higher f is
organized by power-law ranges. At the lowest f is an energy-
containing range with a power-law index near —1. Next at the
higher f is an inertial range with a power-law index averaging
—1.6 (C. W. Smith et al. 2006). In the turbulent inertial range,
energy is cascaded from the energy-containing range and
conserved from scale to scale toward kinetic scales. The
pickup ion waves develop at frequencies corresponding to the
inertial range (M. A. Lee & W.-H. Ip 1987). In the power
spectrum, these waves contribute to a sharp rise in power at f; .,
and then the excess power slowly falls back toward the slope
originally followed by the turbulence-only spectrum at higher
f- Next in order for the ranges is the ion dissipation range,
beginning near 0.3 Hz in the spacecraft frame where the
spectrum follows a steeper power law with indices between
—2 and —4 (C. W. Smith et al. 2006; S. A. Markovskii et al.
2008). Here, fluctuating kinetic and magnetic energy of the
turbulence is exchanged with ion thermal energy through
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collisionless fluctuation—particle interactions. Waves can also
form in the ion dissipation range in association with proton
thermal instabilities or shock-accelerated particles. They tend
to form a rounded localized bump in power in this part of the
spectrum. Such occurrences are observed in about 4% of all
spectra obtained near 1 au (S. A. Markovskii & B. J. Vasquez
2022). Still higher f are electron ranges, but outside of aliasing,
these are not observed directly by Solar Orbiter due to the
cadence limit of the magnetometer employed.

The search for waves from pickup ions uses two magnetic
field spectral techniques (B. E. Cannon et al. 2014a, 2014b;
M. R. Argall et al. 2015, 2017; P. Aggarwal et al. 2016;
M. K. Fisher et al. 2016; S. J. Hollick et al. 2018a,
2018b; A. V. Marchuk et al. 2021; L. Ercoline et al. 2023).
First, the fluctuation power spectrum itself is obtained
following the Blackman-Tukey approach (R. B. Blackman
& J. W. Tukey 1958). Second, Fourier spectral and minimum
variance analyses are applied, which determine minimum
variance direction and polarization properties of the fluctua-
tions as a function of spacecraft frequency.

Prior to calculating the spectrum, an automated search for
outliers is made in each magnetic field component in the
candidate interval. At the first stage, the entire interval
considered for a spectrum is examined, and points that are
3.5 standard deviations from the average are flagged. A second
pass in blocks of 2000 points is made, and points at 2.5
standard deviations from the average are flagged. Typically,
less than 1% of the data are found to be flagged.

Any flagged points are excluded directly by the Blackman—
Tukey algorithm (R. B. Blackman & J. W. Tukey 1958;
J. W. Bieber et al. 1993). Spectra computed with this algorithm
give the Fourier transform of the correlation tensor of the
magnetic field (B;B;). The data are then prewhitened by a first-
order difference filter and postdarkened on output (J. Chen
1989) to correct for power leakage in a sharply decreasing
spectrum typical of the turbulence kinetic range. The power
spectrum is derived from the trace of the diagonal components
of the tensor.

The polarization spectra are computed with a fast Fourier
transform of the time series (R. A. Fowler et al. 1967,
J. D. Means 1970; D. Rankin & R. Kurtz 1970; W. H. Mish
et al. 1982). With the Fourier transform, evenly spaced
samples are required, and so any flagged data from the outlier
search will be filled by interpolation. The fast Fourier
transform method gives a power spectrum that agrees with
the spectrum from the Blackman—Tukey method, but the effect
of power leakage is greater. A spectral tensor <l§il§;k> is formed
where B; is the Fourier transform of the ith component of the
magnetic field, and B;k is the complex conjugate of the
transform. The spectral tensor elements are then smoothed
over 15 frequencies centered about each f in the spectrum,
except near the low and high end of the spectrum’s range. The
minimum variance direction is then calculated for each f to
represent the wavevector k. Generated pickup ion waves with
the largest growth rates propagate along By, and in the data, k
would be expected to have an oblique angle less than 15°. The
spectral tensor is then rotated into the minimum variance
coordinate system with one axis along k and the other two in
the plane transverse to k. It is in this transverse plane that
properties of any waves are sought.

One of these properties is the ellipticity. The ellipticity Ej;,
is the ratio of the minimum to maximum axes of the fluctuation
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ellipse in the plane perpendicular to k. The value of Ej;, can
vary between —1 and 1. Right-hand polarization is assigned
for Eyp, > 0 and left-hand for Ey;, < 0 in the spacecraft frame.
The magnitude |Ej;,| corresponds to linear polarization when
|Eyip| = 0, circular polarization when |Ey;,| = 1, and elliptical
polarization for intermediate values. Detected pickup ion
waves for some range of f generally have |E;,| exceeding 0.5.
Since the waves are fast modes traveling sunward, they are
left-handed in the spacecraft frame. Interplanetary turbulent
fluctuations generally have no net ellipticity at the frequencies
where pickup ion waves develop.

Coherence and degree of polarization are also calculated.
These vary between O and 1. A coherent signal toward 1 is
expected when the waves are well identified and the degree of
polarization is near 1 when the fluctuating component of the
magnetic field is small along the direction of k. Where |Ej;| is
large over some range of f for pickup ion waves, so usually are
the coherence and degree of polarization. Generally, ellipticity
of the proper sign, magnitude, and frequency range is used to
find a candidate pickup ion wave interval. It is then determined
if there is an elevation of power at these frequencies and that
the waves have k with a small obliquity. Coherence and degree
of polarization are usually also significant when all three of the
above conditions are satisfied. Hence, coherence and degree of
polarization are secondary indicators for waves.

The above second technique gives the primary identification
of quasi-parallel waves predicted to be excited by pickup ions
as they scatter from newly ionized ions in a ring beam. Waves
driven by pickup ions of a particular species occur at its
cyclotron frequency and higher in the spacecraft frame. The
first technique confirms, to the extent possible with magnetic
fields alone, the presence of these waves as an elevation above
the turbulent spectrum that sharply rises near f;. in the
spacecraft frame and slowly descends toward the turbulent
power-law spectrum at higher f. The values of fy.. and fo .
differ by a factor of 4. In the case of interstellar protons, waves
associated with both H" and He™ pickup ions are observed in
the outer heliosphere. The same spectral analysis techniques
have distinguished the generated waves from each ion when
both waves are present. In this case, a factor of 4 in frequency
also separates these species.

The HIS instrument provides important constraints on wave
identification: it determines whether or not the ions are present
during the intervals examined for spectra and gives an
indication of the potential pickup ion wave intensity for
different ions relative to each other.

3. Results

The proximity of the ion tail of Comet Leonard can be
identified by the increased presence of O as measured by
Solar Orbiter. Figures 1(a)-(g) present hourly plasma and
magnetic field data during the time of passage through the
comet tail. Figures 1(a) and (b) display (a) counts attributed to
O™" as a function of time and (b) the counts per hour as
functions of time and E/Q. A similar set of plots is given by
He™ in panels (c) and (d). Figures 1(e) and (f) show (e) the
magnetic field strength B and components of B and (f) the
angle Oz between B and the radial direction as functions of
time. The last panel, Figure 1(g), plots the proton speed Vsw
and number density n, The interval extends from 2021
December 16 through 2021 December 18. There is a plasma
data gap between December 16 21 UTC and December 17
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Figure 1. Hourly in situ data from 2021 December 16 to 18. (a) Total plotted counts attributed to O™ as a function of time and (b) O counts as functions of time and
energy per charge (E/Q). (c) Total plotted counts for He' as a function of time and (d) He" counts as functions of time and E /Q. (e) Magnetic field B (black),
By, (blue), By (red), and By (green), (f) Opg, and (g) Vsw (black) and 7, (red) as functions of time. The red lines in panels (b) and (d) correspond to the ion moving at

Vsw, and the gray-shaded areas are filtered by a cutoff speed. The dashed line in panel (f) has 0z = 20°.
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2 UTC. Preceding and following this time interval are solar
ejecta that are excluded from this study. During this time, the
spacecraft was located near 1 au.

In total counts, the distribution of O" in Figure 1(a) has a
moderately uniform component with about 100 counts along
with episodic bursts of high concentrations up to 3000 counts
that occur between 930UTC and 1230UTC on 2021
December 17. There is also a significant increase preceding
and a decrease following the five-hour data gap, which cannot
be fully investigated. The high concentrations can result from
the outgassing of material from spatially confined jets located
on the nucleus of Comet Leonard, possibly during outbursts.
This part of the tail is viewed as a central place where the
plasma has followed a streamline directly from the nucleus.
The more uniform region corresponds to the dispersal of jet
material and other sources of sublimation of icy material on
the nucleus into a space-filling coma about the nucleus. The
ionization of the coma material then contributes to the ion tail.

There are interstellar O™ ions, but these have a very low
relative abundance (C. Drews et al. 2012). Generally, very few
such ions would be counted in the whole three-day interval.
Pickup O™ ions can also come from O ions interacting with
dust grains in the inner solar system, which is the so-called
inner source (R. F. Wimmer-Schweingruber & P. Bochsler
2003; P. R. Quinn et al. 2018). The inner source O" ions have
been analyzed by HIS in fast winds (Vsw > 500 km s~ ') with
amounts that are 2 orders of magnitude smaller than observed
in this three-day interval. In slow winds, an analysis of HIS has
not been performed that can definitively determine the amount
of the inner source O" ions apart from background
contaminants. Leonard (see Figure 1(g)) occurs during a slow
wind interval. Likely the amounts of inner source O™ ions in
such an interval would also be well below what is observed for
Leonard. Thus, the observed O™ ions are expected to originate
mostly from the comet.

Pickup ions injected at low speeds with respect to the solar
wind will exhibit speeds up to 2Vgw when fully scattered.
Relying on this property, the O distribution in Figure 1(b) is
cut off at speeds below 0.6Vsw (the gray-shaded region) to
limit the contribution from accidental time-of-flight coin-
cidences, which occur most often near the E/Q peaks for solar
wind protons and alphas and cause spurious M/Q counts
(S. Livi et al. 2023). Below the energy associated with this
speed, no counts for O™ are plotted or recorded in the counts
shown in panel (a). The plotted red line is the energy of O"
with speed Vgsw. At higher energies, an approximate upper-
limiting boundary forms for O™ with speeds near 2Vgy. Near
6 UTC on December 16, when Vgyw is near 500 km s7! the
concentration of O" on the upper boundary is most evident
apart from the outbursts. Even so, features along this boundary
can be traced throughout the interval as the Vsw decreases with
time, and outburst periods are sharply limited along this
boundary. The distribution of ions in association with 2Vgw
results from the injection of O at low speeds near the comet,
which drive unstable waves that have thoroughly scattered up
the ions across an approximate spherical shell in the wave—
particle frame that is centered about the speed of the wind so
that at minimum the speed is near 0 and at maximum the speed
is near 2Vgw because energy is conserved in this frame.

Figure 1(c) plots counts per hour attributed to He* in the
same manner as in Figure 1(a). At all times, the total counts are
high, with an average near 3000. This distribution corresponds
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to the broad distribution of He™ in the focusing cone that
extends about +15° in ecliptic longitude about its central axis.
During the three-day interval, Solar Orbiter on average was
027 above the ecliptic plane and at a solar ecliptic longitude of
79°. Solar Orbiter made its closest approach to the inferred
axis of the focusing cone on December 12 at a longitude of
75°4 (S. A. Spitzer et al. 2024). The counts of He™ far exceed
the background level of O counts, even when accounting for
the heavier mass difference. At maximum concentration,
though, O™ counts do become comparable to He™.

Comet Leonard does not appear to contribute to the
observed He™ ions. There are no variations associated with
outburst periods as there are in O™ counts. The distribution of
He™ is not found to be enhanced inside compared to outside of
the three-day comet interval. Likely Comet Leonard is not a
source of He™.

Figure 1(d) shows that the energy per charge distribution of
He™ is relatively uniform with time. Low energies are cut off
in association with speeds of 0.8Vsyw to remove time-of-flight
coincidences from originating from high fluxes of solar wind
protons and alphas. Additional culling has been done using
energy measurements from the solid-state detectors to
determine mass separately from charge, but some mixing with
ions other than interstellar He™ may be occurring for ions with
speeds below 1.3Vgyw. The plotted red line corresponds to He™
with speed Vsw. Again, there is an upper boundary associated
with 2Vgw. Pickup He™ can be derived from interstellar
neutrals and potentially from interactions between He*" from
the Sun interacting with interplanetary dust particles (again
referred to as the inner source) (R. F. Wimmer-Schweingruber
& P. Bochsler 2003; P. R. Quinn et al. 2018). Pickup ions from
interstellar neutrals are injected at low speeds relative to the
solar wind and have particle velocity space distributions that
are unstable to waves. The observed upper boundary near
2Vsw is consistent with low-speed injection. The interactions
involving dust can proceed by different mechanisms whose
relative occurrence in the solar wind is not yet specified. The
generation of waves from these mechanisms is not definitively
known. Moreover, since the spacecraft is in the Het focusing
cone associated with the interstellar source, it is likely that a
significant fraction of He™, if not most, is derived from
interstellar neutrals. From here on out, any He™-associated
waves will be ascribed to the interstellar source without further
comment.

Figures 1(e) and (f) present hourly magnetic field conditions
for the interval. Panel (e) shows the magnetic field intensity B
(black) and components. The radial magnetic field By is the
blue line, tangential B red, and normal By green. Panel (f)
plots the oblique angle 63z between B and the radial direction.
The last panel (g) gives the proton solar wind speed Vsw and
shows the proton number density n,. The hourly data for the
magnetic field are complete, whereas the thermal proton data
have the same five-hour data gap as the O" and He" data.

In Figure 1(e), Bg turns from inward to outward and then
back again between December 17 900 UTC and 1300 UTC.
This indicates the presence of large current sheet crossings.
Just before, the plasma data gap By approached O but never
completely turned. After December 17 1300 UTC, smaller
excursions of short duration occur across zero. At times, the
direction of B is within about 20° of the radial direction. A
prolonged period occurs on December 16 from 2 UTC to
16 UTC. Another period with 0z near 20° occurs between
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December 16 22 UTC and December 17 4 UTC, but is partially
in the plasma data gap. On December 18, the field direction
only once and briefly approaches the radial direction. The solar
wind mainly has a declining speed through the interval from
500 to 325kms™'. The density decreases up to December 16
12 UTC, corresponding to a rarefaction region as the slower
wind falls behind the faster wind. In the rarefaction, proton
number flux (1,Vsw) is not conserved as the rarefaction is not
a steady flow in the inertial frame of the Sun. This can
contribute to B turning into the radial direction. At later times,
n,, increases significantly. This is a compression region where
B is more oblique.

The perceived center of the ion tail corresponds to a region
between the two large current sheets where the Bg changes
from inward to outward and back again, marked by the vertical
dashed lines. The change in By as opposed to the other
components is used here because a comet drapes the
interplanetary magnetic field about itself and causes the
directional sense of the magnetic field to change orientation
with respect to the direction with the Sun. Figure 2 shows the
magnetic fields in this vicinity between December 17 8§ UTC
and 14 UTC with a cadence of eight vectors per second. The
current sheets occur at about 910 UTC and 1310 UTC. In
Figure 1(a), the episodic and high concentrations of O" occur
between these two sheets. With Vsw near 350kms™ !, the
transit time of the plasma from the comet is about 32 hr. The
magnetic field structure in this portion of the tail is likely
explained by the draping of the magnetic field about Comet
Leonard. In contrast, the potentially high-concentration region
of O" about the data gap is not bound by current sheets. All
components of B around and within this region show
fluctuations of short scales that ride along with the larger-
scale variations of B. The magnetic intensity is not constant
and varies irregularly, decreasing from about 4 nT at § UTC to
3nT at 14UTC. Many of these smaller-scale fluctuations
correspond with turbulence that pervades the entire three-day
interval.

Waves associated with the He™* cyclotron frequency fiy . in
the spacecraft frame are found on December 16 in three
intervals with durations of 2.4 hr. They are not found on
December 17 or 18. Table 1 gives the start and stop times of
these intervals. All times for the waves correspond to the
prolonged period of the quasi-radial magnetic field. Two
spectra overlap by 50%. The better wave signature of the two
is shown in Figure 3 with a start time of 1048 UTC. In the top

Times on 2021 December 16 wht;lr‘lals)lpfecltra with He™ Waves Were Found
Start Stop
712 UTC 936 UTC
1048 UTC 1312 UTC
1200 UTC 1424 UTC

panel, the magnetic field spectrum of the trace of the
components is given. The spectrum has a power-law form. A
small but distinct elevation in power over and above the
general trend of the power law from lower f is found at fy.
and extends back toward the proton cyclotron frequency f,, .
This portion of the spectrum corresponds to the turbulent
inertial range. In this frequency range, the fourth panel from
the top shows a consistent negative ellipticity whose
magnitude exceeds 0.5. The negative ellipticity values
correspond to left-hand polarized waves in the spacecraft
frame, as is expected for waves generated by a ring-beam
instability associated with interstellar pickup ions. The last
panel shows the obliquity of the wavevector direction, which is
nearly along B,. Waves growing from pickup ions should be
most prevalent in this direction. Following these key
signatures, the degree of polarization in the second panel
from the top and the coherence in the third are both above 0.5
in the same frequency range.

A further wave interval (not shown) featured He™ waves
with a similar intensity and also a strong bump in power at
frequencies higher than f, .. The higher frequency signature
corresponds to quasi-parallel waves likely driven by some
thermal plasma instability. Solar Orbiter did not encounter a
shock in this interval.

Despite the detection of He™ waves in these intervals and
the likelihood that generated quasi-parallel waves of any
source would be favorable to observe, no waves were detected
at the O cyclotron frequency fo.. A search of the entire 3
days found no occurrence of these waves. Special attention
was paid to the intervals within the large current sheets where
O" is highly concentrated at times. Spectra for the key
signatures of the ring-beam instability were examined at
various interval durations and overlapping of intervals. These
signatures were not identified. The possibility of pickup ion-
generated waves resulting from an instability due to the
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Figure 3. Plot of a He™ wave interval. The top panel is the magnetic field power spectrum as a function of spacecraft frequency. Successive panels display the degree
of polarization, coherence, ellipticity, and the oblique angle between the minimum variance direction and B,,. The lowest spacecraft frequencies in the spectrum are
not shown.
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inhomogeneous concentrations of O" associated with jets from
the comet nucleus was also examined (L. Matteini et al. 2021).
These waves would be linearly polarized. In this case, an
elevation of power at fyg.. would be expected but with no
ellipticity differing consistently from 0. These signatures were
also not found.

4. Discussion

Pickup He" waves are visible earlier in the three-day
interval where Vg is declining but not later when speeds are
low and relatively unchanging. The plasma and magnetic fields
in the declining speed region are subject to rarefaction. The
background magnetic field B, lines are turned closer to the
radial sampling direction than Parker spiral magnetic field
lines would with equivalent Vsw. In contrast, the following
slow wind region has prolonged intervals where B, has an
average obliquity of about 45°. This same magnetic field
orientation occurs at the perceived center of the ion tail as well
as in the immediate surroundings and in the farther following
region.

The ring-beam instability drives waves that are most intense
for those propagating along B, The turbulent cascade
generates fluctuations with wavevectors concentrated in
directions perpendicular to By. As By turns toward the radial
direction, the waves become increasingly better seen because
the quasi-perpendicular wavevectors of the turbulent fluctua-
tions project to the sampling direction from larger wavenum-
bers, where the turbulent amplitude is smaller. In this case, the
observed waves can stand out better amidst the turbulent
fluctuations and have greater potential visibility. The reverse is
true as B turns away from the radial direction.

Another factor to consider is the competition between the
generation of the He™ waves and turbulence. In the focusing
cone, newly ionized He™ is sustained over long times by the
inflow of interstellar neutrals and their interaction with EUV
photons from the Sun and, to a lesser degree, by their
interaction with electrons. Since He' is distributed nearly
continuously throughout the focusing cone, waves should form
throughout the focusing cone and even beyond.

Turbulent fluctuations participate in an energy cascade from
large to small scales where energy dissipates. Quasi-parallel
waves can be consumed in this process due to nonlinear
interactions with quasi-perpendicular fluctuations that transfer
quasi-parallel wave power into fluctuations with more oblique
wavevectors where the energy is eventually dissipated
(J. V. Shebalin et al. 1983; S. Oughton et al. 1994). Large
statistical studies of interstellar pickup ion waves find that
rarefactions often show the waves and have turbulent
fluctuations with smaller amplitudes and so smaller cascade
rates than elsewhere (B. E. Cannon et al. 2014a, 2014b;
S. J. Hollick et al. 2018a, 2018b; A. V. Marchuk et al. 2021;
L. Ercoline et al. 2023). Model calculations comparing
expected wave production rates for pickup ions with
turbulence cascade rates find that the wave production rates
generally exceed the cascade rates where the waves are
observed (B. E. Cannon et al. 2014a, 2014b; S. J. Hollick et al.
2018a, 2018b; A. V. Marchuk et al. 2021; L. Ercoline et al.
2023). Much of this work has been done for conditions at 3 au
and outward.

Near the Sun, turbulent amplitudes are larger and decrease
with increasing heliocentric distance r. The cascade rate
decreases as r /2 (B. J. Vasquez et al. 2007). The ability of
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turbulence to overcome the production of waves in the inner
heliosphere is likely significant and could account for the rare
observation of pickup ion waves near 1 au (M. R. Argall et al.
2015; M. K. Fisher et al. 2016).

Pickup O™ waves from Comet Leonard were not detected in
the present analysis, even in intervals where He™ waves were
observed. Two factors stand out as possible reasons for the
lack of detection. First, at the fourfold lower frequency for O™
waves than He™ waves to form, the fluctuating magnetic field
power in a Kolmogorov-like inertial range (f ° /3)is 9 times
larger at fo . than at fy. .. Thus, for any waves at f . to match
the elevation of wave power at fg.., 9 times the intensity
would be required. Lastly, an instability associated with O™ is
not sustained as the instability for He™ is. Most of the water
molecules released from the nucleus that disassociate into
oxygen and ionize do so within ~0.01 au of the nucleus
(P. W. Daly 1991). As long as newly ionized O™ is produced,
waves can be driven. Eventually, this reserve is diminished to
the point that there are no newly ionized particles. At this
point, the accumulated wave energy cannot be further
enhanced. This condition is met close to the comet nucleus.
Thereafter, any cometary waves observed far from the nucleus
must be transported with the interplanetary magnetic field
imbedded in the solar wind to reach a spacecraft positioned in
a distant portion of the comet’s tail. With no additional wave
power accumulation, only processes that cause wave power
loss operate during the transport to the spacecraft. With an
active turbulent cascade among the magnetic field and velocity
fluctuations accompanying the O, such loss is expected. This
would limit the visibility of the waves in the power spectrum
and ultimately dissipate the wave energy.

Finally, it should be noted that the activity of Comet
Leonard complicates analysis. Up until about December 13, it
had a fairly consistent gas output. Thereafter, it underwent
outbursts, and changes in the tail itself occurred. As such, the
comet was not a steady source of pickup ions, and the tail was
not a regular structure at all times. This could influence the
nature of O waves from the comet in ways that cannot be
fully understood with this analysis.

5. Summary

Solar Orbiter passed through Comet Leonard’s tail while
immersed well within the He* focusing cone. The nucleus of
the comet was about 0.25 au from the spacecraft. A search for
pickup ion waves associated with interstellar He® and
cometary O™ ions was made. Magnetic field spectra in a few
intervals showed waves with signatures consistent with He™.
These same intervals did not show O" waves even though
quasi-parallel waves should have been easier to find in such
intervals. Waves associated with O" were not found in any of
the 3 days considered in the present analysis.

In the inner heliosphere, the generation of pickup ion waves
is a secondary process compared with turbulence and stream
interactions. In the outer heliosphere, the roles reverse. At
present, there are no reliable forecast methods to predict where
ion pickup waves should be observable. Direct evidence of the
pickup ion wave generation process in the inner heliosphere is
scant. Some guidance is found from the tendency to identify
waves in intervals where By is nearly in the radial direction
and in rarefaction regions where turbulent amplitudes tend to
be smaller than elsewhere. Cometary pickup ion waves are an
exception and do stand out in regions within and near the
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comet coma, where the local plasma is mass loaded and
altered with respect to average interplanetary conditions
(B. T. Tsurutani 1991). Yet, far away from the comet,
interplanetary turbulence should become a significant limiting
factor on their visibility. Turbulence imposes a detection limit
because the waves need to be intense enough to stand out
amidst the turbulent fluctuations. For a fixed wave intensity,
the visibility decreases at lower frequencies because the
intensity of the turbulent fluctuations increases with decreasing
frequency. As such, pickup O" generates lower frequency
waves that are more obscured than the pickup He™ waves.
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