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Abstract

The problems of heating and acceleration of solar wind particles are of significant and enduring interest in
astrophysics. The interactions between waves and particles are crucial in determining the distributions of proton
and alpha particles, resulting in non-Maxwellian characteristics, including temperature anisotropies and particle
beams. These processes can be better understood as long as the beam can be separated from the core for the two
major components of the solar wind. We utilized an alternative numerical approach that leverages the clustering
technique employed in machine learning to differentiate the primary populations within the velocity distribution
rather than employing the conventional bi-Maxwellian fitting method. Separation of the core and beam revealed
new features for protons and alphas. We estimated that the total temperature of the two beams was slightly higher
than that of their respective cores, and the temperature anisotropy for the cores and beams was larger than 1. We
concluded that the temperature ratio between alphas and protons largely over 4 is due to the presence of a massive
alpha beam, which is approximately 50% of the alpha core. We provided evidence that the alpha core and beam
populations are sensitive to Alfvénic fluctuations and the surfing effect found in the literature can be recovered only
when considering the core and beam as a single population. Several similarities between proton and alpha beams
would suggest a common and local generation mechanism not shared with the alpha core, which may not have
necessarily been accelerated and heated locally.

Unified Astronomy Thesaurus concepts: Fast solar wind (1872); Alfvén waves (23); Plasma physics (2089);
Astronomy data analysis (1858)

1. Introduction

The solar wind is a turbulent quasi-collisionless magneto-fluid
expanding in the interplanetary space at supersonic and super-
Alfvénic speed. The velocity distributions of the ions forming the
solar wind plasma generally exhibit conspicuous non-Maxwel-
lian features (Feldman et al. 1973a, 1973b; Asbridge et al. 1974;
Feldman et al. 1974; Marsch et al. 1982a, 1982b; Feldman et al.
1993; Goldstein et al. 1995, 2000; Matteini et al. 2007; Kasper
et al. 2008; Goldstein et al. 2010; Verscharen & Marsch 2011;
Marsch 2012; Matteini et al. 2013) such as beams of accelerated
ions and temperature anisotropies. Temperature anisotropies can
significantly impact particle dynamics and generate fluctuations.

As stressed by Matteini et al. (2013), temperature anisotropy can
provide a source of free energy for plasma instabilities. If the
anisotropy exceeds a certain threshold, unstable fluctuations
scatter particles toward a more isotropic structure. The dominant
temperature direction loses energy, which gets transferred to
other components and electromagnetic fluctuations. This leads to
a decrease in kinetic energy and an increase in the local power of
fluctuations, resulting in cooler particles. In particular, proton
velocity distributions in fast Alfvénic streams are characterized
by a largely anisotropic core, with T⊥> T∥, and by a secondary
beam population. On the other hand, velocity distributions within
non-Alfvénic slow and intermediate wind speed often exhibit an
isotropic core but an overall temperature anisotropy with
T⊥< T∥, typically due to a high-energy tail or to the presence
of a resolved proton beam (Marsch et al. 1982b). Proton beams,
identified for the first time by Feldman et al. (1973a), were
studied in detail using Helios observations in the inner
heliosphere, Advanced Composition Explorer (ACE) and
WIND/Solar Wind Experiment at 1 au and Ulysses in the outer
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heliosphere and at high latitude (see the extensive review by
Feldman & Marsch 1997), and references therein). In Alfvénic
high-speed streams, the proton beam abundance is usually
around 10% of the core proton population (Marsch et al. 1982b),
while the drift velocity of the beam relative to the proton core
tends to be quite larger than the Alfvén speed.

Alpha particles (i.e., fully ionized helium atoms, He2+)
represent the second most abundant ion population, accounting
for ∼20% of the solar wind mass density, which corresponds to
∼5% of the total ion number density (Neugebauer & Snyder
1962, 1966; Asbridge et al. 1974; Marsch et al.1982a;
Yermolaev & Stupin 1997; Kasper et al. 2007). Alpha particle
velocity distribution functions (VDFs) were studied in detail by
Marsch et al. (1982a) using Helios observations. Under
Alfvénic wind conditions, this population exhibits a total
temperature between four and five times that of the protons,
well beyond an isothermal wind condition that can be
recovered only within the slow non-Alfvénic wind (Kasper
et al. 2008; Maruca et al. 2013). Moreover, this ion population
is characterized by a temperature anisotropy with T∥> T⊥,
opposite to that of the proton VDFs (Marsch et al. 1982b), and
by the sporadic presence of a well-resolved secondary beam
(Feldman et al. 1973a; Marsch et al. 1982a; Němeček et al.
2020). Similarly to the proton beam, alpha particles stream
faster than the proton core population (Němeček et al. 2020).
Within Alfvénic wind, this velocity drift is slightly less than the
Alfvén speed (Marsch et al. 1982a; Neugebauer et al. 1996),
while in the slow non-Alfvénic wind, proton and alpha
populations often display no differential speed (Kasper et al.
2008; Maruca et al. 2012).

There is a complex interplay between plasma particles and
electromagnetic waves that shapes the different ion distributions
and regulates phenomena like beam generation, particle heating,
and drift velocity (Marsch 2018). Ion cyclotron wave absorption
through cyclotron resonance (Coleman 1968; Denskat &
Neubauer 1983; Goldstein et al. 1994; Leamon et al. 1998;
Gary 1999; Isenberg 2001; Marsch & Tu 2001; Hollweg &
Isenberg 2002; Matteini et al. 2007; Araneda et al. 2008;
Araneda et al. 2009; Jian et al. 2009; He et al. 2011, 2015),
stochastic heating of oblique kinetic Alfvén waves via Landau
damping (Leamon et al. 1998, 1999, 2000; Howes 2008) are the
most likely mechanisms that produce non-Maxwellian features
of the ion velocity distribution. Moreover, the energy necessary
to activate these processes is provided by nonlinear turbulent
processes which, at fluid scales, transfer energy toward smaller
and smaller scales to finally reach the kinetic regime (Tu &
Marsch 1995; Bruno & Carbone 2013; Sorriso-Valvo et al. 2019,
and references therein). Thus, it is natural to expect that the
above phenomena be more relevant within solar wind regions
characterized by strong Alfvénic turbulence at fluid scales and
only weakly collisional, like fast or slow Alfvénic streams since
collisionality erodes non-Maxwellian features (Kasper et al.
2017). In the rest of the paper, we will compare for the first time
the kinetic features of core and beam populations for both proton
and alpha particles observed within an Alfvénic fast wind by
the Solar Wind Analyzer (SWA; Owen et al. 2020) on board
the Solar Orbiter mission (Müller et al. 2020) at 0.58 au from
the Sun. The possibility of separating these components of the
particle velocity distribution is offered by the novel technique
described in De Marco et al. (2023).

2. Method

Clustering is used for grouping data based on a defined set of
characteristics. It is one of the most widely used forms of
unsupervised machine learning, which allows to reveal underlying
patterns in the data. As opposed to the usual fitting procedure, our
technique does not rely on approximating the distribution function
with an ideal bi-Maxwellian, which would constrain de facto the
physics embedded in the solar wind. Instead, it tries to identify
subpopulations within the overall data set, assigning to each
observation a probability of belonging to a certain group. Then,
the portion of the total VDF belonging to each ion family can be
determined, even in the presence of overlapping. The entire
process, from the data cleaning to the validation of the results, is
described in De Marco et al. (2023), where it has been designed to
identify up to three ion populations. For the present work, the
algorithm has been upgraded to separate up to four ion
populations. The number of groups to identify is an input
parameter in this process. The moments are then computed for
each separated velocity distribution.
Before we describe the analysis results, we provide an

example of our code’s capabilities, as shown in Figure 1. Panel
(a) shows the VDF-1D versus radial velocity VR integrated
along the two perpendicular directions. Dots in red, black, blue,
and green refer to proton core, proton beam, alpha core, and
alpha beam, respectively. The gray dots, mostly covered, refer
to the whole VDF. The Proton and Alpha Sensor (PAS), which
is one of the SWA plasma instruments (Owen et al. 2020, see
Section 3), does not have a time-of-flight section able to
discriminate among different ions but simply performs an
energy-over-charge (E/q) selection. Consequently, the alpha
particles appear to move faster than protons by a factor 2 .
Panel (b) shows contour lines for the same four populations
rotated and integrated in the direction perpendicular to the
B− V plane. This plane contains the radial direction R and the
local magnetic field vector B


, indicated by the pink arrow. This

plot already provides some interesting information that
characterizes the different populations. In particular, the
contours show that the temperature increases moving from
the proton core toward the alpha beam and that the four
populations are quite aligned with the direction of the local
magnetic field. These aspects will be discussed more in-depth
later in the paper. Our code is sometimes unable to accurately
identify subgroups in the distribution (see De Marco et al.
2023). In these cases, the distribution was removed from the
data set. For the data interval analyzed here, described in the
next section, we discarded 10.5% of the data, leaving 55,931
VDFs for the in-depth analysis.

3. Data Analysis

The data used in this paper are provided by the SWA (Owen
et al. 2020) and by the magnetometer (MAG; Horbury et al.
2020) on board the Solar Orbiter mission (Müller et al. 2020).
SWA is a plasma suite consisting of three sensors: the Electron
Analyzer Sensor, the Heavy Ion Sensor, and the PAS. In
particular, this study focuses on the 3D VDFs of protons and
alpha particles measured by PAS with a cadence of 4 s and
sampling time of ∼1 s for each single distribution. Such a rapid
sampling time protects us from possible instrumental effects in
determining the kinetic characteristics of the plasma (see papers
by Verscharen & Marsch 2011; Perrone et al. 2014; Nicolaou
et al. 2019; De Marco et al. 2020).

2
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As we will see later in the paper, we chose to analyze the
high-speed region of an Alfvénic high-speed stream observed
by Solar Orbiter on 2022 September at a distance of 0.58 au
from the Sun, just before the second perihelion of the nominal
phase. We used PAS 3D VDFs and ground moments (i.e.,
number density, velocity vector, and temperature computed
from the pressure tensor) derived from the VDFs at 4 s cadence.
Magnetic field measurements provided by MAG are averaged
at the plasma sampling time. Data are available on the Solar
Orbiter Archive (SOAR).14

Figure 2 shows the time series of relevant parameters: the
proton bulk speed, Vp; the heliocentric distance, R; the
velocity–magnetic field (v–b) correlation coefficient computed
over a 30 minute sliding window, CVB; the proton number
density, Np; the proton temperature, Tp and the magnetic field
magnitude, B. Plasma data, in this case, are the 4 s L2 ground
moments from SOAR. These moments refer only to protons
and the elimination of alpha particles was achieved by cutting
the 1D distribution at the saddle point between protons and
alpha particles. This typical fast stream is characterized by three
main regions: the compressive interface region, the high-speed
plateau, and the rarefaction region. CVB is computed using a
typical Alfvénic scale (e.g., Marsch & Tu 1990) and it is used
as a quick look parameter to identify Alfvénic fluctuations. Our
focus will be on the Alfvénic part of the stream, which is
identified by the light blue box and covers most of the high-
speed plateau. This region, starting on 2022 September 14 at
14h24m03ˢ and ending on 2022 September 17 at 11h53m07ˢ, is
characterized by CVB close to 1 and typically has one-sided,
large amplitude velocity fluctuations, as described by Matteini
et al. (2015).

3.1. Identification of Ion Populations

We applied our clustering code to identify the four ion
populations in the PAS VDFs during the time interval of
interest. In Figure 3, we show the velocity, number density, and
total temperature time series for the core and beam of both
protons and alphas. The behavior of proton and alpha beams is
pretty similar. Generally, beams are faster, less dense, and
hotter than the cores. However, there is a significant difference
in their relative number density. The alpha beam has more
relevance compared to the alpha core, whereas the proton beam
is much less relevant in this regard (see later in the paper for
details).
The clustering technique allows us to analyze VDFs by

choosing either two- or four-population identification, depend-
ing on how many subgroups we want to identify. We will
compare the results of our four-population analysis with those
of our two-population analysis and with previous literature that
did not distinguish between the beam and the core.
Starting from the distribution of the relative number density

of the total alpha population Nα (core+beam) with respect to
the total proton population Np (core+beam), not shown here,
we found that it is quite symmetric with respect to its average
value of 0.039± 0.007, very much in agreement with previous
determinations in the fast solar wind (Neugebauer & Snyder
1962, 1966; Asbridge et al. 1974; Yermolaev & Stupin 1997,
Kasper et al. 2007, among others). Panel (a) of Figure 4 shows
the distribution of the relative number density of the proton
beam Np2 with respect to the proton core Np1. The distribution
is peaked at slightly less than 10% and has an average value of
11%± 5%. In addition, it has a tail that stretches toward higher
values. Proton beams around 10% of the proton core are in
good agreement with previous estimates reported in the
literature (Marsch et al. 1982b). Less common are determina-
tions of the relative density of the alpha beam Nα2 with respect

Figure 1. Panel (a): the four main populations of a generic VDF are displayed in distinct colors. In particular, the VDF-1D vs. radial velocity VR is integrated along
the two perpendicular directions. Dots of different colors refer to different populations. In particular, dots in red, black, blue, and green refer to proton core, proton
beam, alpha core, and alpha beam, respectively (see the text for more details). PAS data are shown in the RTN reference system; panel (b) contour lines of the same
populations of panel (a) whose VDF has been integrated along the direction perpendicular to the V – B plane shown in this panel. The outermost contour refers to VDF
values that are 10% of the innermost contour. The pink arrow indicates the local magnetic field.

14 http://soar.esac.esa.int/
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to the alpha core Nα1, although previous estimates have already
been given by Asbridge et al. (1974). Our analysis shows in
panel (b) of Figure 4 that this ratio peaks around 50% and has a
heavy tail toward higher values, which strongly contributes to
setting the average value at 68%± 42%. Although this last
value probably might suffer inaccurate determinations of the
alpha density because of low counts in the VDF, the most
probable value shows that the beam for the alpha population is
much more relevant than in the case of protons. Panel (c) shows
the relative helium to hydrogen abundance for the core and the
beam. The alpha core population represents about 3% of the
proton core population, while this ratio increases noticeably
toward 17% for the beam. Our findings partially confirm those
of Asbridge et al. (1974). However, differences in final values
may result from factors such as radial distance, wind speed, and
Alfvénicity.

3.2. Temperature and Temperature Anisotropy

In Figure 5, panel (a) shows the histogram of the total
temperature ratio Tα(1+2)/Tp(1+2) between alpha and proton
populations based on the two-population analysis. The

subscripts α(1+ 2) and p(1+ 2) indicate that the core and
beam are treated as a single population. The histogram is quite
symmetric around its peak, whose value is remarkably close to
the average value of the distribution around 5. This result
confirms previous analyses based on ACE observations
(Kasper et al. 2008; Maruca et al. 2013) that showed a robust
tendency of this ratio toward a value between 4 and 5 with a
remarkable fraction over 5 within the high-speed wind. Large
values of this ratio up to 5 or 6 had already been observed in
previous investigations (Feldman et al. 1974; Feynman 1975;
Neugebauer 1976; Kasper et al. 2017). Clearly, the fast wind is
not an isothermal fluid since in this case, the histogram would
peak around 1 as found by Kasper et al. (2008), Maruca et al.
(2013) within the slow and more collisional wind. The
anomalous value of 4 for this ratio is expected for an equal
thermal velocity for protons and alphas, probably due to
heating processes active during the wind expansion, which
preferentially heat the minority species (Marsch & Tu 2001; Tu
& Marsch 2001). Moreover, values of Tα(1+2)/Tp(1+2)� 5
require an additional anomalous heating mechanism as invoked
by Kasper et al. (2008). On the other hand, distributions

Figure 2. Time series of relevant parameters of the fast wind stream observed by Solar Orbiter in mid-2022 September. Plasma data shown here are the L2 ground
moments downloaded from the SOAR archive. From top to bottom: proton bulk speed, Vp; heliocentric distance, R; v–b correlation coefficient computed over a
30 minute sliding window, CVB; proton number density, Np; proton temperature, Tp; magnetic field magnitude, B.
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derived from our four-population analysis indicate that we can
probably relax about this additional anomalous heating
mechanism. Panel (b) shows three histograms for the following
ratios: Tp2/Tp1 (blue line), Tα2/Tα1 (red line), and Tα1/Tp1

(black line), where Tp2, Tp1, Tα2, and Tα1 are the total
temperature of the proton beam, proton core, alpha beam, and
alpha core, respectively. The histogram of Tα1/Tp1 clearly
peaks around 4 and values larger than 5 represent only about

Figure 3. Time series of plasma parameters of the different populations derived from the clustering code, applied to the interval identified by the light blue box in
Figure 2. From top to bottom: proton bulk speed, Vp, number density, Np, and total temperature, Tp (black and red for proton core and proton beam, respectively);
alpha particles' bulk speed, Vα, number density, Nα, and total temperature, Tα (black and red for alpha core and alpha beam, respectively).

Figure 4. Panel (a): histogram of the relative density between the proton beam and core; panel (b): histogram of the relative density between the alpha beam and core;
panel (c): relative alpha abundance with respect to protons for the core and the beam.

5
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5% of the whole distribution. The other two histograms are
quite similar and peak at values slightly larger than 1,
indicating that beams are slightly hotter than the respective
cores and probably share a common generation mechanism.
Thus, it appears that the anomalous increase in temperature for
the alpha particles can be attributed to the presence of the rather
massive alpha beam drifting along the local magnetic field
(refer to Figure 4). This beam would cause an increase in the
parallel temperature, and as a result, an increase in the overall
alpha temperature, if we consider the alpha core and beam as a
single population.

The temperature anisotropies for protons and alphas are
displayed in Figure 6. Panel (a) presents results from the
analysis of two populations, and as in the case of the previous
figure, the subscripts α(1+ 2) and p(1+ 2) indicate that the
core and beam are treated as a single population. The

graph shows that the alphas have a slightly lower anisotropy
than 1, while the protons are slightly above 1. These findings
are consistent with previous observations made by Marsch
et al. (1982a, 1982b) based on Helios data. In contrast, panel
(b) shows that the temperature anisotropy for all four
populations is approximately 2. The significant difference
between the results of the two analyses is due to the presence of
the beam for both alphas and protons, which increases the
parallel temperature, especially for the alphas because the beam
is a good fraction of the core. Temperature anisotropy larger
than 1 of the proton core within fast wind streams in the inner
heliosphere has been largely reported by Marsch et al. (1982b),
while similar observations for the proton beam in the outer
heliosphere have been reported by Goldstein et al. (2010), who
found that for large drift speed, as in our case, T⊥/T∥> 1. On
the other hand, the general trend for observations in the outer

Figure 5. Panel (a): histogram of total temperature ratio between alpha and proton populations from the two-population analysis. Panel (b): black line: total
temperature ratio between alpha core and proton core; red line: total temperature ratio between the alpha beam and alpha core; blue line: total temperature ratio
between proton beam and proton core from the four-population analysis.

Figure 6. Panel (a): histograms of temperature anisotropy for protons (dashed line) and alphas (solid line) from the two-population analysis. Panel (b): histograms of
temperature anisotropy for proton core (red line), proton beam (black line), alpha core (blue line), and alpha beam (green line) from the four-population analysis.
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heliosphere (Matteini et al. 2013) would indicate an anisotropy
>1 for the core distribution and <1 for the beam distribution.
Helium ions temperature anisotropy was largely studied by
Marsch et al. (1982a), who concluded that in high-speed
streams, there was a slight indication for T⊥/T∥< 1 for the core
part of the distribution. However, Marsch et al. (1982a) did not
separate the beam from the core and it is not clear how much
magnetic field-aligned temperature bulges, reported by the
authors, influenced their determinations. Thus, to our knowl-
edge, our results provide the first determination of the
temperature anisotropy of the alpha beam.

3.3. Velocity Drift

Following Berger et al. (2011), Matteini et al. (2013) and
Ďurovcová et al. (2019), we show in Figure 7 distributions of
velocity ratios versus the angle ΘBV, i.e., the angle formed by
the proton core velocity vector and the local magnetic field
vector. Symbols Vp1, Vp2, Vα1, and Vα2 refer to proton core,
proton beam, alpha core, and alpha beam velocities, respec-
tively. The red line is a 500 point moving average drawn just to
guide the eye. The local magnetic field vector B


is the average

vector obtained from 8 Hz magnetic field data averaged within
PAS sampling time (∼1 s). Due to the fact that minor
populations drift with respect to the proton core along the local
magnetic field direction, we expect to see a dependence of this

parameter on the angle ΘBV. Panels (a) and (c) are qualitatively
similar to those reported by Ďurovcová et al. (2019) for fast
wind. We limit ourselves to a qualitative comparison since our
analysis was performed for a much shorter time interval,
selected at a fixed heliocentric distance, and moreover,
Ďurovcová et al. (2019) do not separate the core and beam
of the alpha population. The novelty with respect to Ďurovcová
et al. (2019) is therefore presented in panel (b), where we show
the ratio between alpha core and alpha beam speed. Comparing
panel (a) and panel (b), we notice that the distribution for the
alphas is less steepened than that for the protons, starts around
0° at higher values, and tends to flatten out around 90°. This
does not mean that the drift velocity of each subpopulation
disappears for ΘBV→ 90°, but only that the total velocity,
which results from the vector sum of the proton core velocity
plus the drift velocity of the subpopulation, tends to be equal to
the proton core velocity. The drift velocity of each subpopula-
tion, which is estimated as the absolute value of the vector
difference between the velocity of the proton core and the
velocity of the subpopulation, normalized to the local Alfvén
speed, remains relatively unaffected by the orientation of the
magnetic field, as shown in Figure 8, especially for the two
beams (panels (a) and (b)). On the contrary, panel (c) shows the
alpha core drift velocity slightly decreasing for angles larger
than 40° after a plateau around 1.

Figure 7. The three panels show distributions of various velocity ratios vs. the angle ΘBV. Panel (a): the ratio between proton core and proton beam speeds; panel (b):
the ratio between alpha core and alpha beam speeds; panel (c): the ratio between proton core and alpha core speeds. The red line represents a 500 point moving average
drawn to guide the eye.

Figure 8. The three panels show the distributions of various velocity drifts, normalized to the local Alfvén velocity vs. the angle ΘBV. Panel (a): the absolute value of
the vector difference between proton beam and proton core velocities; panel (b): the absolute value of the vector difference between alpha beam and alpha core
velocities; panel (c): the absolute value of the vector difference between alpha core and proton core velocities. The red line represents a 500 point moving average
drawn to guide the eye.
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Distributions of the drift angle for the proton beam p
D

2Q
(black line), alpha core D

1
Qa (blue line), and alpha beam D

2
Qa

(green line) are shown in Figure 9. This angle is measured
between the local magnetic field orientation and the drift
velocity direction of each subpopulation. The drift velocity
vectors for the proton beam and alpha core are estimated with
respect to the proton core velocity. The alpha beam velocity
drift vector is estimated with respect to the alpha core velocity.
The figure also includes the average value for each distribution.
These three populations are all quite aligned with the local
magnetic field direction in agreement with the previous
findings reported in the literature (Marsch et al. 1982a,
1982b; Marsch 2018). However, the proton beam is more
aligned to the local field than the alpha core and the alpha
beam. The peak of the distribution is around 3° with an average
value of 5.6°. Moreover, the distribution is quite focused
around this value, having a standard deviation σ=± 5°.2. On
the contrary, alpha core and beam distributions are much less
focused being characterized by a long tail. The peak of the core
distribution is ∼6° with an average value of 16 16°.1, while the
peak for the beam is ∼7° with an average value of 12°.5± 8°.5.

According to Zhu et al. (2023), linear Vlasov theory posits
that the presence of fast magnetosonic and/or whistler waves
induces fluctuations in the velocities of both the proton core
and beam, consequently disrupting the alignment of their
velocity drift with the magnetic field. Subsequent analysis by
the same authors, leveraging Solar Orbiter observations,
revealed distinct time intervals characterized by the prevalence
of circularly polarized fast magnetosonic/whistler waves.
Within these intervals, the proton beam exhibited clear non-
alignment with the magnetic field. In particular, their invest-
igation unveiled that the non-aligned, fluctuating velocities
within the beam population play a pivotal role in fostering the
amplification of these waves. The meticulous analysis
performed by these authors revealed that the peak of the
probability density function of the angle between the proton
beam drift velocity and the local field was a few degrees,

remarkably in agreement with our findings. This observation is
interesting because, despite the 5° angular resolution of PAS,
we can discern plasma parameters with an uncertainty of under
5°, as remarked by Zhu et al. (2023). It would be intriguing to
explore whether these fluctuations have a comparable impact
on the misalignment between the alpha core and alpha beam
velocity drifts. In this context, caution is in order when dealing
with the alpha distribution. The fact that alphas exhibit
significantly lower number density and are detected at twice
the energy of protons (Owen et al. 2020), leading to a less
distinct peak in the distribution, prompts further investigation.
This entails disentangling potential instrumental effects, which
may influence the angular distributions depicted in Figure 9,
from underlying physical phenomena. Finally, it is worth
considering that the reason for the increased uncertainties could
be because the drift velocities of the alpha beam with respect to
the alpha core and those of the alpha core with respect to the
proton core are usually smaller than the drift of the proton core
with respect to proton beam, and any displacement perpend-
icular to the magnetic field would result in a greater drift angle
compared to a similar displacement on proton beam-proton
core drift velocity.
Interestingly, Figure 9 also shows the distribution of the drift

angle of the alpha beam velocity drift with respect to the proton
core, as indicated by the magenta line. There is a remarkable
similarity with the proton beam distribution being characterized
by an average value of 6°.5± 4°.9. It is currently unclear why
the drift velocity of the alpha beam is more aligned with the
local magnetic field when estimated with respect to the proton
core rather than the alpha core. This finding is unexpected
because the measurement uncertainties should have a greater
impact on the alpha beam, which is generally less dense than
the core and located at higher energy levels. However, it is
possible that the larger value of this type of velocity drift be
less influenced by transverse velocity fluctuations as it might
happen for the proton beam velocity drift. On the other hand,
what we have shown could also indicate that while the proton
beam and the alpha beam have a common acceleration
mechanism, due to local physical conditions in the plasma,
the alpha core shows some discrepancies that can be traced
back to the corona’s base, where alphas are believed to have
undergone acceleration (Asbridge et al. 1974; Johnson et al.
2023).
Figure 10 presents further insights, not disclosed in Figure 9,

regarding the drift velocities of the proton beam and alpha
beam relative to the proton core, specifically focusing on their
alignment with the magnetic field. Here, we show the
distribution of polar (panel (a)) and azimuthal (panel (b))
angles in the RTN reference system of the orientation of the
magnetic field, the proton beam drift velocity, and the alpha
beam drift velocity with respect to the proton core. The
distribution confirms a remarkable alignment of both drift
velocities to the magnetic field direction. Figure 11 shows, in
the same format as the previous figure, the distributions of
polar and azimuthal angles of the magnetic field orientation, the
proton beam drift velocity, like in the previous figure, and the
alpha core drift velocity. Compared to the proton beam drift
velocity and the alpha beam drift velocity with respect to the
proton core, there is a clear lower level of alignment of the
alpha core drift velocity with the local magnetic field. Thus, the
alpha core drift velocity is confirmed to be the least aligned
parameter to the local magnetic field. Larger deviations are

Figure 9. Histograms of the drift angle for the proton beam (black line) and
alpha core (blue line) with respect to the proton core and the drift angle of the
alpha beam (green line) with respect to the alpha core. This angle is measured
between the local magnetic field and the drift velocity direction. The drift angle
of the alpha beam with respect to the proton core is also shown by the
magenta line.
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shown for larger values of polar and azimuthal angles. These
observations suggest that the poor focus and long-tail
distribution of the alpha beam velocity drift with respect to
the alpha core, as depicted in Figure 9, is caused solely by
misalignment in the velocity drift of the alpha core with respect
to the local magnetic field. Obviously, we are left with the
problem of understanding the reason for this misalignment,
which, as underlined earlier, might also be due to instrumental
effects, but this investigation will be deferred to a future paper.

Panel (a) of Figure 12 shows the distribution of the drift
speed VD of the alpha population with respect to the protons
projected onto the local magnetic field direction and normal-
ized by the local Alfvén speed VA as obtained from our two-
population analysis. The distribution is quite symmetric around

the average value of 1.13± 0.20. This value is slightly larger
than the values reported in the literature, which shows that, in
general, the drift velocity is of the order of the Alfvén velocity
that, in our case, has an average value of 65.2± 15.1 km s−1

(Neugebauer 1976; Marsch et al. 1982a; Reisenfeld et al. 2001;
Ďurovcová et al. 2017). Panel (b) of Figure 12 shows the
distributions relative to the drift speed for the proton beam and
alpha core with respect to the proton core, and alpha beam,
with respect to the alpha core, projected onto the local magnetic
field direction and normalized to the local Alfvén speed. It is
known from the literature that the proton beam drifts at a speed
quite larger than the local Alfvén speed (Marsch & Livi 1987)
and that the drift value changes depending on the wind type
and the heliocentric distance (Marsch et al. 1982b). In our case,

Figure 10. Panel (a): 3D distribution of the azimuthal angles, in the RTN reference system, of the magnetic field (ΦB), the proton beam drift velocity ( p
D

2F ) and the
alpha beam drift velocity with respect to the proton core ( D

2Fa*); Panel (b): 3D distribution of the polar angles, in the RTN reference system, of the magnetic field (ΘB),
the proton beam drift velocity ( p

D
2Q ), and the alpha beam drift velocity with respect to the proton core ( D

2Qa*). Diagonal red lines are marked to guide the eye. The
values of the linear correlation coefficient for each pair of variables are displayed.

Figure 11. Panel (a): 3D distribution of the azimuthal angles, in the RTN reference system, of the magnetic field (ΦB), the proton beam drift velocity ( p
D

2F ), and the
alpha core drift velocity ( D

1Fa ); Panel (b): 3D distribution of the polar angles, in the RTN reference system, of the magnetic field (ΘB), the proton beam drift velocity
( p

D
2Q ) and the alpha core drift velocity ( D

1Qa ); diagonal red lines are marked to guide the eye. The values of the linear correlation coefficient for each pair of variables
are displayed.
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the peak of the distribution is around 2.25 and the average
value is 2.39± 0.37. The alpha beam behaves similarly to the
proton beam, although it has a lower drift speed whose
distribution peaks around 1.85 Alfvén speed and an average
value of 1.92± 0.37 Alfvén speed. These estimates are new in
the literature since we are not aware of similar estimates made
for the alpha core and beam separately. On the other hand,
there are several estimates related to the drift speed of the alpha
population as a whole (Marsch et al. 1982a; Ďurovcová et al.
2017, among others).

Following the analysis by Alterman et al. (2018), Figure 13
shows the distribution of the ratio between the velocity drift of
the proton beam and that of the total alpha population, as
indicated by the solid line. Its average value of 1.73 remarkably
confirms previous estimates reported by Alterman et al. (2018)
and De Marco et al. (2023). It is interesting to note that the
analysis performed by Alterman et al. (2018) refers to 1 au and
covers about 20 yr of data. De Marco et al. (2023) analyzed a
time interval at 0.65 au observed in 2020 July, while the
present analysis refers to data taken by SWA at 0.58 au in 2022
September. The only similarity between the data set studied by
Alterman et al. (2018) and ours is the data selection based on
fast and Alfvénic wind.

These results suggest that the value of this ratio (∼1.7) is
quite robust and does not change with distance. The present
analysis, however, offers the possibility to look deeper into this
phenomenon, allowing us to build the same kind of distribution
for the core and the beam of the alpha population. Figure 13
shows these two distributions, which appear to be quite peaked
for the beam (dashed line) and rather broad for the core
(dotted–dashed line). Clearly, we expect that the relative
density of the alpha core and beam and their drift speeds be all
linked together to keep constant the ratio between the proton
drift and the alpha drift during the wind expansion, as indicated
by Alterman et al. (2018). In addition, we found that the drift
speed behaves differently for proton and alpha beams with
respect to the alpha core.

Figure 14 displays a significant correlation between the
velocity drifts of the proton and alpha beams on panel (a),

while no meaningful correlation is observed between the
velocity drift of the proton beam and the alpha core on panel
(b). This suggests distinct acceleration mechanisms for the
proton and alpha beams, as compared to the alpha core
population. As already mentioned above, one possibility is that
beams are generated locally by scattering of particles from the
core via ion cyclotron waves and or kinetic Alfvén waves
(Marsch et al. 1982c; Araneda et al. 2002; Gary & Saito 2003).
In contrast, the alpha core might have been accelerated at the
base of the corona (Johnson et al. 2023).
Another feature related to the proton beam drift speed is that

this parameter, normalized to the Alfvén speed, is related to the
proton core plasma beta β∥ (Tu et al. 2004; Matteini et al. 2013).

Figure 12. Panel (a): frequency histogram of the drift velocity of the alpha population with respect to the proton population as obtained from the two-population
analysis, projected onto the local magnetic field direction and normalized to the local Alfvén speed. Panel (b): frequency histograms of the drift speed for the proton
beam and alpha core with respect to the proton core, and alpha beam with respect to the alpha core, as obtained from the four-population analysis, projected onto the
local magnetic field direction and normalized to the local Alfvén speed.

Figure 13. Solid line: distribution of the ratio between the proton beam
velocity driftVp

D
2 and that of the entire alpha particle populationV ;D

1 2( )a + dashed
line: distribution of the ratio between proton beam velocity drift and alpha
beam velocity drift V ;D

2a dashed–dotted line: distribution of the ratio between
proton beam velocity drift and alpha core velocity drift VD

1a .
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Since this relationship constrains the theoretical models describ-
ing the generation mechanism of the proton beam in the fast
Alfvénic wind, we reproduce this study here for both proton and
alpha beams. In Figure 15, we show scatter plots of the
normalized velocity drift versus plasma β∥ for the proton beam
population (black dots) and for the alpha beam population (green
dots). The ratio V Vp

D
2 A for the proton beam is plotted versus the

parameter V Vpcore
th

A
2

 ( )b = , where V
p

th is the thermal speed

for the proton core. Similarly, for the alpha beam, we have used
the same coreb definition, with the thermal velocity referring to
the alpha core. The contour lines on this plane represent the
distribution of data points for both populations. The red curve (a)
V V 0.285 0.002p

D
p2 A 1

0.297 0.001
( ) ( )b=   is the power-law fit to

the proton beam population whose expression is not far from that
in Tu et al. (2004), V V 2.16 0.03D cA

0.281 0.008
( ) ( )b=   , but

with a power exponent slightly larger than the one estimated

Figure 14. Panel (a): scatter plot and contour lines of the velocity drift of the alpha beam (α2) vs. velocity drift of the proton beam (p2). Panel (b): scatter plot and
contour lines of the velocity drift of the alpha core (α1) vs. velocity drift of the proton beam (p2). The dashed line indicates slope = 1, and the red line is the linear best
fit whose slope is shown in each panel. Contour lines are drawn to guide the eye.

Figure 15. Scatter plots and contour lines of drift speed, normalized to the local Alfvén speed, vs. parallel beta for alpha beam (green dots) and proton beam (black
dots). The red line (a) is the power-law fit to the proton beam population; black line (b) is the power-law fit to the alpha beam population; red line (c) is the power-law
fit to the alpha beam population keeping the same power exponent of curve (a). Contour lines are drawn to guide the eye.
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by De Marco et al. (2023) ∼0.262. The black curve (b)
V V 3.69 0.01D

2 A 1
0.228 0.001
( ) ( )b= a a

 is a similar fit applied to
the alpha beam population. This curve seems less steep than
curve (a) and does not cover completely the central region of the
distribution shown by the inner contour lines. This could be
because of scattered points, as seen from the bulge on the first
contour line. On the other hand, a fitting curve with the same
exponent as curve (a) would fit better with all main inner
contours of this distribution. Thus, the proton and alpha beam
distributions are more similar than what the power exponent
difference shows. This would suggest that both distributions
follow a β//− VD/VA correlation similar to that empirically
found by (Tu et al. 2004), and it could be an additional indication
of a common beam generation mechanism acting on both
protons and alphas. It is worth mentioning that Matteini et al.
(2013) performed a similar study on Ulysses data selected during
the first Ulysses north polar transit in 1995–1996, covering the
radial distance from 1.3 to about 5 au and spanning between 30°
and 80° heliographic latitude. These authors find some evidence
that the marginal stability of the magnetosonic ion beam
instability may constrain the data distribution. However, our
distributions do not appear to have features that could recall
the presence of an upper limit as that observed by Matteini
et al. (2013).

4. Characterizing Alfvénic Fluctuations

In Figure 16, we show the RTN velocity space for proton
core (red), proton beam (black), alpha core (blue) alpha beam
(green) populations identified by our code using PAS VDFs at
4 s. The time interval has been shortened to 12 hr, from
midnight to noon on day 16, for graphic purposes. The figure
also shows the projection of each data point onto the
orthogonal planes. The cyan solid arrow indicates the average
direction of the magnetic field vector during the corresponding
time interval. This arrow is also projected onto the orthogonal
planes with dots of different colors, indicating the location of
the bulk velocity for each population. Moreover, the star
symbol indicates the projection of the fluid velocity:

V
N V N V N V N V

N N N N

4 4

4 4
. 1

p p p p

p p
bulk

1 1 2 2 1 1 2 2

1 2 1 2

( )
(

( )
)

å=
+ + +

+ + +
a a a a

a a

It is worth mentioning that in their study, Němeček et al.
(2020) suggested that according to the MHD approximation
and the dynamics of charged particles in electric and magnetic
fields, the velocity of the interplanetary magnetic field (IMF; de
Hoffmann–Teller (HT) velocity) would be considered as the
appropriate velocity for solar wind studies. However, the same
author concluded that the frame of zero total momentum (fluid
frame) and the HT frame could not be the same.

As expected, the four populations are aligned with the average
magnetic field vector. Proton core, alpha beam, and proton beam
velocity fluctuations are all distributed over the surface of a sort
of hemisphere, as already shown by Bruno et al. (2001), whose
concavity for alpha and proton beams is opposite to that of the
proton core. This feature is less evident for the alpha core
population which appears to be more bubble-like shaped. As we
will see in the following, these features depend directly on the
value of the drift velocity of each population with respect to the
bulk velocity of the center of mass.

Another interesting feature is related to the amplitude of the
velocity fluctuations of these different populations. Figure 17
highlights the dependence of the amplitude of velocity

fluctuations with respect to their mean value on the drift
velocity normalized to the Alfvén velocity for the proton beam
with respect to the proton core (panel (a)), alpha beam with
respect to the alpha core (panel (b)) and alpha core with respect
to the proton core (panel (c)). The contour lines of the first two
histograms on the left, along with the running average
calculated within a window of 500 points (red line), show that
the amplitude of both proton and alpha beam velocity
fluctuations increases with increasing their respective velocity
drift normalized to the local Alfvén velocity. The opposite
behavior is shown by the alpha core population in panel (c)).
Alpha core velocity fluctuations are the largest for values of the
normalized velocity drift less than 1 and decrease as the latter
increases. In particular, for normalized velocity drifts �1, this
dependence fades out. The mechanism at the basis of these
observations is sketched in Figure 18. As already shown by
Matteini et al. (2015) and further illustrated by Němeček et al.
(2020), based on early observations by Goldstein et al. (1995),
there is a particular frame in phase space that represents the
center of the oscillations of both protons and alphas. This frame
is the wave frame (WF). In this frame, there is no electric field
associated with the fluctuations and each particle’s velocity will
change only in direction maintaining a constant speed. As a
consequence, each particle will be forced to move on the
surface of a constant radius in phase space, being the concavity
of the resultant hemisphere due to the value of the particle’s
drift velocity with respect to the WF. In particular, each particle
will keep its velocity vector aligned to the local magnetic field
vector. The WF in Figure 18 is represented by the crossing
point of the two dashed lines, which limit the amplitude of the
fluctuations of each population around this pivotal point. This
point is at 1 VA from the bulk velocity, i.e., the velocity of the
center of mass, represented by the black star symbol. The
Alfvén velocity has been computed taking into account all the
four different populations, that is,

V F
B

4
2

s
s

A
 

( )
åp r

= 

where B

is the IMF vector, VA


is the Alfvén velocity vector, ρs

is the mass density of the sth species. The factor F takes into
account the thermal and dynamic pressure contribution of
protons and alphas (Belcher & Davis 1971; Barnes 1979;
Bavassano et al. 1998; Alterman et al. 2018, among others) and
is expressed as follows:

F
B

P P U1
4

3
s

s s s s2
2

∣ ∣
( ∣ ∣ ) ( )åp

r= - - +^

where P∥, P⊥, and U are the parallel and perpendicular thermal
pressure and the drift velocity with respect to the bulk velocity
for each single population indicated by the subscript s,
respectively.
The different colored symbols in Figure 18 represent the four

different populations as identified by the same color code in
Figure 16. The four populations all lie along the local magnetic
field direction moving at different speeds with respect to the
pivotal point. For the sake of clarity, we list here the meaning
of the labels shown in this rather busy figure. The proton core,
alpha core, proton beam, and alpha beam populations are
indicated by the labels p1, α1, p2, and α2, respectively. VA


is

the Alfvén velocity, B

is the local magnetic field, and Vbulk


is
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the velocity of the center of mass of the whole particle
distribution. The parameter Vp1

WFD is the drift velocity of the
proton core from the origin of the WF. Similarly, V 1

WFD a ,
V 2

WFD a , and Vp1
WFD are the drift velocities of the alpha core,

alpha beam, and proton beam from the same origin,
respectively. The estimate of Vp1

WFD is provided by the

following expression:

V V V V . 4p p1
WF

bulk 1 A
  

(∣ ∣ ∣ ∣) ∣ ∣ ( )D = - +

To compute the remaining drifts, we simply substitute Vp1


∣ ∣

with the velocity corresponding to the other populations.

Figure 16. RTN velocity space for proton core (red), proton beam (black), alpha core (blue), and alpha beam (green). Projections onto the orthogonal planes are also
shown (gray dots). The cyan solid line indicates the average direction of the magnetic field vector during the corresponding time interval. The star symbol on the
orthogonal planes shows the projection of the velocity of the center of mass, i.e., the fluid speed, during the whole time interval. Additionally, the colored dots refer to
the average speed of each single population. The time interval has been shortened to the first 12 hr of day 16, for graphic purposes.

Figure 17. From left to right, histograms of the absolute value of the fluctuations with respect to the mean value of the velocity normal component VN vs. normalized
velocity drift for proton beam (p2), alpha beam (α2), and alpha core (α1), respectively. Contour lines in cyan are also shown in each panel to guide the eye. The red
line through each distribution represents the 500 point moving average.
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Consequently, the sign of these drifts will determine whether
the velocity fluctuation for a particular subpopulation is in
phase or anti-phase with respect to the proton core. These are
the correct drift velocities in the WF to estimate the amplitude
of Alfvénic fluctuations associated with different populations.
The amplitude of fluctuations increases with a larger drift in the
WF. Consequently, the correct amplitude for each of the Alfvén
velocity components VAi R T N, ,=

* , which correspond to the generic
velocity components V=R,T,N of the generic ion population,
should be estimated by the following relation:

V V
V

V
5A A

WF

A
i R T N i R T N, , , , 

∣ ∣
( )=

D
= =
*

where VAi R T N, ,= have been obtained from Equation (2), ΔVWF is
the drift velocity of the ion population from the origin of the
WF, and VA


∣ ∣ is the Alfvén speed.

Looking at Figure 18 we should expect that the proton core
and alpha core would show an Alfvénic correlation of opposite
sign with respect to that of the proton beam and alpha beam
(see also Goldstein et al. 1995). Another interesting inference
we derive from the same figure is that 3D Alfvénic fluctuations
would force these four populations to fluctuate on hemispheres
of different radii centered around the pivotal point, generating
the distribution observed in Figure 16. The case of the alpha
core distribution is slightly different. The average drift velocity
of this population from the bulk velocity Vbulk normalized to
VA is 0.78± 0.25 and about 16% of the points have a drift
velocity of the order of VA. In this situation, most of the
velocity distribution, in principle, would be organized on a
hemisphere with the same concavity shown by the proton core
distribution, while the residual part, having a velocity drift of

the order of 1 Alfvén velocity would not feel the influence of
these waves and would not show any clear concavity. This
condition would make the central part of the distribution appear
as a bubble, as shown in Figure 16.
To characterize the Alfvénicity of these fluctuations, we

compare the velocity fluctuations with the corresponding
magnetic field fluctuations, in Alfvén units, obtained from
Equation (2) for each of the four populations. In order to select
mainly the Alfvénic part of the fluctuations, we evaluate
Equation (5) only in the NT plane, without considering the
radial component R, which is the least Alfvénic one (Bruno &
Carbone 2013), and in the following, we show scatter plots
relative to the normal component only, which is the most
Alfvénic one (Bruno & Carbone 2013). The four panels of
Figure 19, one for each population, show, on the horizontal
axis, values of Alfvénic fluctuations obtained from
Equation (5) and on the vertical axis velocity fluctuations.
All four populations show a rather good level of correlation
and, as expected from the schematic graphic representation
shown in Figure 18, proton and alpha cores have an opposite
sign of correlation compared to proton and alpha beams.
Another interesting aspect to notice in Figure 19 is the fact that
the absolute value of the slope of the distributions, larger than 1
for the proton and alpha cores and smaller than 1 for the two
beams, suggests a slight excess of kinetic energy for proton and
alpha cores and vice versa for proton and alpha beams. In
particular, the contour lines in panel (c) thicken toward the
center and seem to be oriented along the vertical axis,
highlighting the lack of correlation, which characterizes the
velocity fluctuations of alpha particles drifting at a speed close
to the Alfvén speed. We would like to point out that the level of
correlation shown by the alpha populations is particularly

Figure 18. Schematic graphic representation of the phase space in the RTN reference system of proton core (red), alpha core (blue), proton beam (black), and alpha
beam (green) velocities fluctuations due to the presence of Alfvén waves. The black star symbol represents the estimated fluid velocity calculated from all four
populations (see Equation (1)). The WF is indicated by the crossing point of the two dashed lines. This point is at 1 VA from the bulk velocityVbulk


. The variousΔVWF

represent the velocity drift of each population from the origin of the WF.
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striking. The present literature reports that alpha particles, taken
as a single population, i.e., core+beam, are not very responsive
to Alfvénic fluctuations since their velocity drift, so close to the
value of the Alfvén velocity, makes them surf on the waves
with the consequence that they are not influenced by any
Alfvénic fluctuation (Thieme et al. 1989; Gary et al. 2001;
Matteini et al. 2015). However, this is not always the case if we
consider early observations by Goldstein et al. (1995). On the
other hand, we showed that the beam is a quite relevant fraction
of the whole population and that its velocity fluctuations have
an opposite Alfvénic correlation compared to the core. These
two features are enough to cancel any velocity correlation in
case the two populations are not separated. This can be
observed in Figure 20(a), which shows the scatter plot of the
velocity fluctuations of the normal component of the bulk
velocity of the whole alpha population versus Alfvén velocity
fluctuations obtained from Equation (5). The amplitude of the
fluctuations is enormously reduced and there is a complete lack
of Alfvénic correlation well at odds with the results shown in

the previous Figure 19, panels (c) and (d). Similar results
(Figure 20(b)) are obtained by adopting Alfvén velocity
fluctuations from Equation (2), as usually done in the literature.
This remarkable difference with respect to the protons in the

presence of Alfvénic fluctuations is mainly due to the fact that
for the alphas, the beam represents a much larger fraction of the
whole population compared to the protons and to the fact that
the alphas drift from the protons at a speed that is a fraction of
the Alfvén speed.
In the current context, it is intriguing to visualize the

distributions, which are displayed in Figure 19, using the
amplitude of the Alfvénic fluctuation derived from
Equation (2), as is typically done in the literature, instead of
scaling it through Equation (5). Figure 21 illustrates this
comparison, where we present the values of the normal
component of the Alfvén velocity computed from Equation (2)
on the X-axis, using the same format as Figure 19. We observe
a general deterioration in the degree of correlation, except for
the proton core distribution, as expected. Specifically, the alpha

Figure 19. Panels (a)–(d) refer to proton core (p1), proton beam (p2), alpha core (α1), and alpha beam (α2), respectively. The horizontal axis for each panel/
population shows values of the normal component of velocity fluctuations obtained from Equation (5) relative to that population. The vertical axis for each population
shows velocity values for the normal component as produced by our code. The Pearson correlation coefficient, R, along with the slope of the fit, represented by the
solid red line, is shown in each panel. The dashed line, V V_N ij ijAN= * or V V_N ij ijAN= - * , where i = p or α and j = 1 or 2 is shown for comparison. Contour lines are
drawn to guide the eye.

15

The Astrophysical Journal, 969:106 (19pp), 2024 July 10 Bruno et al.



core distribution (panel (c)) is significantly distorted for high-
velocity values. Additionally, both the proton core and alpha
beam distributions deviate significantly from equipartition.
This comparison reinforces the validity of our analysis, which
is based on the mechanism depicted in Figure 18.

5. Considerations about the Alpha Beam Population

Being an electrostatic analyzer, SWA-PAS detects the ions
by measuring their kinetic energy E per unit charge q, therefore
there is the possibility that the population we assume to be the
beam of the alpha particles in reality might be a population of
oxygen ions O6+. These ions, roughly traveling at the same
speed as the protons, would appear to have an E/q∼ 2.67
being their mass equal to 16 proton masses and their charge
equal to six proton electric charges. As a consequence, the
expected bulk speed of these ions would appear to be

2.67 1.63= times higher than the proton core bulk speed,
which in our case is ∼700 km s−1. If we also add a velocity
drift of around 80% (just to be consistent with the drift we
observe for the core of the alphas ∼75 km s−1) of the Alfvén
speed (Marsch et al. 1982a), this value would be around 1.72
times larger than the proton core speed. On the other hand, the
ion population that we identify as a beam of alpha particles has
an average speed of ∼1.19 times faster than the proton core,
and being helium ions, SWA-PAS detects this population at a
speed of 2 1.19 1.68´ ~ times faster than the proton core
speed. Thus, there is a chance to confuse what we identify as an
alpha beam with a population of O6+. However, there is
another parameter that we can consider to strengthen our
original assumption: the relative density. As we already saw in
Figure 4, the relative density of the beam with respect to the
alpha core peaked at a value slightly less than 50%. On the
other hand, there are consistent observations in the literature
about the relative abundance O/He. Just to cite a few
examples, Geiss & Bochsler (1986) found that oxygen ions
are about 1.3% of helium ions in the solar wind, in good

agreement with a successive determination by Collier et al.
(1996), who estimated this ratio to be around 1.4%. Both
values do differ enough from the value of ∼50% represented
by the population that we identify as an alpha beam. In
conclusion, our analysis confirms previous inferences by
Feldman et al. (1974) and Marsch et al. (1982a), who noticed
nonthermal double-peaked spectra of solar wind helium
distributions observed at 1 au and within the inner heliosphere,
respectively.

6. Summary and Conclusions

This paper discusses the observations of solar wind plasma
made by the PAS sensor, which is one of the four sensors in the
plasma suite SWA on board the Solar Orbiter spacecraft.
During 2022 September, the spacecraft observed a high-speed
stream while it was 0.58 au away from the Sun. We have
chosen the region of the stream with the highest Alfvénicity,
lasting about 3 days, because a high degree of Alfvénicity is an
important condition that may be closely related to the
occurrence of non-Maxwellian features, like temperature
anisotropies and proton and alpha beams. This proved to be a
rewarding choice as our code localized proton and alpha beams
for approximately 90% of all VDFs recorded by PAS. After
this first step, about 56,000 VDFs were analyzed to characterize
and compare the kinetic features of the core and beam
populations of protons and alpha particles. Our analysis
estimated an alpha content of about 4% of the proton
population, well in agreement with numerous previous
estimates reported in the literature (Feldman et al. 1978;
Marsch et al. 1982a; Borrini et al. 1982; Bochsler 2007, among
others). We demonstrated the existence of a beam for alpha
particles that cannot be mistaken for the O6+ population.
However, we cannot rule out the possibility of contamination
by O6+. Interestingly enough, we found that the alpha beam,
differently from the proton beam, represents a relevant fraction,
about ∼50%, of the core population. In this respect, the proton

Figure 20. Panel (a): distribution of the normal component of the alpha bulk velocity fluctuations (core and beam not separated) vs. the normal component of the
Alfvén velocity fluctuations obtained from Equation (5); Panel (b): differently from panel (a) the normal component of the Alfvén velocity fluctuations is obtained
from Equation (2). Contour lines are drawn to guide the eye.
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beam, within the analyzed time interval, is much less relevant
being only about 10% of the proton core, in good agreement
with previous studies based on Helios fast wind observations
(Marsch et al. 1982a, 1982b; Ďurovcová et al. 2019). Such a
large alpha beam plays an important role in estimating the
kinetic features of the alphas when the core and beam are not
analyzed separately. For instance, we showed that the invoked
additional anomalous overheating mechanism (Kasper et al.
2008) necessary to justify a total temperature ratio between
alphas and protons ∼5 is not needed if we restrict this ratio to
the core only. As a matter of fact, in this case, we found a total
temperature ratio of ∼4, which suggests an equal thermal speed
for the core populations of protons and alphas (Kasper et al.
2008). Obviously, this does not solve the overheating problem
that still requires a physical explanation, for instance, in terms
of the Alfvén-cyclotron dissipation mechanism, which favors
heavier ions with respect to protons (Feldman et al. 1974;
Feynman 1975; Neugebauer 1976, 1981; Ofman et al. 2002;
Kasper et al. 2008, 2017). It is worth noting the striking
similarity between the histograms of the total temperature ratio

between the beam and core for protons and alphas, suggesting a
possible shared heating mechanism for both beams. Our
analysis allows us to show and compare the temperature
anisotropy of the core and beam not only for the protons but
also for the alphas. We found values of anisotropy for protons
and alphas around 2, for all the core and beam populations.
These estimates confirm previous studies of the anisotropy of
the proton core and provide new insights into the anisotropy of
the proton and alpha beams, but do not appear to agree with the
values for the anisotropy of the alpha core, generally <1, found
in the literature (Marsch et al. 1982a; Kasper et al. 2008). In
particular, Marsch et al. (1982b) reported that in the fast wind,
the core part of the helium distribution shows some indications
for T∥> T⊥. In addition, Kasper et al. (2008) reported higher
values of T∥> T⊥ for helium ions for smaller values of
collisional age also identifiable with fast streams. However, in
the latter case, we are not aware of any specific separation
between the alpha core and beam. The study of the velocity
drift of the various populations revealed that the alpha core
drifts with respect to the proton core at a velocity less than the

Figure 21. Panels (a)–(d) refer to proton core, proton beam, alpha core, and alpha beam, respectively. The horizontal axis for each panel/population shows values of
the normal component of velocity fluctuations obtained from Equation (2). The vertical axis for each population shows velocity values for the normal component as
produced by our code. The Pearson correlation coefficient, R, along with the slope of the fit, represented by the solid red line, is shown in each panel. The dashed line,
V V_N ij AN= or V V_N ij AN= - , where i = p or α and j = 1 or 2 is shown for comparison. Contour lines are drawn to guide the eye.
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local VA while the proton beam with respect to the proton core,
and the alpha beam with respect to the alpha core both move at
a velocity of about twice the VA. This latter consideration might
suggest that the two beams might have been accelerated by a
different mechanism than the one that acted on the alpha core.
Present literature indicates that while beams are generated
locally by scattering of particles from the core by ion cyclotron
waves and or kinetic Alfvén waves, the alpha core is
accelerated directly at the base of the corona (Johnson et al.
2023, and references therein). To strengthen the suggestion in
favor of a local generation of proton and alpha beams, there is
also the fact that the distribution of the alpha beam drift angle is
remarkably similar to that of the proton beam when the drift
velocity vector is estimated with respect to the proton core. On
the other hand, the distribution of the drift velocity vector
relative to the alpha core is as broad as that of the alpha core
relative to the proton core. The remarkable width of the
distribution of the drift angle for the alpha core cannot depend
on the weaker statistics associated with the alphas; otherwise,
this problem would affect even more the same kind of
distribution for the alpha beam. We support the idea of a
non-local acceleration of the alpha core which might reside
instead at the base of the corona. We also found other
observations in favor of a shared generation mechanism for the
proton and alpha beams, like the remarkable correlation
between their drift velocities. This is particularly relevant if
compared to the total lack of correlation between the drift
velocities of the core and alpha beam. The two beam
populations behave in a similar way, also regarding the
empirical law found by Tu et al. (2004) relating the beam
velocity drift, normalized to the local Alfvén speed, and the β∥
relative to the core of the respective population.

Finally, we analyzed the Alfvénicity of all four ion families
within the WF as identified by the wave propagation speed
(Goldstein et al. 1995; Matteini et al. 2015). In this particular
frame in phase space, which represents the center of the
oscillations of protons and alphas, the waves are at rest. We
tested the Alfvén relation for each population considering the
velocity drift ΔVWF from this pivotal point of the oscillations
(see Equation (5)) and found a rather good Alfvénic correlation
for all four populations. As expected (Goldstein et al. 1995),
the sign of the correlation of the beams is opposite to that of
their respective cores, depending on the value of ΔVWF. On the
other hand, we found no correlation at all and remarkably small
amplitude fluctuations when the alphas were treated as a single
population, confirming earlier findings (Thieme et al. 1989;
Goldstein et al. 1996; Matteini et al. 2015). This is due to the
fact that the alpha beam is rather massive and its velocity
fluctuations have an opposite sign compared to the alpha core.
Consequently, the center of mass of this core-beam system
appears to be not sensitive to the presence of Alfvénic
fluctuation.

We are rather confident that the kind of analysis shown in
this paper, based on a careful examination of the kinetic
features of core and beam separately for proton and alphas, is
the correct way to better understand the physical processes that
shape the particle distribution in the solar wind.
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