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ABSTRACT

Context. Recent studies of the solar wind sunward of 0.25 AU reveal that it contains quiescent regions, with low amplitude plasma
and magnetic field fluctuations and Parker-spiral like magnetic field direction. The quiescent regions are thought to have more direct
magnetic connection to the solar corona compared with other types of solar wind, suggesting that waves or instabilities in the quiescent
regions are indicative of the early evolution of the solar wind as it escapes the corona. The quiescent solar wind regions are highly
unstable to the formation of plasma waves near the electron cyclotron frequency (f;.).

Aims. In this study, we examine high time resolution observations of these waves in an effort to understand their impact on electron
distribution functions of the quiescent near-Sun solar wind.

Methods. High time resolution waveform captures of near-f,, waves are examined to determine variations of their amplitude and
frequency in time as well as their polarization properties.

Results. We demonstrate that the near- f,, wave intervals contain several distinct wave types, including electron Bernstein waves and
extremely narrow band waves that are highly sensitive to the ambient magnetic field orientation. Using properties of these waves, we
suggest possible plasma wave mode classifications, and possible instabilities responsible for generating these waves. The results of
this analysis indicate that these waves act to modify the cold core of the electron distribution functions in the quiescent near-Sun solar

wind.

Key words. plasma waves — solar wind — wave-particle interactions

1. Introduction

Recent studies have demonstrated that solar wind particle dis-
tributions are highly unstable to the growth of plasma waves at
distances from the Sun smaller than ~ 55 solar radii (~0.25 as-
tronomical units). Plasma wave modes reported in this region of
space include narrowband waves such as ion cyclotron waves
(Bowen et al. 2020; Verniero et al. 2020), whistler-mode waves
(Agapitov et al. 2020; Jagarlamudi et al. 2020; Cattell et al.
2021), Langmuir waves (Bale et al. 2019), ion acoustic waves
(Mozer2020, Kromyda et al. 2021, submitted), and waves near
the electron cyclotron frequency (Malaspina et al. 2020). Broad-
band waves have also been reported, including kinetic Alfvén

waves (Chaston et al. 2020) and plasma turbulent fluctuations
(Chen et al. 2020; Zhao et al. 2020; Zhu et al. 2020).

Plasma waves are important to the system-scale dynamics of
the solar wind because they act to transfer energy from one part
of solar wind particle distributions, the wave unstable region, to
other parts of the distribution where wave damping occurs. In
this way, energy exchange mediated by plasma waves homog-
enizes mixed plasmas, smooths discontinuous distributions, re-
laxes particle beam distributions, and scatters particles in pitch
angle.

This study focuses on plasma waves near the electron cy-
clotron frequency (f,.) in the near-Sun solar wind. These waves,
as reported in Malaspina et al. (2020), were found to preferen-
tially occur in regions of extraordinarily low amplitude magnetic
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fluctuations (quiescent solar wind regions), where the solar wind
magnetic field vector (B) remains within ~ 5° of the theoretical
Parker spiral direction. Additionally, the quiescent solar wind re-
gions show distinctly different spectra of turbulent fluctuations,
with 50 times higher frequency of the 1/ f spectral break location
compared to regions of the solar wind with switchbacks, consis-
tent with less evolved solar wind in the quiescent regions (Dudok
de Wit et al. 2020). Regions of high wave growth were found to
coincide with strong sunward drift of the electron core popu-
lation, suggesting that the coincident electron strahl population
was denser, focused more narrowly into a beam, or extended to
higher energy compared to surrounding regions. These proper-
ties: low amplitude ambient magnetic field fluctuations, Parker-
spiral B vector, higher 1/ f spectral break frequency, and strong
sunward electron core drift, are consistent with the interpreta-
tion that these regions of high wave growth represent portions of
the solar wind most directly magnetically connected to the so-
lar corona. As such, these near- f., waves may play an important
role in the evolution of solar wind electrons early in their escape
from the solar corona.

These near-f,, waves were found to have two primary wave
power peaks, one near f,, and one near 0.7 f,., and many higher
harmonics of both frequencies. The waves were found to persist
for time periods ranging from minutes to many hours. They were
found to increase in occurrence and amplitude with decreasing
distance to the Sun. The wave mode was not conclusively iden-
tified in Malaspina et al. (2020), though it was speculated that
they might be electrostatic whistler-mode or electron Bernstein
waves. In this analysis, properties of studied near-f,, waves
are found to be inconsistent with prior observations of whistler-
mode waves in the solar wind (e.g. (Zhang et al. 1998; Lacombe
et al. 2014; Stansby et al. 2016; Tong et al. 2019))

Malaspina et al. (2020) used relatively low cadence (~
0.87s), highly compressed survey spectral data from the Parker
Solar Probe spacecraft to examine these waves. In the current
study, the detailed properties of these waves are examined using
‘burst’ captures of high-cadence time series electric and mag-
netic field data. These data enable a wealth of new wave proper-
ties to be determined, narrowing the list of possible wave modes,
and offering new understanding of the instabilities that drive
these waves, as well as elucidating the impact that they have on
the evolution of solar wind electron distribution functions.

The findings are surprising, demonstrating that: (i) the near-
fe waves consist of at least three separate but simultaneously oc-
curring wave modes, one of which can be conclusively identified
as electron Bernstein waves and (ii) the portion of the electron
distribution function unstable to wave growth is at exceptionally
low energies, near the center of the electron core distribution.
Further, the data examined here constrain the wave polarization,
wave vector direction and magnitude, and suggest a possible ge-
ometry for the wave source regions.

2. Data

This analysis uses data from the Parker Solar Probe mission
(Fox et al. 2016), primarily the FIELDS (Bale et al. 2016) and
SWEAP (Kasper et al. 2016) instruments. The full Parker So-
lar Probe mission consists of 24 orbits of the Sun. Each close
approach to the Sun (<55 solar radii (Ry)) is referred to as an
encounter, and sequentially numbered. At the time of writing, 7
encounters have been completed.

This study uses data from the four FIELDS voltage sensors
in the plane of the heat shield, operated as differential pairs (V»,
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V34), as well as magnetic field data from the Fluxgate Magne-
tometer (FGM) and Search Coil Magnetometer (SCM). Both
survey and burst data products from the Digital Fields Board
(DFB) (Malaspina et al. 2016) are also used, including the AC-
coupled survey power spectra (covering ~140 Hz to 75 kHz at a
cadence of ~0.87 s) and triggered time series bursts (150 kS/s for
~3.5 s). Quasi-thermal noise measurements from the Radio Fre-
quency Spectrometer (RFS) (Pulupa et al. 2017), at a cadence of
16 s, are used to determine electron plasma density. This study
uses data from SWEAP, primarily proton velocity as determined
by the Faraday cup (Case et al. 2020).

FIELDS and SWEAP data are presented in the spacecraft
coordinate system (and the spacecraft reference frame), where
+Z points Sunward, +% points in the direction of motion of the
spacecraft about the Sun (ram), and +y completes the orthogo-
nal set, pointing approximately ecliptic south. To derive electric
field amplitudes, the differential pair voltage data (V),, V34) are
rotated into spacecraft coordinates and divided by an effective
electrical length of 3.5 m (Mozer et al. 2020).

This study contains an analysis of one time series burst,
recorded near June 6, 2020, 12:09:54 UTC (encounter 5), but the
results are generally applicable to similar bursts captured during
any of the encounters examined thus far. Several hundred bursts
of this type (150 kS/s for ~3.5 s, six channels of time series
data) are captured per solar encounter. These bursts are selected
via an on-board algorithm which seeks the highest amplitude
signals in V|, time-series data. During each of the first seven
encounters, several tens of these bursts contain waves of the type
explored here. The waves under study are frequently observed
in the continuously recorded survey data (Malaspina et al. 2020).

3. Burst Data Analysis

Figure 1 shows the solar wind conditions for two minutes before
and after the time-series burst of interest, which begins near June
6, 2020, 12:09:54 UTC. Figure la shows survey power spectra
from ~200 Hz to 75 kHz, with spectra produced once per ~0.87
s. The power shown is the summed power from the two differ-
ential pair signals (V1 + V34). The electron cyclotron frequency
(fce) 1s indicated by a white dashed line, and the time of burst
capture is indicated by vertical black dashed lines. Figure 1b
shows measurements from the FGM (sampled at ~ 293 sam-
ple/s). Figure 1c¢ shows the proton velocity vector as determined
by SWEAP Faraday Cup, and Figure 1d shows the plasma den-
sity as determined by quasi thermal noise fitting (Moncuquet
et al. 2020). The velocities shown are in the frame of the space-
craft. Figure le shows the time-series waveforms under study
(black = E,, blue = E,), sampled at 150,000 samples/s.

Key features of the near-f,, waves described in Malaspina
et al. (2020) are observed, including steady wave power near
0.7 f. and f,, and extensive harmonic structure. The back-
ground magnetic field points close to the nominal Parker spi-
ral direction for this radial distance from the Sun (~28.85 Ry).
The fluctuation amplitude of the magnetic field is low, such that

(<0B >/ <|B|>) ~63x1072, where 6B = [6B2 + 6B§ +6B2

and 0B, = B,— < B, >, and all averages are taken over the
~ 200 s interval shown in Figure 1b. The solar wind flow veloc-
ity is ~250 km/s in the frame of the spacecraft and the density is
~600 cm™3. One significant difference from the observations re-
ported in Malaspina et al. (2020) is that near- f,, waves observed
closer to the Sun than ~35 Rg (close approaches of encounters
4,5,6) often show broadband bursts of wave power in addition to
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prominent lines near ~0.7 f., and ~1.0 f,,. The prominent lines
become strong during the broadband bursts.

During this interval, the Debye length (1p) is ~ 1.9 m, the
electron gyro radius is ~97 m, |B| = 152nT, T, =~ 38 eV, and
the electron thermal speed is ~3,700 km/s. The electron gyro
frequency is f,. = 4,200 Hz and the electron plasma frequency
Jpe = 220,000 Hz, such that f,./ f.. = 52.

Fig. 1. Context plasma and magnetic field conditions for the studied
interval of near-f,, waves. (a) Spectrogram of the differential voltage
signals (Vi, + V34). The dashed white line indicates the local electron
cyclotron frequency. The dashed vertical black lines indicate the stud-
ied burst interval. (b,c) Ambient magnetic field vector and plasma flow
velocity, in the spacecraft frame, in spacecraft coordinates. (d) electron
density determined via quasithermal nose measurements. (e) burst cap-
ture electric field time series, in spacecraft coordinates.

Figure 2 shows spectrograms (8,192 samples / spectra) of
the burst data in Figure le. Here, the spectrogram frequencies
are normalized to f... Figure 2a shows the data between 0 and
10 fc., while Figure 2b shows the spectral power, summed across
the burst, at each frequency in Figure 2a. Figure 2c¢ and Figure
2d show the same data, but only between 0 and 1.5 f,.. The SCM
burst data show no signal discernible from noise during this burst
capture.

Several wave modes can be identified in these data. In Figure
2a, b, wave power between electron cyclotron harmonics up to at
least the 7th harmonic are visible. The strongest wave power for
this mode occurs 1 f,, < f < 2 f, and successively higher
frequencies have lower power. These signals do not appear at
integer multiple frequencies of each other. Instead, they appear
at variable frequencies between (N) f.. < f < (N+1) fe.
These properties are consistent with electron Bernstein waves
(Bernstein 1958). Electron Bernstein waves have been reported
in the Earth’s magnetopause (Li et al. 2020), near an inter-
planetary shock (Wilson et al. 2010), at the Earth’s bow shock
(Breneman et al. 2013) and within the Earth’s magnetosphere

(e.g. Christiansen et al. (1978)). In the inner terrestrial mag-
netosphere, these waves are often referred to as electron cy-
clotron harmonic (ECH) waves (e.g. Zhou et al. (2017) and ref-
erences therein). Electron Bernstein waves have been observed
in the non-shocked solar wind before, but associated with space-
craft charged particle release (Baumgaertel and Sauer 1989). The
presence of such waves in the open near-Sun solar wind is a
novel observation. Through the rest of this publication, we re-
fer to the electron Bernstein waves as ‘Type A’ waves. The Type
A wave power in the frequency range f.. < f < 2f.. has a cen-
ter frequency of ~ 5050 Hz, with a bandwidth of ~ 1500 Hz,
corresponding to a bandwidth (6 f/f) of ~ 31%.

Two other distinct wave modes are visible in Figures 2c and
2d. The higher frequency wave is designated “Type B’, and the
lower frequency wave “Type C’. Both are narrowband and show
time-variable frequencies, leading to summed power spread over
a range of frequencies. When wave power is averaged over sig-
nificant fractions of a second (as in the survey power spectra),
these are the waves producing the wave power peaks near ~1.0
fee (Type B) and ~0.7 f.. (Type C), in the statistical results re-
ported by Malaspina et al. (2020). The significant spread in fre-
quencies reported in Malaspina et al. (2020) is consistent with
time-variable frequencies of these waves. Properties of Type B
and Type C waves are explored below.

Fig. 2. Spectrograms of the high cadence electric field data from Fig-
ure le. (a) Fourier spectrogram of electric field data, with frequencies
normalized to the local f... (b) Sum of power spectral density at each
frequency over the ~ 3.5s burst interval. Horizontal dashed lines show
integer multiples of f,,. (c,d) Same data as (a,b), but spanning a nar-
rower frequency range.
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3.1. Type B: Extremely Narrowband fce Waves

The Type B waves shown in Figure 2c are extremely narrow
band, with a bandwidth of 6f/f =~ 3%. These waves vary in
frequency with time across the burst, but do not exceed f,,.

The wave frequency is observed to scale almost linearly with
variation in the angle between the background magnetic field and
the solar wind velocity (0pys,). Figure 3a shows 6p vy, across
the burst event. Here, the magnetic field data from the FGM is
down-sampled to one value per spectra (~0.055 s). Proton veloc-
ity moments are determined at a much slower cadence than the
fields data are sampled, so the closest (in time) proton velocity
moment is used for the solar wind velocity. The proton velocity
is steady during this interval (Figure 1). Figure 3b reproduces
the burst data electric field power spectra, but with a different
color scheme to emphasize the Type B and Type C wave power
peaks. The Type B spectral peak for each 8,192-sample spectra
is indicated using asterisk symbols, shifted down by ~200 Hz so
that both the narrow Type B peak and the symbols can be shown.
Gaps indicate times when the signal to noise ratio of the Type B
peak fell below 10. The symbols corresponding to different times
are colored differently. Figure 3c plots the Type B observed peak
frequency (in radians/s, weps) as a function of cos(fp ysy). The
colors match those in Figure 3b, and at least three intervals with
distinctly different slopes are visible.

Given the lack of significant magnetic field structure dur-
ing this event (Figure 1b, Figure 3a), and the lack of observa-
tional evidence for a significant electron flow during the event
under study, we conclude that any Doppler shift of wave fre-
quencies must be due to a combination of solar wind flow speed
and spacecraft motion. Wave frequency variation due Doppler
shift is given by wops = Wpiasma + [KlIVswlcos(Bk vsw), where wops
is the observed wave frequency, || is the magnitude of the wave
vector, |V,| is the solar wind speed in the frame of the space-
craft, wpiusmq 1s the proton-frame wave frequency, and 6 v, is
the angle between the wave vector and the plasma flow in the
frame of the spacecraft. In the case that wpigema, lkl, and |V,
are stable over the ~ 3.5s observation time, any change in w,p;
should be due to variation in cos(6yysy). Further, if k is ap-
proximately fixed with respect to B over this burst interval, then
Wplasma should vary linearly with 6p y,. That is, as the ambient
magnetic field direction fluctuates, the wave frequency should
also fluctuate. Further, if the stated assumptions hold, then a lin-
ear fit to wyps Vs. cos(Gkygy) yields an offset corresponding to
the plasma frame frequency (wpasma) and a slope corresponding
to |k||V,l. If the angle between k and B were known, one could
determine this linear fit.

While the burst examined so far is consistent with Doppler
shift as the origin of the frequency variation, a second example
shown in Figure 4 demonstrates the effect more clearly. Figure 4
has a nearly identical format to Figure 3, for an event recorded
near January 29, 2020, 17:15:47 UTC. In Figure 4b, the symbols
indicating the identified spectral peaks are shifted upward by 600
Hz so that the Type B spectral line is visible. Type B spectral
peaks cannot be clearly separated from other wave power near
[ after ~1.7 seconds into the event. At this time, a coherent low-
frequency ion scale wave was present, causing perturbations in
0p.vsw- The corresponding frequency variation of w, is striking,
and the fit to the data in w,ps- cos(Bp,yvy) space is linear.

3.1.1. Type B Doppler Shift Fitting

Returning to the data shown in Figure 3, estimates of |k| and
Wplasma €an be made, using the frequencies indicated in Figure 3a
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Fig. 3. Initial Doppler analysis for burst data recorded near 2020-06-
06/12:09:54 UTC. (a) Angle between the ambient magnetic field vector
(B) and the proton flow vector (Vy,). (b) Electric field spectrogram,
with color scale selected to highlight the Type B wave power. Colored
symbols indicate peak Type B frequency for each spectra, plotted with
an offset from the Type B spectral line so that both are visible. Orange,
red, and blue symbols correspond to three distinct slopes observed in
(c). The black dashed line indicates the local electron cyclotron fre-
quency. (c) Observed Type B wave frequency (radians/s) as a function
of the cosine of the angle shown in (a).

and the following procedure: B and Vj,, vectors are used to con-
struct an orthonormal coordinate basis defined by (B x V,,) X B,
B X V,,, and B. In this coordinate basis, the magnetic field
vector is B = [0,0, 1], and the solar wind velocity vector is
vy = [0.31,0,-0.95]. A range of possible unit vectors k are
defined using the polar angle 8 and azimuthal angle ¢. Each an-
gle pair (6, ¢) defines a direction of k with respect to B in each
spectral window, such that kgxyaxp = sin(@)cos(@), kpxvsw) =
sin(0)sin(¢), and kpy = cos(6). With these angle definitions, the
solar wind vector corresponds to [6, ¢] = [161.87,0°]. These an-
gles are defined such that 6 = 0 (§ = 180) points parallel (anti-
parallel) to B, and ¢ = +90 points along +B X V.

Givena IA<(9, ¢) and the measured Vy,,, the quantity cos(6y,vsw)
can then be determined. The Doppler shift equation (w,ps =
Wplasma + 1kl|Viylcos(Orvsy)) can be written as a simple linear
equation y = b + mx. Here, y is the Type B w,,, in each spectral
window. A least absolute deviation linear fit to the plot of y vs.
x yields a slope (;m = |k||V,|) and an intercept (b = wpiasma)- By
sweeping through all possible directions of &, performing such a
linear fit for each one, values of wpjusmq and |k| can be determined
across (6, ¢) space.

Figure 5 shows the ranges of wpismq and |k| that result from
applying this procedure to the later part of the wave in Figure 3a
(indicated by blue symbols). In Figure 5, regions of (6, ¢) space



Malaspina et al.: Electron Bernstein waves and narrow band plasma waves

Fig. 4. Same format as Figure 3, but for a burst event recorded near
2020-01-29/17:15:47 UTC. For this event, the frequency peak symbols
are not color coded, and they are offset upward in frequency for plotting.

that yield wpusma > wee Were removed from consideration. The
fit output for fyiasma/ fee 18 shown in Figure Sa and fit output for
|k] is shown in Figure Sb.

Type B wave frequencies, in the spacecraft frame, are not ob-
served to exceed the local f,, in this wave event or any of the oth-
ers examined thus far. If the plasma frame frequency is near f,,
then such asymptotic behavior can be understood as indicating
times when the Doppler shift becomes small. If the plasma frame
frequency is much greater than f,, then the observed asymptotic
behavior would require a Doppler shift sign and magnitude that
always produces f < f, in the spacecraft frame. Given the natu-
ral variation of vy, and k between wave event observations, this
is unlikely. Therefore we exclude solutions with f > f..

Negative frequency solutions are also excluded. A neg-
ative plasma frame frequency corresponds to a polarization
change between the spacecraft frame (positive frequency) and
the plasma frame. However, the observed Doppler shifts are
small relative to a wave with a plasma frame frequency near fce
(considering again that the observed Type B frequencies asymp-
tote to f = f..). Such small Doppler shifts are inconsistent with
reversal in polarization between the plasma frame and the space-
craft frame.

For the range of fpume considered, the wave vector K is
oblique, with 50° < 6 < 130°. Given the Debye length (~ 1.9m)
and electron gyro radius (~97 m), smaller values of |k| are more
physically reasonable: |k| = 0.15 (1/m) corresponds to a wave-
length of A = 42m. Requiring smaller values of || place k within
~ 30° of perpendicular to the plane defined by B and Vj,. If
Splasma TeMains close to f¢, (small Doppler shift), then the wave
is even more oblique (8 closer to 90°).

Fig. 5. Doppler analysis output for the data points colored blue in Figure
3. (a) Wave frequency, normalized to f,., and (b) wave number, in 1/m,
both as a function of the angles 6 and ¢ as defined in the text. Solutions
with |f| > f. are not plotted.

Figure 6 shows similar fit output to Figure 5, but for the ear-
lier part of the wave in Figure 3a (indicated by red symbols).
For these data, the wave vector Kk is most oblique for fpgmq far
from f.., and slightly less oblique for fj,um, near f.. The fit
output values of |k| are similar to those determined in Figure 5,
but slightly larger. The fit outputs from Figure 5 and Figure 6
overlap along the region of (6, ¢) space where f,iusma = fee-

One can now make another assumption: that the waves from
the earlier and later parts of the burst have similar plasma-frame
frequency (fpiusme)- If this is true, then the true k is localized
to the (6, ¢) region where Figure 5 and Figure 6 overlap, that is,
along the dark blue region of Figure 5a and Figure 6a. Combined
with the estimate that smaller values of |k| are more physically
reasonable, the following properties are now determined for the
Type B wave: (i) the wavelength is 21 < 2 < 42 m, given 0.15 <
|k| < 0.3 1/m, (ii) the wave vector is oblique, such that kis~70°
from B, (iii) k is ~ 60° from the plane defined by B and Vj,,
(iv) the plasma frame frequency (fpisma) 18 Within ~ 20% of the
local f... These are specific wave properties that can be useful to
identify the wave mode.

3.1.2. Type B Resonant Velocities

The wave properties estimated above can be used to estimate the
portion of the electron distribution function with which the Type
B waves resonate. In the case of Landau resonance, the resonant
portion of the distribution can be determined using wpjagma = V -
k. The component of the Landau resonance parallel to B satisfies
VI = Wplasma/( |kl cos(6kp) ). The analysis in the prior section
concluded that wpjagme * wce and k ~ 20° from perpendicular
to B, therefore cos(6rp) =~ cos(70°) ~ 0.17. Using these values
and 0.15 < |k < 0.3 (1/m) results in resonant velocities
that correspond to electron energies (&) of 0.19¢V < §; <
0.75 eV. The component of the Landau resonance perpendicular
to B satisfies v = wpiasma/( 1kl sin(6x ) ), and results in resonant
energies of 0.025¢V < &, < 0.10eV. In either case, these
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Fig. 6. Doppler analysis output for the data points colored red in Figure
3. Same format as Figure 5. Solutions with |f| > f. are not plotted.

resonant energies are low, near the center of the core electron
velocity distribution function.

In the case of cyclotron resonance, the resonant portion of the
distribution can be determined using wiasma = V-K+Nwc., where
N is a positive or negative integer and w., = 2rf.. Cyclotron
resonant velocities satisfy v = (wpiasma — Nwee)/( k] cos(Byp) ).
Because wpggma ® wee, and the goal is to obtain approximate
resonant energies, the assumption wpiusme = 0.98 we. is used
here, but is only important for the N = +1 cyclotron resonances.
Using all other assumptions from the Landau case, the N = 1
cyclotron resonance produces 0.00007¢V < &; < 0.0003¢V,
and N = —1 produces 0.74eV < & < 3.0eV. Extending to
N = £2results in 0.2eV < & < 0.8eVand 1.7eV < & <
6.7¢V, for positive and negative cases respectively. All resonant
energies discussed are in the plasma frame.

The —N resonances correspond to electron energies further
from the center of the electron core distribution, which may be
more realistic for these waves given the ~ 38eV electron core
temperature. In this formulation, negative values of N corre-
spond to the anomalous cyclotron resonance. With anomalous
cyclotron resonance, the resonant electrons’ guiding center ve-
locities are parallel to a component of the wave vector. For this
case specifically, B points within ~ 20° of sunward, and the
Doppler shift is such that Type B wave frequencies drop, so the
Type B wave vector points generally along B (sunward, against
the solar wind flow). Therefore, the resonant electrons guiding
center velocities are likely sunward, implying that Type B waves
are resonant with a portion of the sunward core electron distri-
bution.

3.2. Type C: Moderately Narrowband f,, / 2 Waves

The Type C waves shown in Figure 2¢ are moderately narrow
band, with a bandwidth of 6f/f ~ 12%. These waves vary in
frequency with time across the burst, but do not fall below f., /2.
Similar to the Type B waves, the Type C frequency variation
scales approximately linearly with variation in 0p v, Strikingly,
the frequency variation of Type C waves mirrors that of Type B
waves (Figure 2). Where Type B waves decrease in frequency,
Type C increase, and vice versa. When Type B waves asymptote
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to f.., Type C waves simultaneously asymptote to f,./2. The
mirrored Doppler shift suggests that the component of the wave
vector along the solar wind direction for these two wave types is
oppositely directed. The Type B wave vector appears to have a
component toward the Sun (Doppler frequency decrease), while
the Type C wave vector has a component away from the Sun
(Doppler frequency increase). This mirrored Doppler shift be-
havior is consistently observed in all of the half dozen burst data
events examined in detail where both Type B and Type C waves
are distinct (other events not shown here). A statistical study is
required to explore this behavior more generally, but is beyond
the scope of the present work.

The same Doppler shift fitting analysis that was applied to
the Type B waves can be applied to the Type C waves, but with
additional uncertainty in the results because the spectral peak
frequency of the Type C waves is not sufficiently distinct near
the central region of this event, where the strongest variation in
frequency occurs. Also, Type C waves are not as narrow band as
Type B waves, producing additional frequency scatter that makes
fits to the wyps Vs. cos(b.vsy) data more uncertain.

Figure 7 has the same format as Figure 6, but shows results
for Type C frequency peaks from the second part of the burst
event (after the most intense cyclotron power). Following similar
reasoning to the Type B analysis, the following properties are
determined for the Type C wave: (i) 0.08 < |k| < 0.15 1/m, (ii) a
wave vector with k ~ 5° from perpendicular to B, (iii) & less than
~ 30° from perpendicular to the plane defined by B and Vj,,, (iv)
a plasma frame frequency (fpiasma) Within ~ 20% of f../2.

Considering Landau resonance for Type C waves, using
cos(Orp) = cos(85%) and 0.08 < [k| < 0.15 (1/m), one finds
that3eV < & < 10eV and 0.02eV < &, < 0.08eV. With cy-
clotron resonance, these values produce 0.80eV < & < 2.9¢V
for N =1,and 6.5¢V < & < 23.0eV for N = —1. For Type C
waves, as was determined for Type B waves, all estimated reso-
nant energies are low, near the center of the electron core distri-
bution. Again, all resonant energies discussed are in the plasma
frame.

Fig. 7. Doppler analysis output for the Type C frequency peaks after
the most intense cyclotron power. Same format as Figure 5. Solutions
outside the range 0.45f., < |f| < 0.8f,, are not plotted.
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3.3. Type B and Type C Polarization

Polarization is another useful piece of information to help iden-
tify wave modes. Polarization determination in this case is some-
what hampered by having only two reliable electric field mea-
surement directions (in plane of the heat shield), but much can
still be determined.

Figure 8a shows the wave power spectrogram of the burst un-
der study. Horizontal dashed lines indicate f, and f,./2. The ver-
tical solid lines indicate the central region, where Type A wave
power maximizes. Figure 8b and Figure 8c show the results of
a cross-spectral analysis conducted on the two electric field sig-
nals shown in Figure le. These signals are orthogonal, since they
are rotated into spacecraft coordinates. A filter has been applied
such that any cross-spectral result spectral bin with wave power
below 2 x 107! (V/m)?/Hz is not plotted. This is done to iso-
late the Type A, Type B, and Type C waves. The cross-spectral
analysis was conducted in the plane of the heat shield, since only
those two signals are well-calibrated for this event.

Figure 8b shows a spectrogram of degree of polarization. All
three wave types show a high degree of polarization, indicat-
ing strong coherence between the two input signals. Figure 8c
shows a spectrogram of wave ellipticity, defined as the ratio of
the minor axis to the major axis for the ellipse transcribed in
the plane of the heat shield by the signal in each spectral bin.
Red colors correspond to right handed polarization, blue colors
to left-handed polarization. The maximum magnitude of calcu-
lated polarization is ~ 0.7, indicating elliptical polarization in
the plane of the heat shield.

Fig. 8. Type B and Type C cross-spectral analysis. (a) Electric field
spectrogram near f,.. Dashed horizontal lines indicate f,, and f../2. (b)
Degree of polarization spectrum from cross-spectral analysis. (c) Wave
ellipticity spectrum from cross-spectral analysis. Vertical lines indicate
the region of strongest Type A wave power.

From Figure 8c, it can be seen that Type A waves are right-
hand polarized, consistent with the interpretation that these are
electron Bernstein waves. Outside the central region, the Type A
polarization is mixed and difficult to determine given the rela-
tively low wave power in these signals. Type B waves are right-
hand polarized outside the central region, and Type C waves are
left-hand polarized outside of the central region. Within the cen-
tral region, Type B and Type C signals become more ambiguous.
Type B and Type C wave frequencies go to f. and f../2, respec-
tively, in the central region. The degree of polarization falls for
Type B waves, and the ellipticity becomes scattered, at times
appearing left hand polarized. This is difficult to interpret phys-
ically, as the Type A and Type B signals become mixed during
this interval. The Type C polarization changes to right-handed
within the central region, as the wave power becomes much more
diffuse in frequency, and a distinct spectral peak is not observed.
This too is difficult to interpret physically, as the Type C signals
become mixed with other wave power present during this inter-
val near f./2.

4. Discussion

From the above analysis, Type B waves have the following prop-
erties: (i) a plasma-frame frequency near f,., (ii) right-hand ellip-
tical polarization, (iii) wave vector magnitude of 0.15 < |k| < 0.3
1/m, (iv) wave vector direction ~ 20° from perpendicular to B
with a sunward component on either side of the central region,
(v) resonance with low energy electrons, close to the center of
the electron core distribution, possibly anomalous cyclotron res-
onance, and (vi) frequency variation (presumed due to Doppler
shift) which mirrors that of the Type C waves.

Type C waves have the following properties: (i) a plasma-
frame frequency near f../2, (ii) left-hand elliptical polarization,
(iii)) wave vector magnitude of 0.08 < |k| < 0.15 1/m, (iv)
wave vector direction ~ 5° from perpendicular to B with an
anti-sunward component on either side of the central region, (v)
resonance with low energy electrons, close to the center of the
electron core distribution, possibly anomalous cyclotron reso-
nance, and (vi) frequency variation (presumed due to Doppler
shift) which mirrors that of the Type B waves.

Given these properties, as well as the amplitude variation of
Type A (electron Bernstein) waves across the burst event, we
conclude that the central region is likely a source region for all
three types of wave. This conclusion is based on the observa-
tion that Type A (electron Bernstein) wave power maximizes in
this region, and the observation that Type B and Type C wave
frequencies asymptote to ~ f,, and ~ f./2 in this region. If
this is a source region, then waves will generally radiate away
from it. But one needs to reconcile this concept with the obser-
vation that the Doppler shift for both Type B and Type C waves
has the same sense (down for Type B, up for Type C) on either
side of the source region. The source region is assumed to be
a cylinder. This assumption is based on the gyrotropic nature of
electrons in the ambient solar wind, combined with the observed
lack of magnetic field structure at the time when the Type A wave
power maximizes (less than 1 degree variation of the magnetic
field vector, see Figure 3a).

If the source region is cylindrical and elongated along B, then
the combined solar wind and spacecraft velocity cause the struc-
ture to pass over the spacecraft at a small angle relative to the
source region long axis. If the Type B wave vectors are tilted ev-
erywhere along B (in a cone opening generally sunward), then
the sign of the k - V,, Doppler shift term on either side of the
source region would be negative, consistent with Figure 2b. Sim-
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ilarly, if the Type C wave vectors are tilted everywhere against
B (in a cone opening generally anti-sunward), then the sign of
the k - V,, Doppler shift term on either side of the source region
would be positive, also consistent with Figure 2b. Further, if the
Type A (electron Bernstein) wave vectors were close to perpen-
dicular with B, but radially outward from the cylindrical source
region, then the Type A frequency would be slightly higher at the
start of the event and slightly lower at the end of the event. There
is an indication of this behavior in Figure 2b, comparing the fre-
quencies of Type A wave power near 0.5 s (~1.3 f,.) and near 3
s (~1.15 f..). The schematic cartoon in Figure 9 summarizes this
source region concept. Here, the cones indicate the relative wave
vector direction for each type of wave, but all types of wave are
meant to originate from points along the full length of the source
region cylinder.

Fig. 9. Cartoon schematic of the observed near-f,, source region.

The estimated wavenumber ranges and orientations for Type
B and Type C waves allow estimates of plasma-frame wave-
lengths. For Type B, 61 < 4 < 122 m, and 22 < A4, < 45
m. For Type C, 480 < 4 < 901 m, and 42 < 1, < 79 m. All of
these estimated wavelengths are one to two orders of magnitude
longer than the Debye length (1p ~ 1.9m). The perpendicular
wavelengths are similar to fractions of the electron gyro radius
(pe ~ 97 m) such that for Type B 1/4p, < A, < 1/2p,, and for
Type C 1/2p, < 1, < 1p,.

Both Type B and Type C parallel wavelengths are signifi-
cantly smaller than the lower bound source region extent along
B, a necessary condition for wave growth in this region. The
source region is observed for ~ 1s. Assuming that it is embed-
ded in the solar wind flow, it is moving ~ 250 km/s radially away
from the Sun in the frame of the spacecraft. Assuming that it ex-
tends along B, and accounting for the 163 angle between B and
V., the lower bound source region extent along B is ~ 260 km,
much larger than the estimated parallel wavelengths.

A comparison of the observations and the source region pic-
ture presented above shows at least one unresolved discrepancy.
If Type B waves have a plasma frame frequency close to f.,
and they are resonant with electrons, then they should be right-
hand polarized in the plasma frame. If Type B waves have a
sunward wave vector (consistent with anomalous cyclotron res-
onance, discussed in section 3.1.2), then Doppler shift will re-
duce their observed frequency by a small amount relative to their
plasma frame frequency. With these properties (Wpiagma = @ jfee,
sunward &, small Doppler shift), Type B waves should be right-
hand polarized in the spacecraft frame. This is consistent with
the observed polarization in Figure 8.

However, if Type C waves have a plasma frame frequency
close to f../2, and they too are resonant with electrons, then
they should also be right-hand polarized in the plasma frame.
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If Type C waves have an anti-sunward wave vector, consistent
with a Doppler shift up in frequency, by an amount small com-
pared to their plasma frame frequency, then one expects that
Type C waves will also be right hand polarized in the spacecraft
frame. Yet the observed polarization in Figure 8 indicates left-
hand. This discrepancy remains unresolved, and likely requires
a study that treats more than one burst event.

For both events presented here, the Type B wave fre-
quency in the spacecraft frame approaches the electron cyclotron
frequency in the source region, where the wave emission is
strongest. If our Doppler shift interpretation of the wave fre-
quency variation in time is correct, then why should the Doppler
shift consistently minimize in the source region, where presum-
ably the k and vy, vectors have an arbitrary orientation from
event to event?

The physical quantities that produce Doppler shift are |vy,,|,
|k|, and cos(Bk sy ). Inside and outside the source region, we know
that |v,,| is steady to our ability to measure it, and cos( ysy)
should be somewhat arbitrary from event to event. Although
cos(Bxvsv) 1s not completely arbitrary, as the waves under study
only appear when vy is within ~ 207 of parallel to radially out-
ward from the Sun (Malaspina et al. 2020).

This leaves the possibility that k| may be smaller inside the
source region than outside. This could reduce the Doppler shift
in the source region, and bring the wave frequency closer to its
plasma frame value. There is some observational support for this.
Looking at the blue points in Figure 3c, there is a small cluster of
points in the upper left, where the slope of the best-fit line would
be shallower than the slope of the best-fit line to the majority
of the blue points. This cluster of points corresponds exactly to
the points in the center of the source region. A linear fit to these
points alone, for any value of 6, ¢ produces a slope, and therefore
|k|, which is smaller by ~ 40% than the |k| determined using the
rest of the blue points. However, only this one event has been
examined to this level of detail, and we do not yet know if a
smaller || in the source region is a consistent property of these
waves.

A second change in the wave spectra also occurs in the strong
emission (source) regions: the wave bandwidth increases. This
behavior can be seen in Figure 2¢ near 1.3 seconds and is ob-
served for Type A, Type B and Type C waves. The waves cre-
ated in the a region should produce a distribution of wave vec-
tors within the source region that is more isotropic with respect
to the background magnetic field direction compared to the dis-
tribution of wave vectors outside of the source region. The more
isotropic the distribution of wave vectors is, the broader the wave
bandwidth should be, as each wave vector produces a slightly
different Doppler shift. This is consistent with the observations.

A broader study is required to determine if these are general
behaviors of the wave types studied here.

4.1. Potential Driving Instabilities

The instability or instabilities driving the observed waves are
not definitively determined in this analysis, but we discuss some
possibilities here. The first is electron cyclotron drift instability
(ECDI) (e.g., Forslund et al. 1970, 1971, 1972). The free energy
for the ECDI is a cross-field drift between electrons and ions,
specifically ions moving across the magnetic field. Waves radi-
ated by this instability are observed as a coupling between elec-
tron Bernstein modes and Doppler-shifted ion acoustic waves.
The ECDI is highly unlikely to be responsible for the waves stud-
ied here as magnetic field field fluctuations are small. Without
strong magnetic field gradients, like those at collisionless shocks
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for example, it is not clear how to generate a sizeable ion beam
moving across the magnetic field relative to the the core ions and
electrons moving with the solar wind.

It is also possible to generate cyclotron harmonics with an
electron beam drifting across the magnetic field. This instability
requires that a fraction of the electrons drift with the E X B- and
V B-drifts at a magnetic field gradient (e.g., Gary and Sanderson
1970). Again, magnetic field field fluctuations are small during
the interval examined here so this instability is not likely to be
active.

Another possibility for generating the observed waves is
through nonlinear wave-wave interactions. This class of process
usually requires a pump wave to amplify or couple to oscilla-
tions that mode convert to other daughter modes. Harker and
Crawford (1968) showed that a pump wave could generate two
daughter waves in a form of traveling wave parametric amplifi-
cation, one of which would be cyclotron harmonic waves. The
daughter waves were expected to have k Vr./Q.. < 3 but our re-
sults suggest values >10. This process requires a very uniform
plasma and magnetic field, which is suggestive since the modes
investigated here occur during regions of low magnetic turbu-
lence (Malaspina et al. 2020).

A more recent study found that an electromagnetic pump
wave can decay into an ion acoustic wave and electrostatic elec-
tron Bernstein mode (e.g., Kumar and Tripathi 2006). This study
also found that the converse can occur, i.€., an electrostatic elec-
tron Bernstein wave in the presence of low frequency, low wave-
length ion acoustic wave can generate electromagnetic electron
cyclotron harmonics. The expected wave number for the electron
Bernstein waves is k p.. ~ 2 while our observations suggest k p,.,
> 10 for the Type B waves and >7 for Type C waves.

Another possible candidate is a loss-cone instability (e.g.,
Ashour-Abdalla and Kennel 1978; Ashour-Abdalla et al. 1979).
This instability is expected to grow for 3 < k pe.n < 15, where
Pece.n 1s the thermal gyroradius of the hot electrons (sunward hot
electrons in our work) and higher harmonics are expected at
larger values of k p.. . The suprathermal electron temperature
is typically ~2.5-5.0 times that of the core and total at both 1
AU and as close as 0.17 AU (e.g., Halekas et al. 2020a; Wil-
son IIT et al. 2019). Using this range we find p.., ~ 146-208
m, which gives us k p.., ~ 22-62 for Type B and ~11-31 for
Type C, values beyond the range of k p.., where growth is ex-
pected. Finally, variations on the loss-cone instability have been
performed using a stationary (in the plasma frame) perpendicu-
lar ring-beam combined with a core (e.g., Maxwellian) velocity
distribution but again the expected wave numbers are k p., < 3
(e.g., Hadi et al. 2015).

In the case studied here, a loss cone cannot form in the anti-
sunward direction, as the hot electrons in that direction form the
strahl beam, which adiabatically narrows as these electrons es-
cape the solar corona (e.g. (Ber¢ic et al. 2020) and references
therein). However, at the studied radial distances from the sun,
the strahl electron population has only just begun to scatter into
the isotropic halo (Halekas et al. 2020b). There is a possibility
that a loss cone can form in the sense that the sunward portion
of the halo may not yet be populated (via strahl scattering) at
these radial distances. While the SPANe instrument does have
an unobstructed field of view in the anti-sunward direction, the
angular resolution in that direction is limited, which would not
allow the detection of a loss cone if it was narrower than ~ 20°.
Further, the analysis presented earlier indicates that the Type B
and Type C waves are resonant with electrons at much lower en-
ergies than those active in a loss cone instability as discussed
here.

Only some of the above possibilities can explain one of
the more difficult issues pertaining these observations, the po-
larizations. There are no known instabilities that would gen-
erate electron-scale fluctuations in this frequency range with
a left-hand polarization. That is, none of the above instabili-
ties could generate an intrinsically left-hand polarized oscilla-
tion with wavelengths at or below the electron gyroscale. The
only potential mode is the ion acoustic wave in its electromag-
netic form, but whether it can persist in this frequency range
at these wavelengths while still being electromagnetic is not
known. A possible source of ion acoustic modes is a nonlin-
ear wave-wave interaction, as discussed above, but these specific
processes should generate the electrostatic version of the wave.
The expected wavelength of the ion acoustic mode is consistent
with the estimates for the Type C waves, however. When the
wave normal angle of an ion acoustic wave is large, as estimated
here for the Type C waves, then the wave should be electromag-
netic not purely electrostatic.

Another complication is that of Doppler-shifting. The left-
hand polarization of the Type C mode in the spacecraft frame is
clear. The problem is that with our estimates for k ~ 0.08-0.15
m~! and the measurement of Vsw ~ 250 kmy/s, the maximum
Doppler-shift possible for the Type C mode is only ~3-6 kHz
(i.e., assuming 6,, ~ 0°). However, our estimates of k were de-
rived under constraints that suggested 6,, could be as small as
~50°. Then the Doppler-shift range for Type C waves drops to
~2.0-3.8 kHz. The Type C waves are seen at ~2.5-3.1 kHz in the
spacecraft frame, so their rest frame frequencies, were the polar-
ization to be reversed, would need to be <1 kHz. If the Type
C waves are intrinsically left-hand polarized, then they must be
Doppler-shifted to higher frequencies in the spacecraft frame.
However, this poses a problem as we are not aware of a left-
hand polarized mode with k p., > 7, i.e., wavelength well below
the thermal electron gyroradius.

5. Conclusions

This study examined high-cadence burst data captures of elec-
tric and magnetic fields of near-f,, waves in the near-Sun solar
wind. It was determined that these waves correspond to at least
three separate, simultaneously occurring, wave modes, referred
to as Type A, Type B, and Type C. Type A waves are identified
as electron Bernstein waves given the frequency distribution of
their prominent harmonics. The modes of the Type B and Type C
waves were not conclusively identified, but many of their prop-
erties were estimated, including their wave numbers (Type B
~0.23m™!, Type C ~ 0.12 1/m), wave vector direction (Type B
~ 70°, Type C ~ 85, from the ambient B-field direction), po-
larization (Type B right-hand elliptically polarized, Type C left-
hand elliptically polarized, in the frame of the spacecraft), and
frequency variation. The two wave types appear to be intimately
connected, with opposing frequency variation in time, though
with different magnitudes (df / f varies by ~ 10% for Type B
waves and ~ 30% for Type C waves across the studied event)..
Resonant electron energies were estimated based on observed
wave properties, indicating that these waves grow from an insta-
bility active near the center of the electron core population. By
comparing the frequency and wave vector characteristics of all
three waves, a source region geometry was suggested.

While only a single wave burst was examined in detail here,
the prior statistical study (Malaspina et al. 2020) demonstrated
that these near-f,, waves can persist for minutes to hours, oc-
curring on magnetic field lines close to the theoretical Parker
spiral geometry with low fluctuation amplitudes. These near-f.,
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waves are only observed in the near-Sun environment, and be-
come stronger and more frequently observed close to the Sun,
preferentially occurring when the electron core shows strong
Sunward drift.

These properties indicate that these waves grow along field
lines most directly connected to the solar corona, which there-
fore contain electrons that have undergone the least evolution
since escaping the corona. Therefore, the waves studied here
likely play an important role in the near-Sun evolution of the
solar wind electron distribution function, particularly concern-
ing the evolution of the cold core population as it interacts with
the escaping strahl electrons.
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