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ABSTRACT

Context. The evolution of the solar wind electron distribution function with heliocentric distance exhibits different features that are
still unexplained, in particular, the fast decrease in the electron heat flux and the increase in the Strahl pitch angle width. Wave-particle
interactions between electrons and whistler waves are often proposed to explain these phenomena.

Aims. We aim to quantify the effect of whistler waves on suprathermal electrons as a function of heliocentric distance.

Methods. We first performed a statistical analysis of whistler waves (occurrence and properties) observed by Solar Orbiter and Parker
Solar Probe between 0.2 and 1 AU. The wave characteristics were then used to compute the diffusion coefficients for solar wind
suprathermal electrons in the framework of quasi-linear theory. These coefficients were integrated to deduce the overall effect of
whistler waves on electrons along their propagation.

Results. About 110000 whistler wave packets were detected and characterized in the plasma frame, including their direction of
propagation with respect to the background magnetic field and their radial direction of propagation. Most waves are aligned with the
magnetic field and only ~0.5% of them have a propagation angle greater than 45°. Beyond 0.3 AU, it is almost exclusively quasi-
parallel waves propagating anti-sunward (some of them are found sunward but are within switchbacks with a change of sign of the
radial component of the background magnetic) that are observed. Thus, these waves are found to be Strahl-aligned and not counter-
streaming. At 0.2 AU, we find both Strahl-aligned and counter-streaming quasi-parallel whistler waves.

Conclusions. Beyond 0.3 AU, the integrated diffusion coefficients show that the observed waves are sufficient to explain the measured
Strahl pitch angle evolution and effective in isotropizing the halo. Strahl diffusion is mainly attributed to whistler waves with a
propagation angle of 6 € [15.45]°, although their origin has not yet been fully determined. Near 0.2 AU, counter-streaming whistler

waves are able to diffuse the Strahl electrons more efficiently than the Strahl-aligned waves by two orders of magnitude.
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1. Introduction

In the solar wind, it is common to distinguish three categories
of electron populations. The core represents the thermal elec-
trons at low energies and makes up around 95% of the elec-
trons in the solar wind (Pilipp et al. 1987; Maksimovic et al.
2005; Stverdk et al. 2009). The core electrons are affected by
Coulomb collisions and, thus, they approach Maxwellian dis-
tributions. The suprathermal electrons of the halo have higher
energies (Feldman et al. 1975, 1978; Lazar et al. 2020) and are
often represented by kappa distributions (Scudder 1992a,b;
Maksimovic et al. 1997; Pierrard & Lazar 2010; Lazar et al.
2015; Pierrard et al. 2022). The Strahl is a beam of high-
energy electrons that follows the magnetic field lines, propagat-
ing in the anti-sunward direction (Rosenbauer et al. 1976, 1977,
Pilipp et al. 1987; Hammond et al. 1996).

The relative proportions of these populations evolve
with radial distance. Indeed, the fraction density of halo
electrons increases with distance while the fraction den-
sity of Strahl electrons decreases (Maksimovic et al. 2005;
Stverik et al. 2009), suggesting a transfer from the Strahl to
the halo. The Strahl population even disappears completely
beyond 5.5 AU (Graham etal. 2017). Moreover, the Strahl
pitch angle width (PAW) increases with heliocentric distance
(Hammond et al. 1996; Graham et al. 2017; Bercic et al. 2019).
Such changes are unexpected when considering an adiabatic
propagation, namely, one that conserves the first adiabatic
invariant and the energy. Indeed, an adiabatic propagation pre-
dicts the focusing of the electrons along the magnetic field
lines and a Strahl strengthening (Lemaire & Scherer 1970;
Maksimovic et al. 1997; Pierrard et al. 1999; Ber¢ic et al. 2019).
Because of the strong decrease in the collision cross-section with
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electron energy, collisions do not suffice to explain the observed
behavior for energies above 250eV (Boldyrev & Horaites 2019;
BercCic et al. 2021a).

Macneil et al. (2020) showed that the Strahl’s PAW is larger
when the Strahl is directed sunward, which is the case dur-
ing switchbacks. As electrons that encounter switchbacks travel
larger distances, this result suggests that there is a nearly con-
stant mechanism that diffuses these electrons in pitch angle.
Moreover, BerCic et al. (2019) revealed a correlation between
the PAW and the plasma, S (ratio between the parallel ther-
mal pressure of the core electrons and the magnetic pressure),
which is an indication that a collisionless process can explain the
Strahl’s broadening. Wave-particle interactions have been sug-
gested as a possible mechanism to broaden the Strahl and to dif-
fuse the electrons from the Strahl into the halo (Feldman et al.
1978; Pilipp et al. 1987).

Another unsolved problem is the decrease in the solar wind
heat flux with heliocentric distance. The heat flux is the third
moment of the distribution function and is mainly carried by
electrons because they are the lightest particles in the solar wind
(Feldman et al. 1975; Marsch 2006). More precisely, it is car-
ried by the two suprathermal components of the electron popu-
lations, the Strahl and the halo, because of their high energies
and velocity drifts in the proton reference frame. Indeed, in this
frame, the core has a sunward bulk velocity while the halo and
the Strahl have an anti-sunward bulk velocity (Feldman et al.
1975; Scime et al. 1994). These drift speeds satisfy the zero
current condition. When a Strahl beam is clearly present in
the observed distribution function it has the dominant contri-
bution to the heat flux (Pilipp et al. 1987). The Strahl is often
present close to the Sun (Halekas et al. 2020, 2021a) and in a
fast solar wind (Fitzenreiter et al. 1998; Stverék et al. 2009). On
the other hand, around 1 AU and beyond, the Strahl is not always
observed, especially in the slow solar wind (Graham et al. 2017,
Gurgiolo & Goldstein 2017).

The solar wind heat flux decreases with the heliocentric
distance (Feldman et al. 1978; Scime et al. 1994, Stverdk et al.
2015; Halekas et al. 2021a; Pierrard et al. 2022). A free expan-
sion would result in the electron heat flux decreasing follow-
ing the magnetic field amplitude, that is 72 near the Sun and
r~! far from the Sun (Scime et al. 1994). However, the observed
exponent is rather between —3 and —2.4 (Scime etal. 1994;
Stverdk et al. 2015; Halekas et al. 2020). It is therefore neces-
sary to introduce additional mechanisms for heat flux dissipa-
tion, which can be collisions or wave-particle interactions.

A fully collisional closure relationship for the electron heat
flux is given by:

ge = —KkVT, (1

where ¢, is the electron heat flux in Wm2, T, is the elec-
tron temperature (K), and « is the electron thermal conductiv-
ity. However, this relation does not work in the solar wind, as
Scime et al. (1994) showed that it predicts a decay in 7~*%, which
is too fast, and the electron heat flux values are significantly
greater than the ones observed for » < 1 AU. The Knudsen num-
ber is the ratio between the mean-free path and the scale of the
temperature gradient. Bale et al. (2013) showed that for Knudsen
numbers larger than 0.28, the electron heat flux (divided by the
saturation heat flux) is no longer proportional to the Knudsen
number which disagrees with Eq. (1). This was recently con-
firmed by Halekas et al. (2021a), using a more realistic temper-
ature law and Parker Solar Probe observations to show that the
observed heat flux is always smaller than the one predicted by
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Eq. (1). It is therefore clear that a purely collisional mechanism
cannot explain alone the decrease in the heat flux. Halekas et al.
(2021a) also showed that the dissipation of the electron heat
flux is correlated with the plasma, 8, which is again an indica-
tion that a collisionless mechanism is regulating the heat flux.
Therefore, wave-particle interactions are likely to be necessary
to explain both the radial evolution of the electron populations
and the decrease in the heat flux.

Electron-scale waves such as whistler waves are commonly
observed in the solar wind below 1 AU (Gurnett & Anderson
1977; Neubaueretal. 1977; Lacombe etal. 2014; Tong et al.
2019a; Jagarlamudi et al. 2020; Kretzschmar et al. 2021; Cattell
et al. 2021a; Froment et al. 2023) and are natural candidates for
explaining the radial evolution of the electron velocity distribu-
tion. Whistler waves are electromagnetic, mostly right-handed
circularly polarized waves with a frequency in the plasma frame
that is between the lower hybrid frequency (fiy) and the elec-
tron cyclotron frequency (fi.). One can distinguish three cate-
gories of whistler waves, depending on their direction of prop-
agation with respect to both the background magnetic field and
the radial direction: quasi-parallel anti-sunward whistler waves,
anti-sunward oblique whistler waves, and sunward whistler
waves. These characteristics, together with the wave amplitude,
are required to evaluate the efficiency of the waves to diffuse
electrons. We note that we use the terms parallel or aligned to
designate both a parallel or anti-parallel propagation with respect
to the background magnetic field. We briefly review the obser-
vations and theoretical results for the different types of whistler
waves below.

Small-amplitude, quasi-parallel, anti-sunward whistler
waves are commonly observed in the solar wind (Lacombe et al.
2014; Stansby et al. 2016; Kajdi¢ et al. 2016; Tong et al. 2019a;
Chust et al. 2021; Kretzschmar et al. 2021). Theoretical stud-
ies (Garyetal. 1975; Gary & Feldman 1977; Shaaban et al.
2018, 2019) and simulations (Lopez et al. 2019; Micera et al.
2020, 2021) have shown that they can be generated by the
heat flux instability (WHFI). This has been confirmed by
Tong et al. (2019b) with in situ observations. In this case,
whistler waves are produced because of the heat flux that
results from the drift between the core and halo electrons. The
waves resonate with the halo electrons (first normal resonance)
and diffuse them in pitch angle. The temperature anisotropy
instability (TAI) can also generate small amplitude quasi-
parallel whistler waves (Sagdeev & Shafranov 1960; Kennel
& Petschek 1966; Gary & Wang 1996; Stverdk et al. 2008;
Saito & Gary 2007; Lazar et al. 2011, 2013, 2014, 2015, 2018,
2019; Jagarlamudi et al. 2020; Vasko et al. 2020). The drift
between the different populations favor the generation of
anti-sunward waves at 1 AU (Vasko et al. 2020). Sarfraz & Yoon
(2020) discussed the combined role of these two instabilities for
the generation of quasi-parallel anti-sunward whistler waves.
Recently, Berci¢etal. (2021b) proposed a third-generation
mechanism based on the suprathermal electron deficit in the
anti-Strahl direction (Pilipp et al. 1987; Halekas et al. 2020,
2021a,b, 2022; Berc¢ic et al. 2020). In that case, electrons diffuse
to fill the suprathermal deficit.

Quasi-parallel, anti-sunward whistler waves produced by the
WHEFI have been proposed to regulate the heat flux by diffusing
the halo electrons, which is supported by both theoretical anal-
yses and observations (Gary et al. 1975, 1999; Feldman et al.
1976; Gary & Feldman 1977; Scime et al. 1994; Lacombe et al.
2014). However, Tong et al. (2019a), based on Artemis observa-
tions, questioned the role of this type of whistler waves because
of their small amplitude and suggested that additional work
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was needed. Similarly, Kuzichev et al. (2019) used a particle-
in-cell code simulations and showed that whistler waves do
not significantly suppress the electron heat flux. Shaaban et al.
(2019) used quasi-linear theory to conclude that the heat flux
instability only slightly modifies the drift between the different
components. Therefore, the role of quasi-parallel anti-sunward
whistler waves in reducing the heat flux is not clear. Further-
more, since these waves interact mainly with the halo, their
role in diffusing the Strahl has been little studied. Pierrard et al.
(2011) have adopted a kinetic approach by solving the Fokker-
Planck equation and adding a term taking into account a turbu-
lent whistler wave spectrum. Quasi-linear scattering turbulence
is due to interaction with aligned whistlers, whose intensity ver-
ifies (Bw/By)*> = 0.01. This study indicates that assuming this
turbulence spectrum, whistlers can explain the formation of the
halo.

Anti-sunward oblique whistler waves have been pro-
posed to regulate the heat flux, especially close to the Sun
(Pistinner & Eichler 1998; Komarov et al. 2018; Roberg-Clark
et al. 2018; Miceraetal. 2020, 2021; Halekasetal. 2021a;
Cattell et al. 2021a,b). Oblique waves (~70°) can be gen-
erated by the fan instability (Kadomtsev & Pogutse 1968;
Parail & Pogutse 1978; Roberg-Clark et al. 2019), which, in
the solar wind, is driven by Strahl electrons (first anoma-
lous resonance) (Krafft & Volokitin 2003; Vasko et al. 2019;
Verscharen et al. 2019). Theoretical analyses and simulations
have shown that the fan instability can diffuse the Strahl
(Verscharen et al. 2019; Micera et al. 2020, 2021; Cattell & Vo
2021). Indeed, oblique whistler waves have a larger left-hand
polarized and electrostatic components and can interact with
the Strahl electrons more effectively. Oblique waves (~70°)
have been observed at 1 AU by Cattell etal. (2020) using
STEREO data in association with stream interaction regions,
coronal mass ejections, and interplanetary shocks. Using the
cross-spectra of Parker Solar Probe’s first encounter (~0.2 AU),
Froment et al. (2023) showed that 3% of observed waves had
an oblique propagation angle (=45°). To our knowledge, there
are very few observations of oblique whistler waves in the free
solar wind beyond 0.3 AU. This is in line with the results of
Jeong et al. (2022). Indeed, in this study, they used fan-like
instability thresholds derived by Verscharen et al. (2019) and
Strahl properties measured by Parker Solar Probe and Helios
to show that Strahl electrons are on average stable against fan
instability between 0.1 and 1AU. These results suggest that
this instability is probably very rare in the solar wind (in this
heliocentric distance range) and that if it exists, it can only be
excited sporadically. This is also in agreement with the results
of the kinetic stability analysis carried out by Schroeder et al.
(2021).

Sunward whistlers are particularly interesting because they
are able to interact very efficiently with Strahl electrons
(Vocks et al. 2005; Saito & Gary 2007; Sarfraz & Yoon 2020;
Cattell & Vo 2021). Furthermore, Saito & Gary (2007) proposed
a wave-wave interaction mechanism to produce quasi-aligned
sunward whistler waves. Vasko et al. (2020), using typical prop-
erties of the electron distribution function at 1 AU, showed that
quasi-parallel sunward whistler waves can be generated by the
temperature anisotropy instability and they are expected to have
smaller frequencies, wave numbers, and growth rates than the
anti-sunward ones. An interval containing sunward and anti-
sunward whistler waves was observed in association with a mag-
netic flux rope by Lacombe et al. (2014) using CLUSTER data.
In that study, the authors proposed that wave generation in these
two directions is due to the presence of a bi-directional elec-

tron distribution associated with the flux rope. However, the
absence of electron distribution function measurements during
this interval makes it impossible to verify this hypothesis. A case
of sunward propagating whistler wave packet was studied by
Agapitov et al. (2020) in association with a magnetic field dip at
a switchback boundary (Bale et al. 2019; Krasnoselskikh et al.
2020; Dudok De Wit et al. 2020; Agapitov et al. 2022) using
data from Parker Solar Probe (PSP) Encounter 1 at ~0.2 AU
(=43 R). This wave packet contained subpackets with propa-
gation angles varying from quasi-parallel to oblique, probably
due to propagation in an inhomogeneous background magnetic
field. Froment et al. (2023) also studied some examples of sun-
ward waves during Encounter 1 of PSP and found that whistler
waves (without making the distinction sunward/anti sunward)
are associated with magnetic field dips in 64% of the cases.
Using burst waveforms observed during Encounter 1 of PSP,
Karbashewski et al. (2023) reported sunward, anti-sunward, and
counter-propagating (propagating in both directions) whistlers.
The waves observed were predominantly quasi-parallel, con-
firming the results of Cattell et al. (2020), Froment et al. (2023).
Karbashewski et al. (2023) suggested that the generation of these
waves is related to the temperature anisotropy. A shift in the dis-
tribution functions of the electrons trapped in the dips, caused by
the propagation of these structures, would favor the generation of
sunward waves. These sunward waves are theoretically expected
to have higher frequencies than the anti-sunward waves. It is
important to note that the distribution functions considered by
Karbashewski et al. (2023) are different from the typical 1 AU
distribution functions used by Vasko et al. (2020). In particu-
lar, the supposed drift of trapped electrons due to magnetic dip
motion explains the difference in predicted frequencies for sun-
ward versus anti-sunward waves in these two studies.

Several observational studies have attempted to determine
where whistler waves occur in the heliosphere and what their
properties are. An anti-correlation between the solar wind speed
(above 300kms™!) and the occurrence of whistler waves was
found by Lacombe et al. (2014) and Jagarlamudi et al. (2020,
2021). Jagarlamudi et al. (2020) found a decrease in the whistler
waves occurrence when getting closer to the Sun (from 1 AU to
0.3 AU), while Kretzschmar et al. (2021) found an increase in
the whistler occurrence from 1 AU to 0.5 AU. Jagarlamudi et al.
(2021), Cattell etal. (2021a) used electromagnetic and parti-
cle data of Parker Solar Probe to show evidence of diffu-
sion of the Strahl electrons by whistler waves. In addition,
Cattell et al. (2022) showed, using Parker Solar Probe data from
Encounters 1 through 9, that whistler waves are rarely observed
inside ~0.13 AU (=28 R, Solar radii). Furthermore, Kajdi¢ et al.
(2016) used CLUSTER data to show that the presence of
whistlers (which were in great majority quasi-aligned) was cor-
related to a higher Strahl PAW. The observation of increased
Strahl PAW during broadband whistler fluctuations was also
observed by Pagel et al. (2007) using ACE data.

Nevertheless, despite these various observations suggesting
the important role of whistler waves in solar wind electron diffu-
sion, a quantification of the effect of whistler waves on suprather-
mal electrons in the solar wind is still lacking.

In this study, we aim to answer the question of whether
whistler waves can explain the transfer of electrons from the
Strahl to the halo and, if so, what are the characteristics of
the waves responsible for it. To do so, we first analyze Solar
Orbiter and Parker Solar Probe data to determine the whistler
wave properties between 0.2 and 1 AU. Then, we use the quasi-
linear theory to compute the efficiency of these waves in diffus-
ing the electron populations. Section 2 presents the identification
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of the whistler waves and the determination of their properties.
In Sect. 3, we compute both the local and integrated effect of the
whistler waves on the electron diffusion. In Sect. 4, we discuss
our results.

2. Whistler waves statistics
2.1. Data and analysis
2.1.1. Solar Orbiter and Parker Solar Probe data

We used data from the Solar Orbiter mission (Miiller et al. 2013,
2020) obtained between July 2020 and March 2022, cover-
ing distances between 0.3 AU and 1 AU (four perihelia). We
excluded the two Venus flybys. The waves were identified and
characterized using the Radio and Plasma Waves (RPW) exper-
iment (Maksimovic et al. 2020), which uses a search coil mag-
netometer (Jannet et al. 2021) and three electric antennas to pro-
duce both snapshot and continuous waveforms (SWF and CWF)
of the fluctuating magnetic and electric fields (we use wave-
forms at 256 Hz). Both the consideration of the CWF data prod-
ucts in addition to the SWF and the extension of the consid-
ered period is a significant improvement over the analysis of
Kretzschmar et al. (2021). We also utilized data from the mag-
netometer (MAG; Horbury et al. 2020) and the Solar Wind ana-
lyzer (SWA; Owen et al. 2020) instruments to retrieve the back-
ground magnetic field (By in the following) and the proton
moments (density and velocity) of the solar wind. When avail-
able, we use the electron density delivered by RPW as a level
3 data product (Khotyaintsev et al. 2021). We also used the 3D
normal-mode velocity distribution functions of EAS 1 and EAS
2 (Owen et al. 2020).

For Parker Solar Probe (Fox et al. 2016; Raouafi et al. 2023),
the whistler waves were characterized using the FIELDS instru-
ment that measures the DC and AC electric and magnetic fields
(Bale et al. 2016; Malaspina et al. 2016). Specifically, we used
continuous waveforms (acquired at 297.97 Hz) and burst wave-
forms (150000 Hz) data products from November 1st to 11th,
2018. We limited ourselves to the first perihelion of Parker
Solar Probe because of the change in the response in one of
the SCM components for the following encounters, making
it impossible to compute directly the polarization properties
of the waves (Dudok De Wit et al. 2022). A method using the
two available components of the magnetic and electric fields
was recently proposed by Colomban et al. (2023) to recover the
whistler polarization properties despite this technical issue. This
method will eventually allow us to extend the wave statistics to
the other encounters of Parker Solar Probe. We also used the
SWEAP Solar Probe Cup (SPAN-C) L3 data (Kasper et al. 2016;
Case et al. 2020) for the density and solar wind speed. In the fol-
lowing, we round the heliocentric distance of Parker Solar Probe
during the first encounter (€ [0.16,0.25] AU) to 0.2 AU.

2.1.2. Detection and characterization

We detected whistler waves according to the method presented
in Kretzschmar et al. (2021). In short, this consists of locating
the periods of time where the magnetic field fluctuations are at
least twice the median fluctuations measured in the data from
the same day over at least 2 Hz. If such a bump was detected,
we defined a wave packet as the part of the band-pass filtered
time series with fluctuations larger than the upper quartile. A
wave packet must be composed of at least four periods. We
then checked that the coherence, planarity, and polarization of
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the wave were all greater (using the spectral energy content
weighted average) than 0.6 over the considered frequency range
(Santolik et al. 2003). For continuous waveforms, if there was
more than 8h of data, we split the day into four and four differ-
ent median spectra are used. This allows us to take into account
possible variations in turbulence levels. Although we note that
the level of turbulence is in the overwhelming majority of cases
well below the measured amplitude of the waves.

The propagation angle with respect to the background
magnetic field (6 in the following) is determined using
both a minimum variance analysis (Sonnerup & Cahill 1967,
Sonnerup & Scheible 1998) on the filtered magnetic field wave-
forms and the analysis of the computed magnetic spectral matri-
ces (Means 1972; Santolik et al. 2003; Taubenschuss & Santolik
2019). These methods give the propagation angle with an ambi-
guity of £180°, which is next removed by determining the radial
direction of propagation using the electric field. Unless other-
wise specified, we work in spacecraft reference frames; for Solar
Orbiter, X points to the sun, Z points to the north, and ¥ com-
pletes the direct reference frame (Maksimovic et al. 2020). The
direction of propagation (sunward or anti-sunward) indicates
whether the wave is mainly directed toward the Sun or not. The
direction of propagation is determined by computing the sign
of the X component of the Poynting vector S (Eq. (A.1)). We
assumed a weak phase deviation proposed in Kretzschmar et al.
(2021) to take into account the nearly constant instrumental
phase shift between the electric and magnetic field of Solar
Orbiter. This assumption, as well as the precautions taken for
the determination of the propagation direction, are detailed in
Appendix A.

We finally checked for the right- or left-handed polarization
(in the spacecraft frame) in the following way. For a right-handed
polarization, describing the magnetic field fluctuations B (f) in
a direct orthogonal Cartesian reference frame, where Z is along
the wave vector k, we expect a phase shift of +90° between the
X and Y components (if k and By are aligned and anti-aligned,
respectively). This is the case for anti-sunward waves and for
sunward waves with V,, > Vgw, (where V,, is the phase velovity
in the plasma frame and Vgw, is the solar wind speed along the k
direction). Sunward whistler waves propagating with V,, < Vgw,
have a left-handed polarization in the spacecraft frame.

This statistical analysis includes several improvements over
previous works. Most other statistical studies used only the
power spectrum to detect whistlers without checking the polar-
ization properties (Lacombe etal. 2014; Tongetal. 2019a;
Jagarlamudi et al. 2020, 2021). In addition, the joint analysis
of the magnetic and electric fields makes it possible to deter-
mine the direction of propagation, which is the most crucial
parameter for understanding the wave interactions with elec-
trons. This also allows us to take into account the Doppler
effect and to determine the wave frequency in the plasma frame.
This joint statistical analysis of magnetic and electric fields
was not performed in most of the previous studies of whistler
waves in the solar wind (Lacombe et al. 2014; Tong et al. 2019a;
Jagarlamudi et al. 2020, 2021; Cattell et al. 2020, 2021a, 2022;
Froment et al. 2023). Finally, the analysis of the waveforms
allows us to precisely determine the parameters of the wave
packets (e.g., amplitude, duration).

Figure 1 shows a typical example of whistler wave activity
detected by Solar Orbiter RPW on July, 22, 2020. The spectral
energy content is present between approx. 8 and 21 Hz (Fig. le).
In this frequency range, the polarization (Lp), planarity (F),
and coherence between the different components are close to
1 (Figs. If and h). The phase of the radial component of the
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Fig. 1. Analysis of whistler waves detected by Solar Orbiter RPW on
2020 July, 22nd around 14:03. Panels a—d: The X component is in black,
Y is in red, and Z is in yellow (spacecraft reference frame). Panel a:
Background magnetic field By. Panels b and c: Waveforms of the mag-
netic Bw and electric Ew fields. Panel d: X component of the Poynt-
ing vector (S x). For Panels ¢ and d, we used an effective length of the
electric antennas equal to 6 m. Panels e—i: Analysis of the wave packet
delimited by vertical dotted lines. Panel e: Ratio of the magnetic power
spectrum to the median power spectrum of the day (black) and the same
for the electric field (green, with the Y and Z components only). Panel
f: Polarization (Lp in orange), planarity (F in black), and propagation
angle (6 in purple). Panel g: Phase shift between Bw, and Bwy (in the
wave reference frame with k = kz, see Sect. 2.1). Panel h: Spectral
coherence between different components. Panel i: Phase of the X com-
ponent of the Poynting vector ¢s, .

Poynting vector, ¢s,, is close to —130° (Fig. 1i). Taking into
account the instrumental phase shift correction of —50°, this
indicates an anti-sunward propagation that is consistent with
the negative sign of the X component of the Poynting vector
(Fig. 1d). Taking into account this anti-sunward propagation, we
notice that the propagation angle 6 is small (<20°, on the fre-
quency range considered), which indicates a quasi-parallel prop-
agation (Fig. 1f). Since we have an anti-sunward propagation, in
the background magnetic field direction, the phase shift of 90°
(Fig. 1g) indicates a right-handed circular polarization in both
the spacecraft and plasma frame, as expected.

2.2. Results
2.2.1. Whistler waves occurence and polarization properties

Figure 2 gives an overview of the observations and occurrence
of whistler waves. The occurrence is defined as the summed
duration of the wave packets divided by the total observation
time. Therefore, its absolute value cannot be compared directly
with occurrences computed with data of lower temporal res-
olution (Lacombe et al. 2014; Jagarlamudi et al. 2020, 2021;
Froment et al. 2023). Figure 2a is made using Solar Orbiter data
only, between 0.3 and 1 AU, and when the solar wind speed data
were available. Figures 2b and c are obtained with both Solar
Orbiter and Parker Solar Probe observations. The occurrence for
Parker Solar Probe is computed using burst waveforms only as

the continuous waveforms have an overly low acquisition fre-
quency and miss many whistler waves. Nevertheless, the occur-
rence calculated with Parker Solar Probe data is biased because
burst waveforms are triggered to detect intermittent waves in the
electric field (Bale et al. 2016; Malaspina et al. 2016). It is there-
fore likely that the occurrence of whistler waves is overestimated
at 0.2 AU. On the other hand, it allows us to give an estimation
of the proportion of sunward and anti-sunward waves.

Figure 2a shows that most Solar Orbiter observations were
made in a slow wind (90% with Vsw < 450km s~!) and between
0.45 and 0.75 AU. We analyze in total 2673 h of observations
with Solar Orbiter and 68 h of observations with Parker Solar
Probe.

More than 110000 whistler wave packets are detected and
analyzed, which is the largest statistical study of whistler waves
in the solar wind to date. Because of the lower statistics with
Parker Solar Probe (232 wave packets) and between 0.3 and
0.5 AU with Solar Orbiter (900 wave packets), we concentrate
in some figures only on distances between 0.5 and 1 AU.

Figure 2b shows that the occurrence rate increases from
1 to 0.6 AU and decreases from 0.6 to 0.2 AU, and that anti-
sunward whistler waves are largely dominant above 0.3 AU. The
increase in the occurrence from 1 to 0.6 AU is in agreement with
the observations of Kretzschmar et al. (2021) but in disagree-
ment with the results of Jagarlamudi et al. (2020), using mag-
netic spectra from the HELIOS mission). There seems to be a
slow increase in the number of sunward whistlers between 1 and
0.3 AU, but more statistics are needed to verify this trend. At
0.2 AU the occurrence of sunward whistlers is about the same as
that of anti-sunward whistlers, but again, more statistics are nec-
essary. Kretzschmar et al. (2021) also found a huge majority of
anti-sunward whistler waves between 0.5 and 1 AU. The evolu-
tion of the occurrence with distance is discussed in more details
in Sect. 4.

Finally, there is an important decrease in the occurrence
with increasing solar wind speed above 350kms~! (0.02 at
350kms~!' and 0.0025 at 650kms~!, Fig. 2c). We also note a
very fast decrease in the occurrence in very slow wind (0.001
at 250kms™!). These results are in good agreement with the
study of Tong et al. (2019a), using Artemis data. A decrease
in the occurrence with increasing solar wind speed (above
300kms~!") was also found by Jagarlamudi et al. (2020, 2021).
Moreover, observations of Cattell et al. (2022) also suggest a
decrease in occurrence with the solar wind speed. We note that
Kretzschmar et al. (2021) did not study the occurrence as a func-
tion of solar wind speed. Jagarlamudi et al. (2020) showed that
the lower turbulence level and the lower Doppler effect in the
slow solar wind were not sufficient to explain the increase in
the occurrence. The temperature anisotropy of the core and of
the halo being more important in a slow solar wind, the gen-
eration mechanisms for whistler waves (heat flux and tempera-
ture anisotropy instabilities) are more favorable. The low occur-
rence at 250kms~! (representing around 5% of observations)
still needs to be explained. It should be noted that SWA/PAS
solar wind speed data are less reliable in very slow solar winds
(<300kms~"). However, this has no impact on wave detection
with SCM.

Figure 3 shows the distribution of the wave propagation
angle of anti-sunward whistlers measured with Solar Orbiter
and its variations with heliocentric distance (Figs. 3a and c)
and solar wind speed (Figs. 3b and d). Most whistler waves
are found to be quasi-aligned with the magnetic field. Indeed,
for all distances and speeds, the distribution of the propaga-
tion angle peaks between 3 and 7°. Moreover, only 7.5% of the

Al143, page 5 of 18



Colomban, L., et al.: A&A, 684, A143 (2024)

600

E 3x10° £
< b5
- >
8 500 g
& 2x10* 2
= Gy
£ 400 °
E 2
g 1x10* §
° =}
0

04 0.6 0.8 1.0
Heliocentric distance (AU)
0.1000f [~ T~ T T
: Parke.l Solar
Solar | Orbiter
I Probe
0.0100F ° 3 E
8 £ T Is
é %%%}l\:a&s“ ard ¥
S 0.0010} ; .
,b) %
0.0001;‘ L T
0.2 04 0.6 0.8 1.0
Heliocentric distance (AU)
[ T T T T T T T T
0.020 B
0.015} .
8 8
§ [
g 0010} 1
o 8
0.005 | .
0.000L I . ! . ! . I
300 400 500 600 700
Vew (km/s)

Fig. 2. Observation and occurrence of whistlers as a function of helio-
centric distance and solar wind speed. Panel a: Number of analyzed
8s-waveforms with Solar Orbiter as a function of heliocentric distance
and solar wind speed. Panel b: Whistler wave occurrence as a function
of heliocentric distance for sunward, anti-sunward, and poorly defined
propagation direction. When, due to low statistics, the 95% confidence
intervals (calculated assuming a normal distribution) are of the order
of magnitude of values, they are not shown. Panel c: Occurrence as a
function of the solar wind speed.

waves have a propagation angle larger than 15° and 0.5% have an
angle of propagation greater than 45°. These results are in good
agreement with the studies of Lacombe et al. (2014), Tong et al.
(2019a), and Kretzschmar et al. (2021) that also found a major-
ity of quasi-aligned whistlers between 0.5 and 1 AU. Below 15°,
the distribution can be explained by considering an instability
that has a maximum growth rate at 0°, which is the case of the
WHEFI, the TAI or the sunward suprathermal deficit instability.
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Fig. 3. Histograms of propagation angle distribution as a function of
heliocentric distance and solar wind speed. Panel a: Normalized his-
togram of the number of whistler waves as a function of the propaga-
tion angle for different heliocentric distances. Panel b: Normalized his-
togram of the number of whistler waves as a function of the propagation
angle for different solar wind speeds. Panel c: Same as panel a zoomed
between 0 and 20°. Panel d: Same as panel b zoomed between 0 and
20°.

The departure from 0° can be explained with a geometrical effect
due to the curvature of the field lines (Agapitov et al. 2013).
This explanation is consistent with the slight increase in prop-
agation angle with the heliocentric distance, already observed
by Kretzschmar et al. (2021) and noticeable in Fig. 3c, and with
the solar wind speed (Fig. 3d). Indeed, the field lines are less
curved close to the Sun (considering a simple Parker spiral) and
whistlers propagate over greater distances as solar wind speed
increases. More measurements within the fast solar wind and
closer to the Sun would allow us to confirm this point more rig-
orously.

Between 15° and up to 45°, we notice a slight change in the
slope of the distribution with respect to smaller angles and this is
accompanied by other changes that we describe below together
with Fig. 4.

Above 45°, very few waves are detected, and a detailed
analysis of these cases (not carried out here) would be needed
to determine their physical or non-physical origins. At 0.2 AU
(distribution is not shown because the number of cases is
too small), we also find a majority of quasi-aligned whistler
waves with, however, a higher percentage of waves propagat-
ing obliquely (~4% with 8 > 45°). This percentage is compara-
ble with the results of Froment et al. (2023) (3% with 6§ > 45°)
using cross spectra of Parker Solar Probe. This higher per-
centage can be explained by the fact that, at 0.2 AU, whistlers
are often associated with structures such as magnetic dips or
switchbacks and therefore propagate in a highly inhomogeneous
background magnetic field (Agapitov et al. 2020; Froment et al.
2023; Karbashewski et al. 2023).

Figure 4 shows the evolution of the median value of sev-
eral wave parameters with the angle of propagation. To calcu-
late the theoretical phase velocity, we use the wave vector from
the cold plasma dispersion equation (Lyons 1974a). Below 15°,
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magnetic field amplitude. Panel b: Duration of the wave packets. Panel c: Theoretical phase velocity (v,) in the plasma frame. Panel d: Frequency

in the plasma frame normalized by the local electron cyclotron frequency.

we note a decrease among some parameters with the propaga-
tion angle (Figs. 4a—c). This may be due to the fact that waves
with larger propagation angles are generated at greater distances
from the spacecraft. These changes would in this case be due
to wave propagation. However, we note that these parameters
increase slightly (or there is a plateau) from 15° to around 45°.
This is clearly visible in Figs. 4a—c, even though the error bars
are large due to the low number of waves verifying 8 > 15°. On
the other hand, the frequency in the plasma frame divided by the
electron cyclotron frequency varies only slightly with the propa-
gation angle (Fig. 4d). Observations of Figs. 4a—c, coupled with
the change in slope of the distribution (noted in Figs. 3a and b),
could be the signature of different conditions (e.g., particularly
inhomogeneous magnetic field like in dips and switchbacks)
and/or mechanisms (instability having a maximum growth rate
between 15° and 45°) generating these waves. Further investiga-
tions are needed to determine the origin of these slightly oblique
waves.

Figure 5 shows the distribution of various wave parame-
ters with heliocentric distance. It can be seen in Fig. 5a that
the amplitude of the waves decreases with the heliocentric dis-
tance. This is expected since the amplitude of the background
magnetic field decreases as ~r~2 with distance (at the distances

we consider). Nevertheless, there may be a slight increase in
the normalized amplitude of the fluctuations with the helio-
centric distance (Fig. 5b). This increase may be caused by
the fact that both the temperature anisotropy (Jagarlamudi et al.
2020; Stverik et al. 2015) and the plasma, ., increase with dis-
tance. Indeed, Tong et al. (2019a) have shown that these two
parameters control the ratio, B—‘:. Longer wave packet dura-
tions are observed far from the Sun (Fig. 5c¢). This is probably
caused by the decreasing phase velocity at larger heliocentric
distances and by the fact that the characteristic spatial scales of
the plasma are much larger far from the Sun. The frequency
width decreases with the Heliocentric distance (Fig. 5d). The
trends observed in Figs. 5a, b, and d confirm what was already
observed by Kretzschmar et al. (2021). The ratio f/f.. does
not clearly depend on the heliocentric distance (Fig. Se) in the
plasma frame, while this ratio seems to increase with distance
in the spacecraft frame (Kretzschmar et al. 2021). This can be
explained by a more important role of the Doppler shift far
from the Sun because of the smaller phase velocity. Figure 5f
shows that f/f.. (in the spacecraft frame) is lower for sunward
whistlers than for anti-sunward ones. This is explained by the
Doppler effect and gives a good indication that the determi-
nation of the propagation direction (sunward or anti-sunward)

Al143, page 7 of 18



Colomban, L., et al.: A&A, 684, A143 (2024)

T T 1 T L B
» 0.100F 3 0.100 ) E
Z
=)
S
el
i
Té 0.010F A1l distances: 4 0.010¢
S [0.75,11 AU
[0.5,0.75] AU
0001 L o v v v v v e e 1 0001 L v v e v i v v vy
0.00 0.04 0.08 0.12 0.16 0.000 0.005 0.010 0.015 0.020
Bw (nT) Bw/B,
LI B BLELIL LR I B B
» 0.100 » 0.100
= =
=) =
9] o
o o
= =
S 8
s 0.01 = 0.
E 0.010 g 0.010
o) S
Z Z
0.001 Lowras o~ o~ o~ w0001 e nein oo A
0 1 2 3 4 0 20 40 60 80 100120140
Duration (s) Af (Hz)
LR B B AL B L B B B B
+ f) Fig. 5. Normalized histograms for dif-
0.100 3 0.100y t::+++ E ferent wave parameters as a function of
. * + Y. heliocentric distance. The wave parame-
* . T4 ters are as follows: Panel a: Wave ampli-
+ e tude. Panel b: Wave amplitude normal-
+ e te ized by the background magnetic field.
0.010F 4 0.010F * ++' Panel c: Duration of the wave packets.
. * Panel d: Frequency width. Panel e: Fre-
Sunward quency in the plasma frame normalized
*+  Anti-sunward by the local electron cyclotron frequency.
Panel f: Histogram of the frequency in the
(OX0[0) NI | A T AL W1\ VI 0001 L v v e 0 spacecraft frame normalized by the elec-
0.00 0.05 0.10 0.15 0.20 025  0.00 005 0.10 0.5 0.20 tron cyclotron frequency for sunward (in

f/fce (plasma frame)

is correct. The observed amplitudes and frequencies are in
agreement with previous observations of small-amplitude quasi-
parallel whistler waves in the solar wind (Lacombe et al. 2014;
Tong et al. 2019a; Chust et al. 2021; Kretzschmar et al. 2021;
Froment et al. 2023) and are consistent with whistler heat flux
instability simulations (Kuzichev et al. 2019; Ldpez et al. 2019).

2.2.2. Exploring whether sunward whistler waves are
counter-propagating with respect to Strahl electrons

In Fig. 2b, we note the interesting fact that the proportion of sun-
ward whistler waves seems to increase when getting closer to the
Sun. However, since (1) the number of detected sunward whistler
waves is always quite low between 0.3 and 1 AU and (2) there
is an instrumental phase shift between the magnetic and electric
fields on Solar Orbiter, we pay special attention to these sunward
waves in this section. Figure 6 shows two examples of sunward
whistler waves activity detected with Solar Orbiter. Figures 6a—d
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f/fce (SC frame)

purple) and anti-sunward whistler waves
(in pink).

and i-1 are typical of whistler waves observed with Solar Orbiter,
with a planarity and an ellipticity close to 1 and a quasi-parallel
propagation. Figures 6e and m show the phase of the X com-
ponent of the Poynting vector (¢g,) that is used to determine
the radial direction of propagation (sunward or anti-sunward) of
the waves. Taking into account the instrumental phase shift, as
explained in Sect. 2.1.2, —180° < ¢g < —80° indicates a wave
propagating anti-sunward, while 0° < ¢g, < 100° indicates a
wave propagating sunward. Two sunward propagating cases are
clearly visible between 16:30 and 17:30 on the 2021 August,
15th (Fig. 6e) and between 11:00 and 11:30 on the 2021 October,
8th (Fig. 6m). The other observed wave packets are propagating
anti-sunward or are poorly defined. The surprising feature is that
these sunward propagating waves occur during switchbacks with
a change of sign of the radial component of the background mag-
netic, such that they are still aligned with the Strahl. This can be
seen by observing the reversal of the radial component (X in
solar Orbiter reference frame) of the background magnetic field
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Fig. 6. Observations of whistler waves activities with Solar Orbiter on 2021/08/15 (left) and 2021/10/08 (right). Panels a—e and i-m: Spectrograms
of several wave parameters calculated from CWF with: Panels a and i: Power spectral density. Panels b and j: Planarity. Panels ¢ and k: Ellipticity.
Panels d and 1: Propagation angle. Panels e and m: ¢S x. Panels f and n: X components of the background magnetic field. Panels g and o: Velocity
distribution functions (summed over energies between 100 and 1000 eV and over all elevations) as a function of time and azimuth angle of EAS 1
with the azimuth of the background magnetic field in black (in the EAS 1 reference frame). Panels h and p: Pitch angle distribution (summed over

energies between 100 and 1000 eV) using EAS 1 and EAS 2 data.

at the time of the observed sunward waves (positive to negative
in Fig. 6f, negative to positive in Fig. 6n), while the Strahl stays
aligned with the magnetic field (Figs. 6g, o, h, and p).

We then look to find whether cases similar to those shown
in Fig. 6 represent the majority of sunward cases observed with
Solar Orbiter. Figure 7 presents the percentage of cases in which
the sign of the radial component during the measurement is not

the median sign of this component over a period of 24 h centered
on the measurement. Such a change in the sign of the radial com-
ponent would suggest the presence of switchbacks, as shown in
Fig. 6. We note that this technique is not perfect since we do not
verify that the Strahl changes direction as well; heliospheric cur-
rent sheets crossing could cause a change of sign of the radial
component of the magnetic field as well. We note that the error
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Fig. 7. Percentage of cases in which the sign of the radial component
of the background magnetic field during the measurement is not the
median sign of this component over a 24-h period centered on the mea-
surement. Only Solar Orbiter data were used to construct this figure.

bars in Fig. 7 are estimated using the binomial distribution and
do not take into account the possible method errors described
above. The percentage of cases with a change of sign of the
radial component is around 13 times higher for sunward waves
(~80%) than for anti-sunward waves (~6%). Without whistler
waves, this percentage is ~12%. This suggests that in the vast
majority of cases, sunward waves are indeed detected within
switchbacks. Therefore, these “sunward” waves actually prop-
agate in the same direction as the Strahl and do not interact with
electrons as counter-streaming waves. To keep this distinction
in mind when discussing the impact of waves on the suprather-
mal electrons, we used the distinctive terms of Strahl-aligned
and counter-streaming whistler waves. The 6% of anti-sunward
waves with a sign change of the radial component and the 20%
of sunward waves without a sign change are potentially counter-
streaming. On the other hand, visual inspection of these cases
shows that the vast majority of them are associated with helio-
spheric current sheets, biasing the detection method. The vast
majority of these cases are therefore also Strahl-aligned.

Conversely, we did not observe switchbacks with a change
of sign of the radial component of the background magnetic
field during sunward whistler wave activity closer to the Sun
(i.e., with Parker Solar Probe). These sunward waves are there-
fore truly counter-streaming and can strongly contribute to the
diffusion of Strahl electrons. These results do not exclude the
possibility of observing sunward waves within switchbacks with
a complete reversal of the radial component for other Parker
Solar Probe encounters. These cases would therefore be Strahl-
aligned. Furthermore, as shown by Agapitov et al. (2020), sun-
ward waves can be located at the boundary of a switchback
with a complete reversal of the radial component. For these
cases, it is necessary to study the electron distribution func-
tion in detail to determine the wave propagation direction with
respect to the Strahl. Finally, we found that the observed suward
waves are associated with magnetic dips (greater than 5%) in
80% of the cases (compared to only 30% for the Strahl-aligned
waves). The magnetic dips are detected similarly to the method
described in Froment et al. (2023). In the present paper, we com-
pute: (|1Bol — |Bolsi)/|Bolsie and identify the magnetic dips when
this quantity is lower than —0.03. |By| is the background mag-
netic field smoothed (sliding average) over 0.05 s and |Bylgy; is
smoothed over 60 s.
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2.2.3. Overview of whistler waves detected with Parker Solar
Probe and Solar Orbiter between 0.2 and 1 AU

Here, we present a quick overview of the results obtained in the
previous sections and a discussion.

Between 0.3 and 1 AU, we detect a majority of quasi-parallel
whistler waves. When 0 < 15° (i.e., 92.5% of the cases), the
following generation mechanisms can produce waves with the
observed properties: WHFI, TAI, and the sunward suprathermal
deficit (Tong et al. 2019b; Jagarlamudi et al. 2020; Ber¢ic et al.
2021b). The existence of waves with propagation angles up to
15° can be explained by a parallel generation associated with the
geometric effect of propagation in a curved magnetic field. The
7% of cases with 8 € [15,45]° may find their origin in another
generation mechanism favoring larger propagation angles; how-
ever, we set this point aside for future studies. There are virtually
no waves with propagation angles greater than 45° (0.5% of the
case). Moreover, the waves almost all propagate in the direction
of the Strahl propagation, including within switchbacks, and the
waves are therefore Strahl-aligned.

The quasi-absence of counter-streaming whistler waves
beyond 0.3 AU is an important finding. Indeed, Vasko et al.
(2020) predicted the existence of counter-streaming waves with
small frequencies and amplitude and emphasized their potential
importance in diffusing the Strahl. These waves might be at too
small frequencies and amplitudes to be detected by the Search-
Coil Magnetometer of Solar Orbiter. We may note, however, that
Khotyaintsev et al. (2021) analyzed the low-frequency magnetic
field measured by MAG as well as the electric potential from
RPW and found only proton-band electromagnetic ion cyclotron
(PB-EMIC) waves (and no fast-magnetosonic whistler waves).
The absence (or even the scarcity) of counter-streaming whistler
waves far from the Sun, with respect to observations at 0.2 AU,
can probably be explained both by the rarity of magnetic dips
larger than 5% beyond 0.3 AU and by the evolution of the distri-
bution function.

Similarly, the fact that there are very few oblique whistlers
at all the covered distances is an important result for the
diffusion of electrons. Oblique waves (~70°) were predicted
to be produced by fan-like instabilities (Vasko etal. 2019;
Verscharen et al. 2019; Micera et al. 2020, 2021) and therefore
favored by high Strahl’s density and drift. Our observations
close to the Sun and up to solar wind speed of 500kms~!
should cover conditions where the Strahl is generally strong
(Rosenbauer et al. 1977; Pilipp et al. 1987; Stverik et al. 2009;
Maksimovic et al. 2005; Bercic et al. 2019). However, we find
that whistler waves with 6 > 45° constitute only 4% at 0.2 AU
(consistently with Froment et al. 2023) and 0.5% beyond 0.3 AU
of observed waves. As mentioned in Sect. 1, the near-absence of
oblique waves had been predicted by Schroeder et al. (2021) and
Jeong et al. (2022).

However, we do find an important number of counter-
streaming waves at 0.2 AU. They are mainly associated
with dips in the background magnetic field, which indi-
cates that these structures favor the generation of counter-
streaming whistler waves, as proposed by Agapitov et al. (2020),
Karbashewski et al. (2023), Froment et al. (2023). Moreover, it
was shown by Colomban et al. (2023) using burst data of Parker
Solar Probe that these counter-streaming waves are detected
at higher frequencies (in the plasma reference frame) than the
Strahl-aligned waves. This is in agreement with the mechanism
proposed by Karbashewski et al. (2023).

Taking into account the results of this section, we expect
wave interactions with the Strahl to be rather slow above 0.3 AU
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(compared to interaction with oblique or counter-streaming
waves). At 0.2 AU, on the other hand, counter-streaming waves
interact efficiently. In the next section, we compute the diffu-
sion coefficients to quantify the interactions of observed whistler
waves with suprathermal electrons.

3. Diffusion of solar wind electrons by whistler
waves

Here, we focus on the quantification of the effect of whistler
waves on suprathermal electrons along electron propagation.
The theory and method used to compute the diffusion coeffi-
cients are presented in Sect. 3.1, while Sects. 3.2 and 3.3 present
the results.

3.1. Theory and method

The effect of waves on particles can be calculated in the frame-
work of quasi-linear theory (Vedenov 1963; Yakimenko 1963).
This framework allows us to describe the diffusion of particles
in the velocity space due to their interactions with many small
amplitude waves with random phases (Kennel & Engelmann
1966). The amplitude of the self-excited perturbations must be
small enough so that the time variation of the distribution func-
tion is slow compared to the wave frequencies. Moreover, the
growth rate of the waves must be much lower than the wave
frequencies. This latter hypothesis makes it possible to consider
only particles that verify the following resonance relation:

NWee
w+ — = l)||k||, (2)
Vi

where #n is the order of the resonance, 7y; is the Lorentz factor,
v) is the parallel (with respect to the background magnetic field)
electron velocity, and k is the wave vector.

One way to estimate the time scale of the electron diffusion
in the velocity space is to calculate the diffusion coefficients
(Lyons et al. 1971, 1972; Lyons 1974b). These coefficients are
computed from the characteristics of the waves and take into
account their polarization properties, their amplitudes, and the
resonant conditions of wave-particle interactions.

Three diffusion coeflicients, Doy, Dy, p, and D), can be cal-
culated (a is the pitch angle and p is the electron momen-
tum). Here, we are interested in the interaction of electrons with
whistler waves, which are mainly electromagnetic in their ref-
erence frame (moving with the wave). Therefore, the perturba-
tions produced by the waves are primarily magnetic. As it is well
known, the magnetic field cannot transfer energy to an isolated
charge, and therefore the main effect of the waves is angular
diffusion. Although energy diffusion is important for the damp-
ing/instability of the waves, its effect on the shape of the overall
electron velocity distribution function is negligible. This angu-
lar diffusion is, therefore, the only one we will consider in the
following, it is described by the diffusion coefficient, D,

The detailed method for computing the diffusion coefficients
is presented in Lyons (1974a), Horne (2003), Glauert & Horne
(2005), and Artemyeyv et al. (2012). In this study, we use the cold
plasma whistler waves dispersion relation (Lyons 1974a) and
the high density approximation. Glauert & Horne (2005) have
shown that if wpe/wee > 10 (which is the case in the solar wind),
the high-density approximation is well valid for all energies.

We first use the diffusion coefficients to evaluate the angular
diffusion caused by an isolated wave packet. We use D,,, to cal-
culate the angular diffusion in angular space of the distribution

function (Aa) for a group of resonant particles, which results
from the interaction with a wave packet, using:

Ad? = 2Dt/ P, A3)

where 7 is the wave packet duration. In the following, Aa/T
is called the local diffusion coefficient and describes the typi-
cal angular diffusion that an electron with momentum, p, under-
goes in one second. We calculated the local diffusion coefficients
using the mean values of the wave parameters derived in the pre-
vious sections (see details in Appendix B) for different bins of
heliocentric distances, propagation angles, and wave amplitudes.
This allows us to study which wave parameters are important
for the diffusion. We focused on the diffusion of halo and Strahl
electrons by whistler waves propagating either mainly along the
Strahl (Strahl-aligned) or against it (counter-streaming). For sim-
plicity, we only considered two energies, 300 eV and 700 eV, that
are representative of these suprathermal electron populations and
at which the Strahl diffusion cannot be explained by collisions
(Boldyrev & Horaites 2019; Bercic et al. 2021a). In the follow-
ing, we use an anti-sunward magnetic field convention, so that
the electrons with a pitch angle between 0 and 90° (respectively,
90-180°) propagate anti-sunward (respectively, sunward) in the
solar wind reference frame.

Then, in order to estimate the global impact of whistler
waves on the distribution function along the propagation, we
calculate the integrated diffusion coefficients. For each bin pre-
sented above, we compute the number of wave packets that
an electron encounters on average during its propagation. We
assume that the occurrence and characteristics of whistlers
encountered by electrons on their journey are identical to those
encountered by the satellites. We describe each wave packet
encounter by a “kick widening”: (Aaz)i, where the index, i,
numerates a wave packet. Therefore, the total angular devia-
tion, after multiple encounters with different wave packets for
the same group of resonant particles should be evaluated as:

1
(Ao = ) (8 =25 ) (Doa)iTi @)

The total diffusion is achieved when /(Aa?)iwm = 180°. In the
following, (Aa)wta is called the integrated diffusion coefficient.
Since this approach is based on diffusion, the kick caused by
each encounter with a wave packet is assumed to be small.

The travel time of the electrons in each bin of heliocen-
tric distance is calculated by dividing the total length of the
interplanetary magnetic field, considered to be equal to 1.6
times the radial distance (Graham et al. 2018), by the electron
velocity. The electron velocity is calculated using their ener-
gies (the solar wind speed is neglected). Electrons follow the
field lines and their rotation around it is considered negligible
compared to the total length. We take the example of an elec-
tron with an energy of 300eV that corresponds to a speed of
15675kms™'. Between 0.5 and 0.75, it travels a distance of
about 0.25 % 1.6% 1.496 % 103 = 59 840 004 km and its travel time
is therefore on the order of 1h04. With the chosen anti-sunward
magnetic field convention and at the considered energies, small
pitch angles (<55° depending on the heliocentric distance) indi-
cate Strahl electrons while larger pitch angles indicate halo elec-
trons. Below, we first present the local and integrated diffusion
coefficients between 0.5 and 1 AU (using Solar Orbiter, Sect. 3.2)
and then near 0.2 AU (using Parker Solar Probe, Sect. 3.3).
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Fig. 8. Local diffusion coefficients at two different heliocentric distance (rows) and three wave propagation angle 6 (columns) bins; 6,, is the
approximate mean angle used for the calculation in each propagation angle bin. The orange color (resp., blue) corresponds to an electron energy
of 300eV (resp., 700eV) in the proton reference frame. The lighter lines show the effect of the 80% least intense waves while the darker ones
are for the 20% most intense waves. The observed Strahl PAW (Ber¢ic€ et al. 2019) for each distance bin is indicated by a black vertical line. The

resonance orders are indicated.

3.2. Electron diffusion between 0.5 and 1 AU

As explained in Sect. 2.2.2, between 0.5 and 1 AU, we almost
exclusively detect Strahl-aligned whistler waves. Figure 8 shows
the local diffusion coefficients and Fig. 9 the integrated ones,
for this direction of propagation. Three different propagation
angle ([0, 15],[15,30], [30,45]°) and two heliocentric distance
(10.5,0.75],10.75, 1] AU) bins are considered (note: we find that
modifying these bins do not modify the conclusions). Waves
with an angle of propagation greater than 45° occur so infre-
quently that electrons at 700 eV will encounter only about 0.08
waves of this type as they travel 0.25 AU. We therefore neglected
these waves as their overall effect on the Strahl is negligible,
but we are mindful that they may sporadically have an effect on
Strahl diffusion.

We should start by explaining some general features of
Figs. 8 and 9. As we work with averaged parameter values
for each bin, there is only a specific range of pitch angles that
matches the resonance conditions; in reality, the diffusion is
caused by the encounter with a multitude of wave packets (with
a multitude of parameters) so that electrons at other pitch angles
can also be in resonance. To quantify the effect of waves on
Strahl electrons, we interpolated the diffusion coefficients at the
pitch angle corresponding to the Strahl PAW. Strahl PAW val-
ues are those obtained by Ber¢ic et al. (2019) using Helios data
(using values of the core electron plasma .. greater than 0.4,
coherent with a slow solar wind). Finally, we can note that since
whistler activity is intermittent, total diffusion will vary accord-
ing to the periods of activity encountered.

We must also note that in some cases (described below),
the wave-particle interaction is found to be very effective such
that we are at the limit or outside the applicability of the
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quasi-linear theory. For such waves, it would be necessary to
apply another approach that would take into account the effect
of nonlinear interactions with a monochromatic solitary wave
(Karpman et al. 1975). Nevertheless, as we go on to show, cases
concerning the diffusion of the halo do not impact the main con-
clusions of this work.

Finally, we recall that Strahl-aligned (k; > 0) whistler waves
can resonate (n < 0) with electrons verifying @ < 90° with the
right polarized part of the wave (for not too oblique waves). They
can also resonate (n > 0) with electrons verifying @ > 90°,
mainly with the left-handed polarized part of the wave. It is
therefore expected that resonances with n < 0 and low orders
(specifically n = —1) are the most efficient. Counter-streaming
waves have resonances of the opposite sign. This explains why
counter-propagating whistlers, even with a small propagation
angle, are very efficient in diffusing Strahl electrons.

3.2.1. Local diffusion between 0.5 and 1 AU

We first discuss the local diffusion coefficients and we begin
with the role of whistler waves on 300eV electrons (in orange)
between 0.5 and 0.75 AU (first row of Fig. 8). It can be seen
in Fig. 8a that the diffusion of Strahl electrons by quasi-aligned
whistler waves (8 € [0, 15]°), due to the n = 1 and n = 2 res-
onances, is slow. Indeed, even the 20% most intense whistler
waves (darker curve) can diffuse electrons in pitch angle by
about only 0.1° s~! at the PAW, which is small considering the
typical duration of 1s of a wave packet. On the other hand, for
pitch angles greater than 90°, the diffusion is very efficient: up
to 100°s~! for the n = —1 resonance and for the most intense
waves. This means that in that last case, the timescale of the
variation of the distribution function is not much lower than the
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Fig. 9. Integrated diffusion coefficients at two heliocentric distance and three propagation angle 6 bins. Legends and notations are comparable to

those in Fig. 8.

wave period: ~5°/wave period (wave period of the order of 0.05 s
at these distances). Therefore, we are at the limit of applicability
of the quasi-linear theory. Moreover, the approach of diffusion
by “kick widening” is also at the limit of applicability since a
kick corresponds to a diffusion of the order of 100°. We can gen-
erally note that the 20% most intense waves are approximately
four times more efficient than the remaining 80% of the waves.

For 6 € [15,30]° (Fig. 8b), the diffusion of the Strahl is again
due to the n = 1 and n = 2 resonances and is between 3 and
10 times (depending on the resonance) more effective than for
waves with 6 € [0, 15]°. The n = —1 resonance is again at the
limit of applicability of our method.

Finally, for 6 € [30,45]° (Fig. 8c), the diffusion of the Strahl
becomes much more efficient (about a few degrees per second).
However, we remain within the range of applicability of quasi-
linear theory: diffusion of ~0.25°/wave period for n = 2. The
diffusion of electrons at n = —1 is slightly less efficient than
for more aligned waves. We recall that the whistler waves with
6 € [30,45] represent only 1% of the total number of waves,
so the statistics for the right column are smaller than for the
others.

Similar conclusions can be drawn for heliocentric distances
between 0.75 and 1 AU (2nd row). We note, however, that for
quasi-aligned waves (Figs. 8d and e), the resonances are slightly
closer to 90° with respect to Figs. 8a and b. This is due to the fact
that the resonance velocity decreases with distance (not shown),
which implies that for the same particle energy, the absolute
value of cos(a) must be smaller (Eq. (2)).

When we consider an electron energy of 700 eV (blue lines),
we also notice that the pitch angle of resonance approaches 90°
(which is again expected from Eq. (2)) and that there are reso-
nances at higher harmonics (n = —4 for the second row). Finally,
using Eq. (2), it is possible to understand that the range of reso-
nance pitch angles and the difference in resonance pitch angles
between the 2 energies increase with |n.

3.2.2. Integrated diffusion between 0.5 and 1 AU

We now focus on the integrated diffusion coefficients and start by
discussing the total impact of whistler waves on 300 eV electrons
between 0.5 and 0.75 AU (first row of Fig. 9). At this energy,
electrons take about 1 h40 to travel a radial distance of 0.25 AU.
As the occurrence of the 80% less intense whistler waves with
6 € [0,15]° is about 1.25% at these distances, the electrons
encounter about 75 wave packets. Using Eq. (4), we deduce that
the total diffusion of Strahl electrons due to these waves is of the
order of 0.5°. The role of the 20% most intense waves is simi-
lar. Therefore, in spite of the fact that they represent the majority
of the observed waves (92.5% of the cases), the most aligned
whistlers (68 € [0, 15]°) cannot explain the Strahl diffusion (at
300eV) observed between 0.5 and 0.75 AU (of the order of 10°
Bercic et al. 2019). However, for halo electrons, the n = —1 and
n = —2 resonances provoke highly efficient interactions and con-
tribute effectively to the isotropization of this population.

The total diffusion of 300 eV Strahl electrons by waves with
a propagation angle 8 € [15,30]° (Fig. 9b) is more important
because (as discussed in Sect. 3.2.1) they are more effective (up
to one order of magnitude). The total diffusion of 300 eV Strahl
electrons due to these waves is about 4°. This diffusion is due to
the encounter with an average of eight wave packets verifying
6 € [15,30]°. These waves also participate in the isotropization
of the halo by the n < 0 resonances.

Finally, whistler waves with propagation angle 6 € [30,45]°
(Fig. 9c) are also important despite their very low occurrence.
Indeed, the total diffusion of 300eV Strahl electrons is of the
order of 8° and is due to the encounter with an average of 1.5
wave packets. Their role in the isotropization of the halo with
respect to the more aligned waves is negligible.

We therefore expect a diffusion on the order of 10° of the
300eV Strahl electrons between 0.5 and 0.75 AU (by integrat-
ing the effect of the waves from all the propagation angle bins),
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which is consistent with what was observed by Bercic et al.
(2019). Our method indicates that whistlers with § € [15,45]°
seem to be responsible for most of the diffusion of the Strahl
electrons (at 300eV), although they represent only 7% of the
waves. In the majority of cases the most important diffusion is
atn = 2 and not n = 1 (resonance pitch angle too large in rela-
tion to the Strahl PAW). We are at the limit of applicability of the
quasi-linear theory for n = —1 resonance, which leads to an over-
estimation of the diffusion of the halo. However, our results still
show that the waves also participate effectively in the isotropiza-
tion of the halo electrons, most of which is due to waves having
0 < 15°.

For 700 eV electrons, the conclusions are similar to the case
of 300 eV electrons. The results between 0.75 and 1 AU (fourth
row) are close to those obtained between 0.5 and 0.75 AU, with
whistler waves with 6 € [15,45]° providing a diffusion of the
Strahl electrons of the order of 10° at both energies. This is
notably facilitated since the PAW is larger at these distances.
As we have fewer statistics between 0.3 and 0.5 AU and in
order not to overload the figures, we do not show this distance
range in Figs. 8 and 9. However, as discussed in Sect. 2.2.1, the
occurrence and properties of these waves are similar to those
between 0.5 and 1 AU. We can therefore assume that whistler
waves are also involved in Strahl scattering between 0.3 and
0.5 AU.

3.3. Electron diffusion around 0.2 AU

Around 0.2 AU, with Parker Solar Probe observations, we have
identified both Strahl-aligned and counter-streaming whistler
waves (Sect. 2.2.2). We consider these two cases separately
in the following. As there are fewer statistics than with Solar
Orbiter, we average over all propagation angles and amplitudes
to obtain Fig. 10. This figure shows the local (first row) and
integrated (second row) diffusion coefficients for Strahl-aligned
(first column), and counter-streaming (second column) whistler
waves.

We start by describing the local diffusion of electrons by
Strahl-aligned whistler waves (Fig. 10a). We first note the
absence of resonance with n > 0 for 300eV electrons (orange
color), which prevents the Strahl from being diffused by these
waves.

This absence of resonance seems to be due to a lower
Wpe [ Wee Tatio (and therefore a higher phase speed) for the Strahl-
aligned whistlers at these heliocentric distances: wpe/wee = 87
at 0.2 AU, while wpe/wee > 220 between 0.5 and 1 AU (aver-
age values). Nevertheless, since only 30 of these waves were
detected, more statistics are necessary to confirm if this is a
true effect or if this is caused by low statistics. The resonance
at n = —1 is close to a pitch angle of 180° but gives a diffu-
sion coefficient of the order of 200° s™!. Since the frequency of
the waves is more important at this distance (f ~ 180Hz), the
quasi-linear theory is still valid for this resonance diffusion of
~1.1°/wave period). For 700 eV Strahl electrons, only the reso-
nance n = 1 (for @ < 90°) occurs, again due to the low wpe/wee.
As the average amplitude of these waves is important (0.33 nT,
against 0.05 nT between 0.5 and 1 AU), their efficiency is similar
to waves with 6 > 30° between 0.5 and 1 AU in spite of the fact
that the average angle of propagation is 12°.

We now focus on the counter-streaming whistler waves (right
column). We notice that they are very efficient in diffusing the
Strahl (interpolation of local diffusion coefficients gives about a
hundred degrees per second at the PAW, Fig. 10b). The Strahl
diffusion is mainly due to the n = -2 resonance since the PAW
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is small at 0.2 AU. The n = —1 resonance is out of the range of
applicability of quasi-linear theory.

As explained in Sect. 2.2.1, the PSP burst mode being trig-
gered, the occurrence of whistler waves is probably overesti-
mated. This therefore induces an overestimation of their global
effect (Figs. 10c and d). On the other hand, counter-streaming
waves are very efficient in diffusing Strahl electrons and account
for at least half of all waves. This indicates that they probably
play an important role in the Strahl diffusion around 0.2 AU.
These waves are probably more important than the oblique
waves (6 > 45°) in the Strahl scattering since oblique waves
account for only 3% of the whistlers measured (Froment et al.
2023).

4. Discussion and conclusions

The main findings of this paper can be summarised as follows.

First, around 0.2 AU, both Strahl-aligned and counter-
streaming whistler waves are present and can play a role in the
Strahl diffusion. However, counter-streaming waves are up to
two orders of magnitude more efficient than Strahl-aligned ones.
The interaction of these waves with Strahl electrons is mainly
due to the n = —2 resonance. A highly efficient Strahl elec-
tron diffusion process is expected around 0.2 AU to explain the
observed increase in PAW in spite of the significant focusing at
these distances. The integrated effect of the observed waves is
difficult to estimate because of the bias in the occurrence rate
determined for PSP, due to burst modes being triggered and
because of the low statistics. However, given their very high
efficiency, we can assume that counter-streaming waves play an
important role in Strahl diffusion around 0.2 AU.

Second, between 0.3 and 1 AU, our method suggests that
Strahl-aligned whistler waves can explain the observed diffusion
of the Strahl electrons. Indeed, our estimate for the total diffu-
sion of the Strahl is of the order of 10° every 0.25 AU, which
is consistent with the observations of Bercic et al. (2019). We
found that although whistler waves with 6 € [15,45]° repre-
sent only 7% of the waves, their efficiency (~1°s7!) is large
enough to be responsible for the majority of the Strahl diffu-
sion. Specifically, waves with 8 > 30° account for the majority
of the diffusion. The origin of waves verifying 6 € [15,45]° is
not clearly established and deserves further study. These waves
may be due to another instability generating slightly oblique
waves or are associated with particular magnetic configurations
(e.g. dips, switchbacks). Waves verifying 6 > 45° are too few
in number and can only have a sporadic impact on the Strahl
electrons. It is therefore important to note that our results sug-
gest that Strahl diffusion is not due to an instability generating
oblique whistlers, such as the fan instability (6 ~ 70°), as has
been often suggested. It is also interesting to note, contrary to
the results obtained in the radiation belts (Artemyeyv et al. 2012),
that it is not only the most intense waves that are responsible
for the diffusion. Indeed, we found that the role of the 80% less
intense whistler waves is equivalent to that of the 20% most
intense ones. It should be noted that these results are coherent
with observations by Kajdic et al. (2016). Indeed, using Cluster
data at 1 AU, they showed that the Strahl PAW is between 2° and
12° larger during intervals when whistlers are present than dur-
ing intervals when they are absent. The whistlers observed were
also predominantly quasi-aligned. The diffusion of halo elec-
trons by Strahl-aligned whistler waves is very efficient. Specifi-
cally, quasi-aligned whistlers (6 € [0, 15]°) make a very effective
contribution to the isotropization of the halo electrons.
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Fig. 10. Local (first row) and integrated (second row) diffusion coefficients for Strahl-aligned (left column) and counter-streaming whistler waves
(right column), at 0.2 AU. The diffusion coefficients are integrated over 0.05 AU only. Legends and notations are comparable to those of Fig. 8.

Figure 11 shows these results together with schematics of
the electron velocity distribution functions (e-VDFs) for dif-
ferent heliocentric distances, with the aim of representing how
whistler waves interact with the distribution. The parallel || and
perpendicular L temperatures of the core electrons observed by
Stverdk et al. (2015) are used to represent the anisotropy of this
population. The halo is assumed to be isotropic. The energy dis-
tribution of the different populations and their velocity drifts in
the proton reference frame are taken from Halekas et al. (2020,
2022) for Figs. 11a and b, Ber¢ic et al. (2021b) for Fig. 11c, and
Tong et al. (2019b) for Fig. 11d. The phase and resonance veloc-
ities are the mean values observed in this study and we can note
that they were found to decrease with distance. As explained in
Sect. 2.2.1, to calculate the wave vector, we use the cold plasma
dispersion equation Lyons (1974a), which allows us to calculate
the phase velocity and the resonance velocity (Eq. (2)). The elec-
tron diffusion occurs along circles centered on the parallel wave
phase velocity (orange dotted lines, called single-wave charac-
teristics) and the net flux of particles is directed towards a less
dense area of the phase space. If the electrons gain (resp., lose)
energy in the plasma frame, then they damp (resp., amplify) the
waves (Kennel & Wong 1967; Lyons 1974a; Verscharen et al.
2022).

Each panel of Fig. 11 illustrates a diffusion process caused
by whistler waves that can be described as follows. First, an
instability is triggered by the free energy available in the dis-
tribution function. Then, the instability creates a wave that inter-
acts with the electrons of the distribution function and diffuses
them in the phase space. The objective of Fig. 11 is not to repre-
sent the instabilities that can create the waves but to schemat-

ically represent the evolution of the distribution function and
the role of the whistler waves in this evolution. Nevertheless,
at 0.2 AU, for counter-streaming whistlers, the instability can be
caused by trapped electrons as proposed by Karbashewski et al.
(2023). For Strahl-aligned whistlers, the instabilities can be
the WHFI (Gary etal. 1975; Tong et al. 2019b), the tempera-
ture anisotropy (Sagdeev & Shafranov 1960; Kennel & Petschek
1966; Jagarlamudi et al. 2020; Vasko et al. 2020) or the sunward
suprathermal electron deficit (Berci€ et al. 2021b).

At 0.2 AU, we represent the distribution function with a
high density ratio between the Strahl and the halo and with a
strongly focused Strahl, as is widely known (Maksimovic et al.
2005; Stverak et al. 2009; Bercic et al. 2019). The diffusion of
Strahl electrons by the counter-streaming whistlers is very effi-
cient (Fig. 11a). However, the diffusion of Strahl electrons by
Strahl-aligned whistlers is less efficient (Fig. 11b). It is likely
that these diffusion processes at 0.2 AU explain the increase in
the Strahl PAW as well as of the relative proportion of halo elec-
trons, which we schematize in Fig. 11c).

An increase in relative halo density and Strahl PAW
is also represented (Figs. 1lc—d) (Maksimovic et al. 2005;
Stverak et al. 2009; Berdic et al. 2019). The results of previous
sections suggest that whistler waves verifying 6 € [15,45]°
explain the increase in the Strahl PAW and probably the increase
in the relative density of the halo. The observed evolution of
the wave occurence (Fig. 2) can be interpreted as follows. The
growth of the relative halo density could explain the increase
in the occurrence of the waves in the observations between 0.3
and 0.6 AU. We can then suppose that the quasi-aligned waves
saturate the instabilities, which could then explain the decrease
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Fig. 11. Scheme of the evolution of the e-VDF in the (v, , y)) plane and its interaction with whistler waves as a function of heliocentric distance.
Panel a represents the effect of counter-streaming whistler waves at 0.2 AU. Panels b—d show the effect of Strahl-aligned whistler waves between
0.2 and 1 AU. The blue circles represent the core electrons, the green circles the halo electrons, and the red and pink beams the Strahl electrons.
The intensity of the color represents the population’s relative density. The resonance velocities (vrq) for n = =1 and n = +2, the drift velocities
of the core, halo, and Strahl (noted v, vy, vsy, respectively), and the parallel phase velocities v, of the waves are indicated along the v axis. The
resonance velocities with n = +3 are not represented for clarity. One of the single-wave characteristics (centered around vy) is represented by an
orange dotted line. The path of the diffusing electrons is indicated by the arrows. This diffusion takes place around parallel resonance speeds. The
role of the diffusing electrons in the amplification (resp., damping) of the waves is represented by black (resp., grey) arrows.

in the occurrence between 0.6 and 1 AU. For Figs. 11b—d the
n < 0 resonances are very efficient and participate in the halo
istropization whereas n > 0 resonances participate slowly to the
Strahl diffusion. Our conclusions are as follows.

— We performed the largest statistical study of whistler waves
in the solar wind to date (about 110 000 wave packets). This
statistic contains all important whistler parameters between
0.2 and 1 AU to understand the wave-particle interactions.
In particular, we characterized the whistler wave occurrence,
amplitude, propagation angle, and radial direction of propa-
gation.

— Between 0.3 and 1 AU, we observed an overwhelming
majority of whistlers propagating in the Strahl direction
(Strahl-aligned) and also nearly aligned with the magnetic
field. The few whistler waves found to propagate sunward
are within switchbacks with a change of sign of the radial
component, so that they are still aligned with the Strahl.
At 0.2 AU, we observe both Strahl-aligned and counter-
streaming (propagating in the opposite direction to the
Strahl) whistler waves.

— Between 0.3 and 1 AU, whistlers propagating at an angle ver-
ifying 8 € [15,45]° (the origin of which has not yet been
fully determined) are sufficiently efficient (of the order of
1°s7!) to explain the observed increase in the Strahl PAW
in spite of the fact that they represent only 7% of the cases.
These waves are also a likely explanation for the observed
transfer from the Strahl to the halo. At 0.2 AU the counter-
streaming whistler waves are more efficient in diffusing the
Strahl than the Strahl-aligned waves by two orders of magni-
tude. However, we had to restrict our analysis to the first per-
ihelion of PSP and the statistics is small. We have developed
a method to retrieve whistler waves properties for other peri-
helia (Colomban et al. 2023) which will enable us to increase
the statistics at 0.2 AU and below and to better characterize
whistler occurrences and generation mechanisms in future
studies.
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Appendix A:
The X component of the Poynting vector is defined as:
(EwyBrwz )@, ) = (EwzBrwy Jw.n

Sx = ,
x 210

(A1)

where Bw and Ew are the magnetic and electric waveforms,
respectively; (w,t) stands for the time average Fourier com-
ponent and * for the complex conjugate (Chustetal. 2021);
and pp is the vacuum permeability (NA™2). A positive value
of Sx indicates a direction towards the Sun. As explained in
Kretzschmar et al. (2021), there is an unexpected and nearly
constant instrumental phase shift between the electric and
magnetic field in the RPW low-frequency range (LFR) mea-
surements. In their work, they derived the effective electric
antenna length using the whistler wave dispersion relation and
compared their results with the value independently obtained
by Steinvall et al. (2021) using a deHoffmann-Teller analysis.
They showed that Ewy (resp., Bwz) should be delayed (resp.,
advanced) by removing (resp., adding) 50°. This phase shift
has been well established in the case of quasi-aligned whistler
waves. A constant 50° phase shift correction would not change
the sign of S x for a perfect wave having a theoretical phase shift
between the magnetic and electric field equal to 0° or 180° (for
sunward and anti-sunward propagation, respectively). However,
as shown by Kretzschmar et al. (2021), the phase shift is not
perfectly constant (small dependence with density) and there
are of course uncertainties in the measurements. We therefore
pay special attention to the determination of the direction of
propagation with Solar Orbiter data, as described below.

First we considered only the cases with kx/|k| > 15% (where k
is the wave vector) and with the coherence between (Ewy, Bwyz)
and (Ewgz, Bwy) greater than 0.6. Then, we looked at the
phase of Sx (¢s,) (spectral energy content weighted average).
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With a constant 50° phase shift, the observed value of g, is
expected to be @5, = 50° and @5, = —130° for sunward and
anti-sunward propagation, respectively. Taking into account this
weak phase deviation, we categorized the cases as sunward
propagating if 0° < ¢g, < 100° and anti-sunward propagating if
—180° < g5, < —80°. These restrictive constraints leave a large
number of cases unresolved (hereafter, referred to as "poorly
defined") but ensure when they are verified that the direction of
propagation is correctly characterized.

Appendix B:

To calculate the diffusion coeflicients we need: Bw, wp, 0., Wic,
Wuc> Xm> XW, Xpin, and Xiax, defined in Glauert & Horne (2005).
These parameters are estimated using the statistics on whistler
waves:
— Bw is the total wave amplitude;
— wn, 1s the frequency at which the signal is maximum;
— wy is the lowest frequency at which planarity and ellipticity
are greater than 0.6;
— wyc 1s the highest frequency at which planarity and ellipticity
are greater than 0.6;
— 0p = (Wye — wic)/4;
— Xm is calculated with minimum variance analysis and the
spectral matrices (mean value);
- Xw = tan(3°);
— Xmin = Xy — tan(5°);
— Xmax = Xm + tan(5°).
The values used for (Xw,Xmin,Xmax ), Namely, 3 and 5°, were
obtained using typical repartition of the propagation angle
with frequency using spectral matrices and power spectral
densities. They mainly modify the range of pitch angles that
are in resonances and since we use interpolation at the Strahl
PAW, this does not greatly impact our results.
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