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ABSTRACT

Context. Solar wind evolution differs from a simple radial expansion, while wave-particle interactions are assumed to be the major
cause for the observed dynamics of the electron distribution function. In particular, whistler waves are thought to inhibit the electron
heat flux and ensure the diffusion of the field-aligned energetic electrons (Strahl electrons) to replenish the halo population.

Aims. The goal of our study is to detect and characterize the electromagnetic waves that have the capacity to modify the electron
distribution functions, with a special focus on whistler waves.

Methods. We carried out a detailed analysis of the electric and magnetic field fluctuations observed by the Solar Orbiter spacecraft
during its first orbit around the Sun, between 0.5 and 1 AU. Using data from the Search Coil Magnetometer and electric antenna, both
part of the Radio and Plasma Waves (RPW) instrumental suite, we detected the electromagnetic waves with frequencies above 3 Hz
and determined the statistical distribution of their amplitudes, frequencies, polarization, and k-vector as a function of distance. Here,
we also discuss the relevant instrumental issues regarding the phase between the electric and magnetic measurements as well as the
effective length of the electric antenna.

Results. An overwhelming majority of the observed waves are right-handed circularly polarized in the solar wind frame and identified
as outwardly propagating quasi-parallel whistler waves. Their occurrence rate increases by a least a factor of 2 from 1 AU to 0.5 AU.
These results are consistent with the regulation of the heat flux by the whistler heat flux instability. Near 0.5 AU, whistler waves are
found to be more field-aligned and to have a smaller normalized frequency (f/ f..), larger amplitude, and greater bandwidth than at
1 AU.

Key words. waves — methods: data analysis — solar wind — Sun: heliosphere

1. Introduction

The properties of the solar wind are known to change along
its propagation in the interplanetary space. Velocity distribution
functions (VDF) of ions and electrons are supposed to be far
from equilibrium in the source region of the wind, even under
quiet conditions, and the observed dynamics of the different con-

stituents of the wind still raises several questions. Our study is
associated with the lightest wind constituent, namely: electrons.
It is widely accepted that electrons carry the major part of the
heat flux, both in the fast and slow wind, thus their role in the
energy balance is very important.

Electron VDF consists of four components. Three are isotropic:
the thermal core distribution, the energetic halo distribution in
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the energy range from hundreds of eV to several keV, and the
even more energetic population, that is, the superhalo, rang-
ing from several keV to several hundreds keV. The fourth
population, the so-called strahl, is quite strongly anisotropic
and consists of magnetic field-aligned and outwardly propa-
gating energetic electrons in approximately the same energy
range as the halo (Rosenbauer et al. 1977; Feldman et al. 1978;
Pilipp et al. 1987a,b). It is supposed that the heat flux in the slow
and fast wind is carried by different populations of suprathermal
electrons. In the slow wind, it is carried by the halo because of
its drift velocity shifted in opposite direction in the plasma refer-
ence frame, while in the fast wind, it is carried by the Strahl pop-
ulation. Suprathermal electrons are supposed to be created in the
tenuous low corona and their evolution is supposed to be weakly
collisional or collisionless. This suggests that their dynamics is
mainly determined by the wave particle interactions.

In the fast wind, it has been deduced (Maksimovic et al.
2005) from HELIOS measurements that the strahl population
significantly decreases between 0.5 AU and 1 AU, while the
halo population increases at the same time. Whistler waves are
assumed to play an important role in the angular diffusion of the
strahl electron, and this is supported by the recent observations
of Jagarlamudi et al. (2021) who found an increase of the elec-
trons pitch angle widths in the presence of whistler waves. Par-
allel whistler waves, however, do not ensure an effective angular
diffusion of the strahl electrons and it has been proposed that
the diffusion is provided by oblique whistler waves that may be
generated when the strahl population has a narrow angular width
(e.g., Vasko et al. 2019).

Additionally, the estimates of the heat flux based on mea-
surements of the electron VDF are often found to be signif-
icantly smaller than the Spitzer-Harm (Spitzer & Hirm 1953)
collisional heat flux (Feldman et al. 1976). This implies that
wave particle interactions play an important role in the heat
flux inhibition. One of the possible mechanisms that may con-
tribute to this is the diffusion of suprathermal halo electrons
resulting in the decrease of the halo relative velocity as a result
of their interaction with whistler waves. It has been shown by
several authors (Gary et al. 1975, 1994; Feldman et al. 1976)
that in the slow wind, the heat flux instability can create quasi-
parallel whistler waves that may scatter the suprathermal elec-
trons and therefore regulate the heat flux. Such a mechanism
is supported by several observations. Using CLUSTER data,
Lacombe et al. (2014) found in about 10% of the analyzed spec-
tra the presence of field-aligned, narrow-band, and right-handed
circularly polarized waves, which they interpreted as whistlers,
finding that their presence was favored by a larger heat flux.
Tong et al. (2019a,b) presented observations consistent with the
whistler heat flux instability (WHFI) producing quasi-parallel
whistlers. However, Vasko et al. (2020) also suggested that the
WHEFI cannot efficiently regulate the electron heat flux and
that its reduction could be attributed to anti-parallel whistlers
produced by some other instability (e.g., whistler temperature
anisotropy instability; WTAI). It is more difficult to detect these
anti-parallel whistlers because they have lower frequencies and
often smaller amplitude than parallel whistlers. During the first
perihelion of Parker Solar Probe, Agapitov et al. (2020) found
the presence of numerous sunward whistlers whose propagation
direction relative to the background magnetic field varies from
aligned to oblique. Oblique whistlers in their turn can very effi-
ciently diffuse suprathermal electrons (Parail & Pogutse 1978;
Vasko et al. 2019). More recently, Halekas et al. (2021) analyzed
the heat flux properties observed by Parker Solar Probe near the
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Sun (0.125-0.25 AU) and found that its regulation is consistent
with oblique whistlers and magnetosonic wave modes.

Whistler waves are therefore likely to play an important role
in solar wind dynamics, although there is no consensus at present
regarding how they are generated under different solar wind con-
ditions and how efficiently they affect the energetic electron pop-
ulation. Solar Orbiter provides us with a great opportunity to
explore the role of the whistlers in the solar wind dynamics.
Chust et al. (2021) analyzed in detail three wave events observed
by Solar Orbiter and found them to correspond to outwardly
propagating whistler waves. In this paper, we extend these results
by presenting an overview of the waves observed above 3 Hz by
the Solar Orbiter RPW experiment between 0.5 AU and 1 AU
during its first orbit. We characterize the waves in detail and
demonstrate that the wind is populated by quasi-parallel out-
wardly propagating whistler waves. Then we investigate how the
whistler waves properties vary with the heliocentric distance.

Whistler waves at similar distances were observed by the
HELIOS spacecraft in the 1970s but in less detail. They were
first analyzed by Beinroth & Neubauer (1981) and more recently
by Jagarlamudi et al. (2020). The authors used the data obtained
by only two components of the search coil magnetometer, which
limited their analysis of the dependence of amplitudes upon dif-
ferent parameters. Some of our results show some disagreement
with these previous studies. It is worth recalling that there were
other statistical studies of whistler waves in the solar wind at
1 AU, in particular using CLUSTER (Lacombe et al. 2014) and
ARTEMIS (Tong et al. 2019a) spacecraft measurements. To the
exception of Lacombe et al. (2014) at 1 AU, none of these sta-
tistical analyses could make a complete polarization analysis
to experimentally demonstrate that the observed waves actually
correspond to whistlers waves. Here, we compare our results
with these previous studies when possible.

The paper is organized as follows. Section 2 presents the
data and the wave detection method. In Sect. 3, we determine
the wave polarization and propagation direction, discussing the
method and instrumental issues in detail. Section 4 presents the
variations of the wave properties with the heliocentric distance
and we present our conclusions in Sect. 5

2. Data and analysis

Our analysis is based on measurements carried out between
March 1, 2020 and December 3, 2020, using the mag-
netic and electric antennas (respectively SCM -Search Coil
Magnetometer- (Jannet et al. 2021) — and ANT) of the Radio
and Plasma Waves (RPW, Maksimovic et al. 2020) experiment
on board Solar Orbiter. The data cover slightly more than the
first orbit, at distances between 0.51 and 0.98 AU from the Sun.
Snapshot waveforms of the fluctuating magnetic field and elec-
tric antenna voltage differences are regularly recorded at 256 Hz,
4kHz and 25 kHz by the Low Frequency Receiver (LFR). With
the three electric antenna being in the same plane, we can only
access components of the electric field in that plane. Therefore,
here we use the spacecraft reference frame (SRF) that is most
often closely related to the RTN frame (X ~ —-R, Y ~ -T,
Z ~ N). As explained in Maksimovic et al. (2020), computing
the E, component requires the combination of two different mea-
surements, which makes this quantity less reliable at this early
stage of the mission. We therefore focus on the E, component
that is determined as follows: E, = —V»3/L,, where L, is the
effective length which will be discussed later. A few solar wind
signals were recorded by SCM above 128 Hz and we considered
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Fig. 1. Example of RPW/LFR snapshot at 256 Hz and wave packet
detection. Three first rows show the background magnetic field, and the
AC magnetic (X, Y, and Z components), and electric field (Y and Z
components). Horizontal dashed lines shows three times the noise level
and vertical dashed lines indicate the detected wave packets. Fourth row
shows the magnetic and electric power spectra. Fifth row show the min-
imum variance analysis and hodogram for the longest wavepacket, indi-
cated in the AC electric field panel (third row).

only the snapshot acquired with a sampling frequency of 256 Hz,
each of them having a duration of 8 s.

At this early stage of the mission, there are two uncertain-
ties in the RPW measurements that we had to deal with: the
first one was pointed out and discussed in detail by Chust et al.
(2021) and it concerns a systematic, non-frequency-dependent,
phase shift (also called phase deviation in the following) between
the magnetic and electric measurements. However, because for
electromagnetic waves aligned with the background magnetic
field, as the ones that we are going to describe, E and 6B
must be perpendicular, this observed phase shift can be identi-
fied and corrected, although its origin is still unclear for now.
The second uncertainty is the effective length L, of the electric
antenna, which appears to be a difficult quantity to characterize
in the interplanetary medium, as reported by Mozer et al. (2020)
on Parker Solar Probe. Steinvall et al. (2021) estimated it for
Solar Orbiter by performing a deHoffmann-Teller analysis and
comparing velocity measured by the Proton-Alfa Sensor (PAS)
of the Solar Wind Analyser (Owen et al. 2020, SWA). We find
similar values of L, by comparing the theoretical and observed
phase velocity of whistler waves, as presented in Sect. 3.3, which
will allows us to identify the anti-sunward propagation of these
waves.

We also used the following data, when available: the electron
density from RPW (Khotyaintsev et al. 2021), the measurements
of the Solar Orbiter DC magnetometer MAG (Horbury et al.
2020) —which allows us to retrieve the direction of the back-
ground magnetic— field and the measurements of the solar wind

moments acquired by the Solar Wind Analyser (SWA) instru-
ment (Owen et al. 2020).

Our objective is to automatically detect the waves and com-
pute their parameters. We have chosen a conservative approach
that allows for false detections, which we removed afterwards
by applying various additional criteria. We analyzed a snapshot
if its 8 s average spectrum was at least three times larger than
the background spectrum in a frequency band of at least 1 Hz.
The background spectrum was determined as the daily median
spectrum, which gave good results as intervals containing waves
occupy only a small fraction of the observations. A similar level
of detection was obtained by using a threshold on the coherence
between the magnetic components. For each 8 s snapshot with
waves, we performed a standard analysis by computing the aver-
age magnetic spectral matrix (df = 2Hz) and determining the
frequency band and maximum frequency of the waves, as well
as the k vector direction (with a 7 ambiguity but k was initially
forced to be in the same half plane as the background magnetic
field, By). We also evaluated the degree of polarization and the
ellipticity of the waves. This was done in two ways: by comput-
ing them directly from the observed spectral matrices, as sug-
gested by Means (1972), and by doing a singular value decompo-
sition analysis of this same matrix, as proposed by Santolik et al.
(2003). The results from the two methods agree very well with
each other and the choice of one or another does not make differ-
ences for the statistical results presented here. For each snapshot,
we kept the values of the wave parameters obtained at the fre-
quency corresponding to maximum of the normalized spectrum.

To gain deeper insights into the observed waves, we added a
procedure for detecting individual wave packets within a snap-
shot. We first pass-band filtered the magnetic and electric wave-
forms in the frequency band determined by analyzing the 8s
averaged spectrum. Next, we selected periods where the mag-
netic field root mean square (rms) was found to be three times
higher than the noise level for at least four periods, which defines
a wave packet. Wave packets separated by less than 1.5 peri-
ods were merged. Figure 1 shows as an example a snapshot
observed on June 16, 2020, near 15:30. Two wave packets were
detected on that snapshot, while the shorter wave packet around
15:30:19 does not remain for enough time above our threshold to
be detected. The properties of individual wave packet were deter-
mined both via a Fourier analysis to retrieve the wave ampli-
tudes and phases as well as via a minimum variance analysis
(MVA, Sonnerup & Scheible 1998) of the magnetic waveforms
to retrieve the direction of the wave vector (). We also esti-
mated their planarity and ellipticity by using the ratio of the
singular values (Santolik et al. 2003). In comparison to the 8s
average spectral matrix, we can perform a single (non averaged)
Fourier transform as the analysis is limited to the time where the
wave signal is significant and, thus, the incoherent noise to be
averaged is less relevant.

The quality of the wave parameters deduced from individual
wave packet depends on their duration and signal to noise ratio
(S/N), meaning that we observed a greater dispersion among
the values for shorter wave packets. One advantage of analyzing
individual wave packets resides in the possibility to better deter-
mine the temporal filling factor of the waves; we also aimed at
performing a more precise analysis of faint wave packets whose
signal in the spectrum would be relatively weak.

The detection methods described above sometimes commit
errors that may be caused by some spacecraft or instrumental
interferences. We used additional criteria to remove some obvi-
ous erroneous detections, caused by signals from the platform
or instrumental problems, as well as “waves” with a planarity or
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ellipticity (as deduced from the average spectral matrices) less
than 0.6, or with a phase shift between the maximum and inter-
mediate components in the wave frame that stray from [90|° by
more than 10°. By doing so, we focused on circularly polarized
waves but the inspection of the events with low value of pla-
narity or ellipticity points preferably towards instrumental inter-
ferences rather than actual solar wind signals, although this later
explanation cannot be ruled out at this stage. Due to the presence
of interferences and the low sensibility of SCM at low frequen-
cies, we considered only frequencies above 3 Hz and, finally, we
kept only the events for which we dispose measurements of the
DC magnetic field.

We ended up with 5035 spectra computed over 8 s and 17362
associated wave packets, most of which have a right-handed cir-
cular polarisation and are quasi-aligned with the magnetic field,
as described in the next section.

3. Wave polarization and propagation direction

In this section, we analyze in detail the wave properties, first in
the spacecraft frame and then in the plasma frame, in order to
identify the wave modes as unambiguously as possible. The top
panel of Fig. 2 shows the spectrogram of the detected events
in chronological order, but with a non linear time scale. The
distance of the Sun at which they were observed is indicated
as well. We can note the traces of interferences and artefact
signals as horizontal straight lines. There are almost no waves
observed in the frequency range above approximately 90 Hz and
an overwhelming majority lie in the frequency range from 0.04
to 0.3 f.e, with a maximum around 0.1f.. (f. is the electron
gyrofrequency) in the spacecraft reference frame. The group of
waves with frequencies clearly above 0.1 f;. that occurred at the
beginning of the orbit around 0.85 AU corresponds to a strong
magnetic perturbation (possibly a magnetic cloud or ICME) that
crossed Solar Orbiter on April 13, 2020. We often treat the waves
registered during this perturbation separately and focus on waves
observed during less perturbed time intervals.

The middle panel shows the power spectral density of the
magnetic field for each wave packet. As can be seen from the
color code, most of the waves are quasi-aligned with the back-
ground magnetic field. A few of them have a significant devia-
tions from parallel propagation: 1.5% have an angle greater than
40° and 0.9% have an angle greater than 60°. It is noticeable that
these waves also have a lower amplitude of the magnetic field,
as expected for oblique whistler mode waves.

The polarization of the wave packets in the spacecraft frame is
shown in the bottom panel of Fig. 2. As we noted already, most of
the waves are aligned with the background magnetic field, there-
fore, 6k ~ Op,r, and the abscissa also indicates approximately
the angle between the background magnetic field and the radial
direction. When the background magnetic field, By, points in the
direction of the Sun (small angles), the phase difference between
B, and B; is positive and close to 90°; whereas when By points out-
ward, the phase difference is negative. The overwhelming major-
ity of these waves are right-handed (RH) in the spacecraft frame.
Evaluation of the phase difference between the largest and middle
eigenvectors in the MVA frame (not shown here), with the k-vector
and background magnetic field vector assumed to be in the same
half-space with respect to the plane formed by these eigenvectors,
confirming that the waves are RH (~ +90°+10°). Only 0.6% of
the events (109 packets) have left-hand (LH) polarization in the
spacecraft frame, but these are also the waves that were found to
be more oblique: 73% of them have a (k,By) angle above 50°. By
contrast, only 0.7% of the RH polarized waves have a (k, By) angle
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Fig. 2. Overview of the detected waves. Top: 8s average trace spec-
trum for the detected events versus the event number, with their dis-
tance from the Sun on the top. Dashed white line indicate 0.1f,. and
the violet one the lower hybrid frequency, fiu. Middle: magnetic field
PSD at the frequency corresponding to the maximal power for each
detected wave packet. The noise level is indicated by the plain black
line, and three times the noise by the dashed line. The color indicates
the angle between the k angle and the background magnetic field. Bot-
tom: phase shift between the By and B, magnetic components versus the
angle between the k vector and the radial direction. The color indicates
the angle between the k angle and the background magnetic field.

above 50°. We leave these interesting but non-typical events for
future studies and we concentrate here on relatively field-aligned
(6kB, < 40°) and RH polarized waves, which are sound candi-
dates for being whistler waves.

Their observed frequencies and RH polarization do indeed
correspond to the frequency range and polarization of whistler
waves. However, these observed properties are Doppler-shifted
by the solar wind velocity and the actual identification of the
waves requires to determine them in the plasma reference frame.
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As we encountered two instrumental difficulties, which is not
surprising at this stage of the mission, the phase deviation
between E and B and the value of the effective length of the
electric antenna, we think it is important to fully describe how
we tackled them. We give a brief outline of the method here
before describing it in detail in the subsequent sections. We first
inspected the phase difference between E, and B, to investi-
gate whether the quasi-parallel waves propagate sunward (equiv-
alently inward) or anti-sunward (equivalently outward). This
leads us to two possible scenario for the phase deviation cor-
responding to the two propagation directions, which will be
resolved by comparing the effective lengths. For both scenarios,
we determined the wave frequency and theoretical phase veloc-
ity in the plasma frame by applying the Doppler shift and using
the plasma dispersion relation for whistler mode waves. Then,
we compared the observed and theoretical wave phase velocities
to determine the effective length in both scenario. Finally, we
found the anti-sunward scenario to be the only one that provides
realistic effective lengths that are in excellent agreement with an
independent analysis using the deHoffman-Teller frame.

In anticipation, we note that our corrections of the E and B
phase deviation and our derived relation for the effective length
antenna — which lead us to the conclusions that the observed
waves are anti-sunward propagating whistler waves — are respec-
tively consistent with the studies of Chustetal. (2021) and
Steinvall et al. (2021), and appear therefore reliable.

3.1. Doppler shift

Determining the wave properties in the plasma reference frame
requires us to perform the Lorentz transformation of the fields,
which results from the wave being convected by the solar wind
as seen from the spacecraft. If the waves propagate outward, the
frequency in the plasma reference frame increases and the polar-
ization remains unchanged with respect to the observations in
the spacecraft reference frame. On the other hand, if the waves
propagate inward, the frequency decreases and the polarization
may also change if the phase velocity of the wave is smaller
than the solar wind speed. Taking into account the observed fre-
quency and polarization in the spacecraft frame, the observed
RH waves can be 1) outwardly propagating whistler waves, 2)
inwardly propagating whistler waves with v, > vsw (the waves
are therefore inwardly propagating in the spacecraft frame), or
3) inwardly propagating ion cyclotron waves with v, < vy
(the waves are therefore outwardly propagating in the spacecraft
frame.) Here, v,, stands for the phase velocity of wave. The phase
speed of ion cyclotron waves (ICW) is close to the Alfvén veloc-
ity Va. In our sample, assuming n, = n. and using the electron
density from the spacecraft potential, Vs has a median value of
36kms~! and a standard deviation of 17kms!. It is therefore
always well below the solar wind speed and the inward ICW
could be observed with a RH polarization in the spacecraft frame
with an outward velocity of vg, — VAo ~ 0.9vg,, namely, close
to the solar wind speed. Inward whistler mode waves should be
observed with an inward velocity of v,—vq,, and outward whistler
mode waves with an outward velocity of vy + Vgy.

Therefore, even with an ambiguity in the determination of
the wave propagation direction caused by the uncertain phase
difference between E and B (the “phase deviation” problem), the
analysis of the absolute phase speed velocity and its comparison
to theoretical expectations can provide us with a strong argument
in favor of one of the two options proposed above.
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Fig. 3. Phase difference between E, and B, versus the wave packet dura-
tion and electron density deduced from the spacecraft potential.

3.2. Direction of wave propagation

The wave propagation in the plasma frame is the direction of
the Poynting flux; it can be determined by conjointly using the
magnetic and electric fields measurements. The RPW can only
determine the Y and Z components of the electric fields E, and
E,, which are in a plane perpendicular to the X direction which
is most often the radial direction. At this stage of the mission,
the Y component is the most reliable as it is determined directly
from the voltage difference between two symmetric antennas,
the evaluation of the Z component requiring a combination of
measurements coming from the three antennas. As we are deal-
ing with plane waves aligned with the background magnetic
field, we stress that only one component of the electric field is
necessary to remove the = ambiguity on the waves propagation
direction determined with the magnetic field. As indicated pre-
viously, Ey, = —V»3/L,. The value of L, can depend on plasma
conditions and is known to be difficult to assess; it affects the
absolute value of the electric field estimate but not its phase.
Here, we first discuss the propagation direction of the wave.

The projection of the Poynting vector of the waves in the
X direction depends on the product of E,.B; and therefore on
the phase difference between E, and B;. For a plane wave par-
allel to the background magnetic field, which is itself aligned
with the radial direction (+X), the phase difference between E,
and B, must be either 0° if the wave propagates towards the Sun
(Ey x B in the +X direction), or 180° if the wave propagates out-
ward. Figure 3 shows the phase difference of ¢g, — ¢p for right-
hand circular polarized waves that propagates parallel (or anti-
parallel) both to the background magnetic field By (6 ., < 20°)
and to the radial direction (6 .x < 20°). It is plotted as a func-
tion of the wave packet duration that we use as a criterion for
the signal to noise ratio. The color indicates the electron den-
sity. We can see that the phase difference is nearly constant and
approximately equal to —130°; it does not appear to vary with
the frequency (not shown), indicating a propagation in the half
plane anti sunward to the Sun. The first conclusion is therefore
that all these waves propagate in the same direction. We also
note a tendency for the phase difference to slightly increase for
larger densities, the reason for this being unclear at this point.
However, this value of —130° does not match the wave vector
direction found with the magnetic field, for which we should find
either —180° or 0°. Our interpretation of this unexpected phase
deviation, similar to that deduced by Chust et al. (2021) based
on the detailed analysis of a few single whistler events, is that
this is caused by an unsolved instrumental problem.
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Since the phase deviation is well established for the paral-
lel (or anti parallel) whistler waves, our conclusion is that there
is a constant error in the registration of the phase of one of
the two signals, which leaves us with two possible scenario: 1)
a “weak phase deviation” for which E, (resp., B;) should be
delayed (resp., advanced) by removing (resp., adding) 50°, so
that the phase difference matches 180°. This will lead to the
conclusion that the waves propagate outward; and 2) a “strong
phase deviation” for which E, (resp., B;) should be advanced
(resp., delayed) by adding (resp., removing) 130°, so that the
phase difference matches 0°. Such a phase difference will cor-
respond to waves that propagate inward. The same conclusion
can be drawn by analyzing the phase difference between E, and
By, which has to be equal to £90°. We present below some extra
argument that indicates that the first option is very likely to be
correct. In any case, it is important to notice that the (B;, E,)
phase difference remains constant for practically all the paral-
lel waves and frequencies, which provides a strong argument in
favor of the notion that the large majority of waves observed
between 1 AU to 0.5 AU are propagating in the same direction.

3.2.1. Wave frequency in the plasma frame

The observed frequency in the spacecraft frame (superscript 5C,
quantities in the solar wind frame have no superscript) wS¢
has been Doppler shifted by the motion of the solar wind so
that:

w = - k.Vgw (1
Or, supposing that both k and Vg are positive quantities,
win,out = U)SC + kVSW|COS 9k,V5w|’ (2)

where the subscripts j, and o stand for inward (sign +) and out-
ward (sign —) propagation, respectively. Combining this equa-
tion with the following plasma dispersion relation for whistler
mode waves in a cold plasma approximation,

w w
p
k=—  |m———, 3)
c Q.cosb —w
we can derive the frequency in the plasma frame:
w, wi
SC 1% in,out
Winout = W £ Vswlcos O vyl — [ 5——F—— )
c '\ Q¢ cos 0 — winout

where + corresponds to inward and outward propagation, respec-
tively. We solved this expression numerically using Brent’s
method (Brent 1973). We used the electron density determined
by RPW from the spacecraft potential measurements and the
solar wind velocity measured by SWA whenever available,
which is rare (SWA has unfortunately not been working contin-
uously): in most of the cases, we had to assume a purely radial
solar wind speed of 350kms~!. The validity of this assump-
tion will be discussed later. Once the frequency in the plasma
frame determined, we can compute the theoretical wave vector
and phase velocity, v, = %, in the two scenarios.

3.2.2. Phase velocity in the plasma frame

The observed phase velocity v, = w/k can be computed by con-
sidering the Faraday equation for waves,
kX E = wB, (5)
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Fig. 4. Effective length considering outwardly propagating whistlers.
The relation obtained by Steinvall et al. (2021) using deHoffmann-
Teller analysis is in red, the modified one (L.g, max = 13 m) in orange.

which easily leads to the following expression (Chust et al.
2021):

X n.By(E,B;) ©
Dy = — —

" Box(B.B;) - Bo.(BBy)
where n = %, By is the background magnetic field, " denotes the

complex amplitude and * the complex conjugate.

The equation is valid for a plane wave when there is no paral-
lel fluctuating electric field, which is our case here. It allows us
to consider non purely radial propagation, but gives the same
results Ppp = Ey /EZ in this latter case. The multiplier é; could
be removed but it allows us to work with relative phases more
easily; the cross terms, 3,~1§j or Eiﬁj, are averaged when com-
puted from the averaged spectral matrix obtained from the 8s
snapshot.

Furthermore, v, as expressed in Eq. (6) is in the solar wind
frame if we use the electric field in the solar wind frame. The
latter can be determined by considering that the solar wind frame
is moving with vy, in the —Xgsgrp direction, as seen from the S/C
frame and applying the classical Lorentz transformation and :

E=E*°+vxB, @)

where E* is the electric field measured in the spacecraft frame.
For E,, using complex notation for the fluctuating field, E, =

R(E,er=it), this leads to:

[F _ frsc D _ fsc D
Ey = Ey —vB, = Ey +vsB;

®)

where we have assumed that the wind flows in the radial direc-
tion only.

Equivalently, one can compute the phase velocity in the
spacecraft frame by using Eq. (6) with Ey = ET® and then remove
k.Vsw /k from the result.

Let us emphasize that the observed wave phase velocity is

. . . Ao Vs NI
anti correlated with the effective length E;C = ﬁ’ where V;“ is
the fluctuating electric potential observed in the spacecraft frame
in the Y direction.

3.3. Effective length of electric antenna

At this stage of the mission, the effective length of the antenna
is not yet unambiguously known. Its value is important as it
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affects the evaluation of the amplitude of the electric field and
therefore the estimate of the wave velocity. We can estimate the
effective length by comparing the measured phase velocity in the
solar wind frame and the expected velocities obtained from the
dispersion relation (Eq. (3)). The measured velocity is obtained
by using Eq. (6) with the electric field in the solar wind frame
(Eq. (8)) and by taking into account the corrections discussed
above for the phase deviation The relation v, = ¢ leads to the
following equation for the effective length estimate:

Legr = | s I ©))
eff = P —— .
Box(B:B})—Bo:(B.By) b
% - ;I.Boo = - VSWBZB.Y
This equation can be separately applied to inwardly (@corr =
130° and ¢ = ‘,‘:—:) and outwardly (¢cor = —50° and ¢ =
Wout

i) propagating whistler mode waves. The measured effective
lengths, derived for outwardly propagating whistlers propagat-
ing at less than 60° from the radial direction (to avoid low E,
value) and computed from the 8s averaged spectra are shown
in Fig. 4. There is a very good agreement with a different and
independent estimate of the effective length, represented in red
and obtained by Steinvall et al. (2021); this latter was derived
by matching the velocity of the deHoffmann-Teller (HT) frame,
deduced from RPW measurements of the DC electric and mag-
netic fields, to the measurements of the solar wind velocity by
SWA/PAS. The curve in orange is a variation of the Steinvall et
al. equation, by taking Lefmax = 13 m instead of 9.5m in their

Eq. 3): Leg = Lefmin + %, where A, is the Debye
length. Assuming inwardly propagating whistler waves leads to
much longer nonphysical effective lengths, in clear disagreement
with the deHoffmann-Teller analysis. This can be understood
since in this case the phase velocities in the spacecraft frame
would be significantly smaller (only inward whistlers with phase
velocities faster than the wind speed keep the RH polarization in
the spacecraft frame), which would therefore require a larger Leg
(smaller E) to match the expected phase speed, %. There is still
a significant dispersion of the points in our estimate of the effec-
tive length, and additional work and more statistics are required
to obtain a definitive value that can be used as a standard for
the calibration of the electric field. This will be done in future
studies.

Nevertheless, the very good agreement between the evalu-
ations by two independent methods of the effective length of
the antenna provides an additional argument in favor of the
weak phase deviation corresponding to outwardly propagating
whistler waves. Furthermore, since we can now better cross-
calibrate the electric and magnetic field by applying the phase
correction (—50°) and having a reliable estimate of the effective
length, we can get a more reliable estimate of the phase speed.

3.4. Wave velocity and mode identification

The phase velocities evaluated in the solar wind reference frame,
obtained by making use of the electric and magnetic fields mea-
surements and taking into account the modified Steinvall et al.
relation for the effective length (Leg max = 13m instead of 9.5m),
are presented in Fig. 5 for the same set of the events as pre-
sented in Fig. 4. The observed values vary in the range from
less than 100 km s~! to more than 1000 km s~!, and can thus be
both larger or smaller than the velocity of the solar wind. The
velocity obtained using the relation dispersion for three cases are
plotted for reference; the agreement with the theoretical expec-
tations obtained by using the observed value of f.. and f, for
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Fig. 5. Phase velocity in the solar wind frame. Theoretical velocities for
quasi-aligned whistler with f.. ~ 190Hz and different value of elec-
tron density are shown for reference as plain colored lines. The vertical
dashed lines indicates the lower hybrid frequency, the horizontal dashed
line indicates the typical solar wind velocity.

each single point, not shown for clarity, is excellent — namely,
below 1. ~ 30 cm™3.

At densities above ~30 cm™ corresponding to Debye length
of ~4m, as could be anticipated from Fig. 4, the observed veloc-
ities are often larger than expected. To investigate whether this
compromise the identification of the waves as whistler mode,
we show in Figs. 6-9 the detailed analysis for four representa-
tive cases for which plasma parameters were available. For each
figure, the three first panels show the context of the wave obser-
vation, the two next panels show the magnetic and electric fil-
tered waveforms, and the three last panels show the coherence
and phase difference, as well as the observed and theoretical
wave phase velocity. The phase difference are plotted without
and with (in dashed line) the correction of —50° for the electric
field. The observed wave phase velocity is computed using the
effective length relation derived in the previous section (orange
curve on Fig. 4).

The two first examples in Figs. 6 and 7 show cases at low
and intermediate density for which the agreement between the
expected and observed phase velocity for outwardly propagat-
ing whistler is very good. The correction for the phase devi-
ation allows us to retrieve the expected behavior, which is in
agreement with the magnetic field for an aligned RH wave that
propagates anti-sunward. It is clear that the observed right-hand
circular polarization of the wave cannot be attributed to either an
inward ion cyclotron wave (in blue) nor an inward whistler wave
(not shown but with smaller velocity vo—Vsw), as this would cor-
respond to a smaller phase velocity and therefore require longer
effective length by a factor of 1.5 to 2. The third example on
Fig. 8 shows a high density case where the coherence and phase
difference are similar than in the previous example but for which
the observed velocity is larger than expected, by a factor of ~ 2.
It is representative of the points forming the knee of the effec-
tive length at Lpggyg ~ 4 m in Fig. 4. As can be seen, the high
velocity is incompatible with an ICW propagating towards the
Sun — and making it compatible would require a very nonphysi-
cal effective length. We don’t know any wave modes other than
whistler with the capacity to explain these wave properties, and
we rather tentatively attribute the discrepancy in velocity to other
effects: finite plasma beta or some plasma-antenna interactions
as the Debye length becomes short.

We also notice that some observed waves (about 7%) have
frequencies below the lower hybrid frequency, f < fig. These
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Fig. 6. Wave example 1. The three first panels starting from top represents de background magnetic field, the solar wind speed, and the electron
density measured by RPW, for a four-minute interval, centered on the snapshot (the vertical dashed lines indicates the snapshot boundary). The
fourth and fifth panels show the three components and the Y component of the fluctuating magnetic and electric fields respectively: X is in blue,
Y in orange, and Z in green. The three bottom panels show the spectral coherence, the phase difference (with electric field corrected by —50° in
dashed lines), as well as the expected (orange, blue, and red) and measured (black) the wave phase velocity. The dotted vertical lines indicates the
frequency range where the computation of the velocity is reliable (coherence greater than 0.8 between B, and B, and greater than 0.7 between E,

and B,).

waves are mostly observed in the regions with high electron den-
sity electron densities are higher. However, there are only 22
cases with fi, < fig for which the frequency in the plasma
frame was computed using the observed solar wind speed and
not the default value of 350kms~'. A lower actual velocity
would lead to an increase in the frequency. Figure 9 shows a
wave event with high density and at low frequency (0.14 f..). In
summary, the observed velocity is: 1) too high to be caused by
an inward ICW that is propagating at a solar wind speed with
a bulk velocity of 288 kms~! and 2) increasing with frequency,
which is expected for whistler waves but not of ICW. All these
waves with frequency below f; i (but one) have velocities larger
than the local Alfvén speed in the solar wind frame, which does
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not favor an interpretation in terms of ICW. Here, again, we can-
not find any wave modes other than whistler to explain these
observations.

Let us further note that observing low values of f/f.. for
whistler waves is not rare. Jagarlamudi et al. (2020) used Helios
data covering about the same range of heliocentric distances as
here to find a mean frequency around 0.1 f. in the spacecraft
frame, but also a significant number of waves with frequen-
cies smaller than 0.05 f.. Similar distribution of f/f.. in the
spacecraft frame were found with Parker Solar Probe data by
Jagarlamudi et al. (2021). Furthermore, Lacombe et al. (2014)
reported examples of whistler waves occurring around 0.03-
0.04f.. as well; Stansby et al. (2016) have compared observed



M. Kretzschmar et al.: Whistler waves observed by Solar Orbiter/RPW between 0.5 AU and 1 AU

202010186 f_sw=0.14 f_ce ; ne= B.9 w=—474 » Gy, = 19.9 ; O, +/—?r= 3.7
Bl
2 30 -
20 $o0 =
0 - 7
=200 - Pt
— — o
7378§ =5 7
4 6.8 >
~ 6.6
5.4
=
S0
" s
= 0.1
E 00
w —0.1
0.2
D4:55:34 04:55:38 04:55:37
808 (Ey,By) (Ey,By)corr
T 0.6
o4 _
. o
- z%é 200 B,
100 : 100 =
0 0 =
—100 : =100 &
— : — 2]
1500 B ; =-200 ¢
1000 |- e E 5
— 800 f Qgi@ge’e? &----&0utward  Whistler velocity (3/C  frame) 3
T E G : 3
E oso0fF 3
> AOUE ?eo—e-e—oe@—@-e? S Inward ICW veldeity (/T Trame) =
200 = f =
ok . : . ‘ . . g
o 20 40 S1¥ B0 100 120
f [Hz]

Fig. 7. Wave example 2. The three first panels starting from top represents de background magnetic field, the solar wind speed, and the electron
density measured by RPW, for a four-minute interval, centered on the snapshot (the vertical dashed lines indicates the snapshot boundary). The
Sfourth and fifth panels show the three components and the Y component of the fluctuating magnetic and electric fields respectively: X is in blue,
Y in orange, and Z in green. The three bottom panels show the spectral coherence, the phase difference (with electric field corrected by —50° in
dashed lines), as well as the expected (orange, blue, and red) and measured (black) the wave phase velocity. The dotted vertical lines indicates the
frequency range where the computation of the velocity is reliable (coherence greater than 0.8 between B, and B; and greater than 0.7 between E|

and B,).

and theoretical whistler dispersion relation in the solar wind at
1 AU and found whistler waves with frequencies between ~0.03
fee and 0.2 f... The values obtained here are therefore consistent
with these previous results.

Previous statistical studies of whistler waves below 1 AU
were based on Helios and Parker Solar Probe onboard computed
spectra only (Jagarlamudi et al. 2020, 2021) and were not able
to determine the polarization and velocities of the waves, nor the
effect of the Doppler shift. We believe that the detailed analy-
sis presented here strongly suggests, for the first time, that the
solar wind between 0.5 and 1 AU is populated with outwardly
propagating and quasi-parallel propagating whistler waves.

4. Dependence of the whistler statistical properties
properties on the heliocentric distance

We now investigate how the whistler wave parameters vary with
the distance. Ideally, we should also take into account the vari-
ability of different solar wind parameters, in particular, the solar
wind velocity (slow or fast), but also the electron beta and tem-
perature. However, this is impossible for most of the events
since the Solar Orbiter / SWA instrument was not observing
continuously. For the detected whistler waves with available
plasma measurements, during the time interval between July and
October 2020, the solar wind velocity was found to be between
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Fig. 8. Wave example 3. The three first panels starting from top represents de background magnetic field, the solar wind speed, and the electron
density measured by RPW, for a four-minute interval, centered on the snapshot (the vertical dashed lines indicates the snapshot boundary). The
fourth and fifth panels show the three components and the Y component of the fluctuating magnetic and electric fields respectively: X is in blue,
Y in orange, and Z in green. The three bottom panels show the spectral coherence, the phase difference (with electric field corrected by —50° in
dashed lines), as well as the expected (orange, blue, and red) and measured (black) the wave phase velocity. The dotted vertical lines indicates the
frequency range where the computation of the velocity is reliable (coherence greater than 0.8 between B, and B, and greater than 0.7 between E,

and B,).

260kms~! and 400kms~! about 88% of the time, and never
larger than 530 kms~!. This signifies that the results presented
here may be considered to be representative of a slow to inter-
mediate winds, but not of a fast wind. Furthermore, for the first
part of the orbit between February and May 2020, the WIND
measurements at L1 show that the solar wind velocity were most
of the time below 450kms~! with a few and short incursions
above 500kms~!. The fewer number (see below) of whistler
waves observed during this period, when Solar Orbiter was not
too far from the Earth, then does not seem to be caused by the
presence of a faster wind and the dependence on distance that
we observed appears to be real.
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4.1. Occurrence rate

We estimated the occurrence rate of whistler waves in two
ways. First, we evaluate the ratio of the number of snapshots
with at least one whistler wave packet to the total number
of observed snapshots, as done in previous studies (Tong et al.
2019a; Jagarlamudi et al. 2020, 2021). This provides us with an
upper estimate of the occurrence rate, as it is unlikely that the
wave packet stands for the whole duration of the snapshot. Sec-
ond, we have computed the ratio between the total observed time
including whistler waves, as the sum of the duration of each
wave packet, and the total time of observations. This provides
us with a more precise estimate of their occurrence rate. Both
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Fig. 9. Wave example 4. The three first panels starting from top represents de background magnetic field, the solar wind speed, and the electron
density measured by RPW, for a four-minute interval, centered on the snapshot (the vertical dashed lines indicates the snapshot boundary). The
fourth and fifth panels show the three components and the Y component of the fluctuating magnetic and electric fields respectively: X is in blue,
Y in orange, and Z in green. The three bottom panels show the spectral coherence, the phase difference (with electric field corrected by —50° in
dashed lines), as well as the expected (orange, blue, and red) and measured (black) the wave phase velocity. The dotted vertical lines indicates the
frequency range where the computation of the velocity is reliable (coherence greater than 0.8 between B, and B, and greater than 0.7 between E,

and B,).

estimates are however limited by the sensitivity of SCM.
Figure 10 shows the occurrence rate, computed over each helio-
centric bin and as averaged daily value within the bin (daily
ratio averaged over the heliocentric bins). The value at 0.825 AU,
which corresponds to observations between 0.8 and 0.85 AU,
differs for the two computations. This can be explained by the
presence in that bin of the magnetic perturbation that crossed
Solar Orbiter on April 13, 2020. On that day, nearly 4000
whistler wave packets have been detected, which explains why
the averaged daily ratio is smaller than the ratio computed over
the whole interval (19 days). This also evidences that the whistler
mode occurrence is not steady and depends on wind conditions,
as has been shown by the previous studies.

The value obtained in the bin [0.95-1 AU] with the 8 s aver-
age spectrum (snapshot ratio) is close to the ~1.7% occur-
rence rate observed at 1 AU by Artemis (Tongetal. 2019a).
It is however about ten times less than the value obtained by
Jagarlamudi et al. (2020) with HELIOS data.

Despite of the statistical fluctuations, we can notice that there
is a general trend for whistler waves to occur more often when
going from 1 AU to 0.5 AU, varying from an occurrence of ~2%
near the Earth to 5-10% at 0.5 AU (using the snapshot ratio).
This is in contradiction with the results of Jagarlamudi et al.
(2020), who analyzed HELIOS data and found the occurrence
to decrease from ~15% to ~3%. These authors had only low-
resolution frequency spectra at their disposal and their selection
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Fig. 10. Variations of whistler occurrence with heliocentric distance.
The numbers of snapshots with whistler waves for a given heliocentric
distance bin ranges from 237 to 1050.

criteria were therefore based solely on bumps in these spectra.
It is therefore possible that Doppler-shifted ion cyclotron waves
were counted as whistler waves, although our observations do
not support an important presence of ICW at these wavelengths.
Another possible explanation resides in the fact that the Helios
search coil magnetometer had longer antennas and a sensitivity
about five times better at low frequencies than SCM on Solar
Orbiter. Jagarlamudi et al. (2020) reported a mean wave ampli-
tude between 0.01 nT and 0.02nT at 1 AU, and around 0.03 nT—
0.04nT at 0.5 AU. We found the mean amplitude to increase
from 0.02nT to 0.026nT, corresponding to significantly less
intense whistler waves closer to the Sun but similar amplitude
at 1 AU (the distribution of the wave amplitudes is shown in
the top left panel of Fig. 11). We measured amplitudes down
to 1073 nT and 18% of the waves at 1 AU have amplitudes below
0.01 nT. A visual inspection of the distribution does not indi-
cate that we are missing small values either. Therefore, it looks
improbable that this difference in sensitivity can explain the dif-
ference in the observed occurrence. Another difference between
the two studies is that we did not exclude planetary shocks and
magnetic clouds (with the noticeable exception of the event on
April 13). Jagarlamudi et al. (2020) found the occurrence rate of
whistler waves to depend on solar wind velocity, with the largest
rates for the slowest wind. However, their slow wind obser-
vations also correspond to distance below 0.5 AU. Tong et al.
(2019a) did not find any dependence of the occurrence rate on
solar wind velocity between 270kms~' and 630kms~'. The
fewer number of whistler waves at larger distances from the
Sun that we observed here, corresponds in part to the spring
of 2020 when Solar Orbiter was not too far from the Earth and
when WIND observations indicate that slow wind was dominant.
Therefore, this does not seem to be related to the presence of a
faster wind far from the Sun; unless the wind speed was slower
enough at 0.5 AU to compensate for an increasing rate with
shorter distance, our finding of more numerous whistler waves
at 0.5 AU than at 1 AU appears to be in contradiction with Helios
observation.

4.2. Wave properties

In this section, we present the statistical characteristics of the
observed whistler waves and their variations with the heliocen-
tric distance. We consider the perturbation that occurred on April
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13, 2020 as a sufficiently exceptional event to exclude the waves
observed on that day in the following.

The top panels of Fig. 11 show the distribution of the wave’s
amplitudes at various distances. Whistler waves occurring at
closer distance to the Sun have larger amplitudes, which may
be interpreted as reflecting a larger amount of free energy avail-
able for the generation of waves, in the electron heat flux or
in electron anisotropy, for example, at this distance. Although
Jagarlamudi et al. (2020) reported no clear trend of the wave
amplitude with the heliocentric distance, their figure shows more
intense whistler waves closer to the Sun, which agrees with our
results. When normalized to the background magnetic field, the
wave amplitudes appear to be slightly smaller at 0.5 AU than at
larger distance, showing that the wave amplitudes do not scale
with the background magnetic field but, rather, depend on other
parameters.

The bottom panels of Fig. 11 show the histograms of the fre-
quency and frequency bandwidth for different heliocentric dis-
tances. Whistler waves occurring closer to the Sun have lower
maximum frequency but larger frequency bandwidth than at
1 AU. This larger frequency bandwidth implies larger energy
content in the waves and thus can also be interpreted as reflecting
a larger amount of available energy.

Figure 12 shows a tendency for wave packets to be longer at
smaller distances from the Sun. This could, however, be an effect
attributed to a larger wave amplitude that would make the wave
packet remain above the noise level for longer duration of time.

Figure 13 shows, for various heliocentric distances, the nor-
malized histogram of the angle between the k vector and the
background magnetic field, By. As shown previously, most of
the waves are quasi-parallel, with angles less than 20°. We can
also notice that waves observed near 0.5 AU are more aligned
than at 1 AU, a trend that is clear but for which we have no clear
explanation for now.

5. Conclusion

In this paper, we report the results of the study of the elec-
tromagnetic waves observed by Solar Orbiter in the frequency
range between 3 Hz and 128 Hz during its first orbit and covering
heliocentric distances between 0.5 AU and 1 AU. Using electric
and magnetic fields measurements provided by the RPW instru-
ment, we show that an overwhelming majority of these waves are
right-hand circularly polarized in the solar wind frame and cor-
respond to whistler waves. They propagate quasi-parallel to the
background magnetic field and anti-sunward. This is consistent
with the whistler heat flux instability scenario for the regulation
of the heat flux. It is worth noting that this study does not rule
out the presence of oblique whistler waves, as these later may be
quasi-electrostatic and therefore more difficult to detect with our
selection procedures based on magnetic measurements.

Contrary to what was found using HELIOS observations, we
observed more whistler waves closer to the Sun, by at least a
factor of 2. Solar Orbiter observations during the next orbits
will improve the statistics over these distances. Whistler waves
are generally intermittent and clumped in short duration (~0.3 s)
wave packets. When taking into account their actual duration,
their occurrence varies from 0.3% at 1 AU to 1%—2% at 0.5 AU.
Whistler wave packets are presumably slightly longer at 0.5 AU
than at 1 AU, although this could be an effect of their detectabil-
ity, as they also exhibit greater wave power at 0.5 AU.

We also found that whistler waves tend to be more field-
aligned and to have lower normalized frequency values (f/ fe.),
larger amplitudes, and larger bandwidths at 0.5 AU than at 1 AU.
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The larger occurrence, amplitude, and bandwidth clearly indi-
cates that the source of energy that creates whistler waves
increases while approaching the Sun from 1 AU to 0.5 AU.
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