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Abstract Recent reports of the first data from Parker Solar Probe (PSP) have pointed to a
series of links, correlations or anti-correlations between the solar wind bulk speed (VSW) and
physical properties of plasma particles from less than 0.25 AU in the corona. In the present
paper, we describe corresponding and additional links of solar wind properties, at 0.4 AU
and 1.0 AU, in an attempt to complement the PSP data and understand their evolution. A de-
tailed analysis is carried out for the main electron populations, comparing the low-energy
(thermal) core and the collisionless suprathermal halo. We show that the anti-correlation ob-
served at 0.4 AU between VSW and the number density (average value) is maintained also at
1 AU for both the core and halo electrons. On the contrary, only the core electrons manifest a
clear anti-correlation of the temperature with VSW, while the halo temperature does not vary
much. We also describe the ions, protons and helium, which have a more reduced mobility
and their properties exhibit different variations with the solar wind speed. The results are
used to shed more light on the mechanisms leading to a differential acceleration of these
species and the origin of slow and fast wind modulation.
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1. Introduction

Properties of the solar wind (SW) plasma particles have been measured in-situ by a mul-
titude of spacecraft missions, e.g., Ulysses, Helios 1 and 2, Wind, Cluster, etc. (Domingo,
2002; Meyer-Vernet, 2007; Lazar, 2012), enabling also indirect interpretations of plasma
physics at low heliocentric distances in the corona where direct in-situ measurements were
not possible (Scudder, 1992; Pierrard, Maksimovic, and Lemaire, 2001a,b). The new obser-
vations from Parker Solar Probe (PSP) and Solar Orbiter (SO) are expected to confirm these
predictions, and explain the main mechanisms which trigger plasma outflows and modu-
late the main properties of the SW plasma particles, i.e., electrons, protons and heavier ions
(Berčič et al., 2020; Halekas et al., 2020; Maksimovic et al., 2020). Measured in-situ, the ve-
locity distributions of different species (subscript s) are used to determine their macroscopic
properties (moments), such as number densities ns, bulk velocities us, temperatures Ts, and,
implicitly, their plasma betas βs = 8πnskBTs/B

2
0 , or temperature anisotropy Ts,⊥/Ts,‖, with

⊥,‖ indicating gyrotropic directions with respect to the magnetic field. With increasing dis-
tance from the Sun fast wind protons (s = p) show a clear demagnetization by increasing
βp, and a quasi-adiabatic switch from a transverse anisotropy (Tp,⊥/Tp,‖ > 1 and βp < 1 at
0.3 AU) to one predominant in parallel direction (Tp,⊥/Tp,‖ < 1 and βp > 1 beyond 1 AU)
(Matteini et al., 2007). Such a clear evolution is not observed in the slow wind, between 0.3
and 1 AU protons are less magnetized accumulating near the equipartition of kinetic and
magnetic energy densities (β ≈ 1) and isotropy (Tp,⊥/Tp,‖ ≈ 1), although large departures
from this condition are also observed with kind of symmetry in both (gyrotropic) directions,
Tp,⊥/Tp,‖ ≷ 1 (Stansby et al., 2018). More detailed results (Stansby et al., 2018; Stansby,
Horbury, and Matteini, 2019; Ďurovcová, Šafránková, and Němeček, 2019) based on core
and beam analysis demonstrate that the core protons are aiming to isotropize towards larger
distances, while the impression of increased parallel temperature originates from the beams
that become super-Alfvénic (Klein et al., 2019).

By contrast to protons the electrons have a much higher mobility, and their properties
may not vary much with the distance from the Sun (Štverák et al., 2008). Their distributions
show two central components, a quasi-thermal core at low energies, and high energy tails
enhanced by a suprathermal and more diffuse halo (Pierrard, Maksimovic, and Lemaire,
2001a; Štverák et al., 2008; Lazar et al., 2017). Asymmetric field-aligned beams or strahls
may also be apparent, but are more specific to fast streams (Maksimovic et al., 2005; Berčič
et al., 2019; Wilson et al., 2019). At high radial distances, the number density of the strahl
electrons slightly decreases while the halo electron population slightly increases, suggesting
that scattering due to some process(es) isotropizes the strahl and enhances the halo (Mak-
simovic et al., 2005; Štverák et al., 2009). This hypothesis is supported by the increase of
strahl angular width with radial distance (Hammond et al., 1996; Berčič et al., 2019), con-
trary to the decrease predicted by an adiabatic behavior. These characteristics likely indicate
the effects of wave–particle interactions and/or Coulomb collisions acting on electron dis-
tributions, to reduce their anisotropy but increase their suprathermalization (Vocks et al.,
2005; Pierrard, Lazar, and Schlickeiser, 2011). That the halo and the strahl relative densities
vary in an opposite sense, as well as the fact that they both lie in the same energy range
(102 – 103 eV), suggests that the halo and strahl electrons may have similar origins.

If the core electrons are still controlled by the binary collisions, preserving a Maxwellian-
like distribution, the suprathermal electrons are more dilute and much hotter making them
practically collisionless and well reproduced by the so-called Kappa (or κ-) power-law dis-
tribution functions (Štverák et al., 2008; Pierrard and Lazar, 2010). The halo temperature
increases and the power spectral exponent κ decreases with increasing distance from the
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Sun (Pierrard et al., 2016; Lazar et al., 2017). Differences between electron core and halo
populations must also be reflected by the variations of their properties with heliospheric
distance and the solar wind bulk speed.

Observational studies focus in general on the core electrons (subscript c), due to their
dominant number density reaching up to 95 % of total density. The plasma beta and temper-
ature anisotropy of these quasi-thermal electrons do not change much from 0.35 to 2 AU,
and remain well localized around the equipartition conditions, i.e., βc ≈ 1 (Štverák et al.,
2008). Both the number density and the temperature show a clear anti-correlation with the
flow speed in the corona (Halekas et al., 2020) and in the solar wind at low distance, becom-
ing barely noticeable at 1 AU (Maksimovic et al., 2020). These anti-correlations are often
invoked to argue that slow or fast winds have different origins in the corona (Gloeckler, Zur-
buchen, and Geiss, 2003), despite the very high mobility of electrons, and the fact that proton
temperature shows a direct link with the solar wind speed (Elliott et al., 2012). However, this
bi-modal organization of the solar wind may need more refined complementary data analy-
sis for understanding and identifying the sources of solar wind (Stansby et al., 2018; Berčič
et al., 2020). On the other hand, the suprathermal halo (subscript h) is more dilute but much
hotter than the core (Štverák et al., 2008; Pierrard et al., 2016), making it an important con-
tributor to the total kinetic energy budget, i.e., with βh ≈ βc. For this reason and due to their
antisunward drift, suprathermal electrons are mainly responsible for the heat transport in
the solar wind (Štverák, Trávníček, and Hellinger, 2015; Lazar et al., 2020). In a collision-
poor solar wind, there is also observational evidence (Wilson et al., 2013) that suprathermal
electrons are (highly) involved in the interaction with plasma waves, being heated by the
resonant wave fluctuations (Vocks and Mann, 2003) or stimulating the self-induced electro-
magnetic fields (Lazar et al., 2019). However, we do not know much about the evolution
of halo electrons and their properties with heliocentric distance, or the way these properties
correlate with the solar wind speed. Recent reports of PSP data have provided the first ra-
dial profiles of electron properties in the corona, within the interval 0.17 – 0.4 AU, showing
a clear anti-correlation of the halo temperature with the solar wind speed (Halekas et al.,
2020).

In the present paper, we revisit the main properties of the SW plasma particles, which
show similar organization by the flow speed and offer valuable clues on the physical mech-
anisms involved to reduce this dependence with increasing heliocentric distance. These in-
sights from the existing solar wind data are crucial for building a realistic and unitary picture,
in agreement with the advanced observations from new missions, such as PSP and SO. So-
lar wind models need realistic assumptions concerning the characteristics of the plasma at
low distances in the corona to make predictions at larger distances. The velocity distribution
function of the particles, as well as their number density, bulk velocity and temperature at
low distance have to be assumed to determine the characteristics of the solar wind at any
further distance. The possible presence of solar suprathermal electrons in the low corona
can heat the corona and accelerate the wind at high bulk velocities (Pierrard and Lemaire,
1996; Maksimovic, Pierrard, and Riley, 1997; Pierrard and Pieters, 2014). To determine the
boundary conditions low in the corona, magnetograms observed in the photosphere are gen-
erally used to determine the magnetic field intensity at a low distance in the solar corona at a
level called the Potential Field Source Surface (PFSS) (Pierrard and Pieters, 2014; Moschou
et al., 2017) for instance). From these magnetic field values, boundary conditions are deter-
mined using estimated relations (Pierrard and Pieters, 2014; Pomoell and Poedts, 2018) to
obtain the plasma characteristics at low radial distance. It is thus crucial to chose the most
appropriate values in association with the observations.

We analyze how different characteristics of solar wind plasma particles, electrons, pro-
tons and helium, are related to each other at different radial distances in the solar wind,



151 Page 4 of 14 V. Pierrard et al.

Table 1 Solar wind electron
data used in the present study
(Štverák et al., 2008; Pierrard
et al., 2016).

Dist (AU) Spacecraft Number of
measurements

0.35-0.45 Helios 14427

0.9-1.1 Cluster and Helios 20914

especially (see Table 1) at about 0.4 AU (i.e., between 0.35 and 0.45 AU), and at about
1 AU (0.9 – 1.1 AU). Such a study is particularly important to deduce the evolution of the
solar wind characteristics. Each species or population of plasma particles, including ther-
mal or suprathermals, e.g., core and halo electrons, may show specific variations with the
bulk speed of the solar wind, which can help to understand their origin in the solar corona
(e.g., slow winds) or more inner corona (fast winds from coronal holes). This information
is encoded in the properties of plasma particles, velocity distributions and moments of the
distributions defining macroscopic parameters, which vary continuously with the solar wind
expansion in the heliosphere. Understanding these variations may also help to identify key
physical processes which overheat the corona and accelerate the solar wind.

2. Electrons

The electron data set includes electron core and halo parameters derived from more than
120 000 distributions measured in the ecliptic within an extended range of heliocentric dis-
tances from 0.29 to 4 AU (Štverák et al., 2008; Pierrard et al., 2016). Štverák et al. (2008)
subtracted the field-aligned strahl component and fitted non-drifting part of the observed
velocity distribution with a sum of a bi-Maxwellian for the core (subscript c), described by
three parameters: nc, Tc,‖ and Tc,⊥, and a bi-Kappa for the halo population (subscript h)
giving other four parameters: nh, Th,‖, Th,⊥ and κ .

Launched respectively in 1974 and 1976, HELIOS 1 and 2 allowed one to identify dis-
tinct conditions in (i) a high-speed solar wind (667 km/s in average at 1 AU) associated to
low densities (3 protons cm−3 in average at 1 AU) and most probably originating from coro-
nal holes, generally located at high latitudes, and (ii) a low-speed solar wind (320 km/s in
average at 1 AU), much more variable and associated to higher densities (10 protons cm−3

in average at 1 AU) (Pierrard and Lemaire, 2001). Launched in 1990, Ulysses showed that
at high latitudes, the high-speed solar wind is almost constant during quiet solar activity
periods (McComas and et al., 1998). We first analyze the links between electron parameters
using data at two different distances in the ecliptic plane: 0.4 AU from HELIOS (measured
between 1975 and 1978) and 1 AU from HELIOS and CLUSTER (measured between 2002
and 2003). The data set analyzed here contains also data from larger distances, between
2.7 and 3.3 AU from ULYSSES, but the number of events (1275) is not sufficient to reach
clear conclusions, and the links between the parameters tend to disappear with the distance
(Pierrard et al., 2016), so that these results are not illustrated here. In the present work we
investigate the links that exist between different properties of the plasma particles and their
bulk velocity. The solar wind velocity is the first characteristic deduced from the magne-
tograms, marking different origins of the wind in the solar corona.

2.1. Electron Core and Halo Densities

Figures 1 and 2 illustrate the number densities of the core and halo electrons, respectively,
as functions of the solar wind bulk velocity. In Figure 1 the velocity ranges between 210 and
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Figure 1 Number density in m−3 of core electrons as a function of the bulk velocity at 0.35 – 0.45 AU (left)
and 0.9 – 1.1 AU (right).

Figure 2 Number density in m−3 of halo electrons as a function of the bulk velocity at 0.35 – 0.45 AU (left)
and 0.9 – 1.1 AU (right).

750 km/s at 0.4 AU (left panel), and between 300 and 750 km/s at 1 AU (right panel), with
only a few observations with higher velocities (up to 950 km/s) probably due to Coronal
Mass Ejections (CMEs). The acceleration of the low-speed particles is obvious, but does not
affect the fast streams of particles, the maximum limit found at 1 AU is almost the same
with that observed at 0.4 AU. The mechanisms accelerating particles at lower distances may
also operate at higher heliocentric distances, in the interval 0.4 – 1 AU, but selectively, acting
mainly on the low-energy electrons.

At low heliocentric distances, i.e., ≈ 0.4 AU, values of the core density are confined in
an interval (2 × 107 < 108 m−3) much narrower than that found at 1 AU, where the average
value of the core density (solid line) is one order of magnitude lower, but the data widely
spread exceeding one order of magnitude difference between the minimum and maximum
values. This may be a direct consequence of the solar wind expansion combined with a
reduction of thermalization of the electron populations (e.g., due to the reduced effect of
Coulomb collisions) with increasing the distance from the Sun.

The average values indicate a significant anti-correlation between nc and u at 0.4 AU,
with a higher density in the slow solar wind. This result agrees well with the well-known
distinct origin of the fast wind in the low density coronal holes. At 1 AU (also at 3 AU,
not shown here) this anti-correlation is reduced but still apparent, despite the large data
dispersion, much larger than at 0.4 AU. Either at low or large distances, the number density
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in the slow wind is characterized by a larger spread of values, which strongly suggests
that low-speed streams have various origins. Our data are from the ecliptic plane, and may
therefore reflect that slow and fast winds interact and tend to reduce these anti-correlations
with increasing the distance from the Sun. The minimum values of nc significantly decrease
from 0.4 to 1.0 AU for slow and fast winds, even more than the maximum of nc, resulting in
a more significant spread of the data at 1 AU that can also be due to the mix of Cluster and
Helios data at this distance. The coefficients of the linear regression log10(nc) = AV + B

(where n is the density in m−3 and V is the solar wind velocity in 100 km/s to clearly
identify the drop in density for 100 km/s) are: A = −4.06358 × 10−2 ± 9.52774 × 10−3,
B = 7.92830 at 0.4 AU, and A = −2.84225 × 10−2 ± 1.07845 × 10−2, B = 7.02442 at 1
AU.

In Figure 2, the halo number density shows a similar anti-correlation, with higher den-
sities in the slow wind. Some of the intermediary slopes of partial decreasing shown by
the mean values may be even greater than those obtained for the core. In this case, the co-
efficients of a similar linear regression with the same units are A = −2.08976 × 10−1 ±
3.12945 × 10−3, B = 7.03951 at 0.4 AU, and A = −1.46069 × 10−1 ± 3.86941 × 10−2,
B = 6.96072 at 1 AU.

The halo density is lower when the bulk velocity is higher. A high halo density is very
important in determining the presence of suprathermal (halo) electrons, even more than (a
low) kappa index, in the case of a fit with a sum of two distribution models with different
densities and different temperatures, like in the present data set. Indeed, nh reflects the pres-
ence of an additional halo population of energetic electrons, hotter than the core (as shown
below), even if the halo would have been Maxwellian (large κ → ∞) and not Kappa dis-
tributed. The presence of suprathermal particles have a significant effect on the heating of
the corona and acceleration of solar wind, whatever they are represented by a sum of two
Maxwellians or by Kappa distributions (Pierrard, 2012). Either at low or long distances, the
spread of halo densities is large, especially in the slow wind, and decreases in the fast wind.
The number density ratio of halo electrons on core electrons vary from 0.3 to 20 % at all
radial distances, with an average value decreasing from 6 % for V < 300 km/s to 2 % for
V > 500 km/s at 0.4 AU. The same trend is observed at 1 AU: the proportion of halo density
remains the same, from 0.4 to 1 AU (Pierrard et al., 2016).

2.2. Variation of κ with the Velocity VSW

Figure 3 shows the variation of the power-law parameter κ with the bulk velocity, left panel
at ≈ 0.4 AU and right panel at ≈ 1 AU. This parameter quantifies the power-law tail of
the distribution function of the halo populations, reproduced in our set of observations by
a Kappa function (Štverák et al., 2008). Observational fits with an empirical Kappa im-
pose κ > (l + 1)/2 to ensure the convergence of the moments of order l, which means that
we need κ > 3/2 to admit a finite temperature and κ > 2 to estimate the heat flux of an
anisotropic Kappa (Pierrard and Lemaire, 1996).1

At low distances (Helios observations), the mean values of the power parameter κ de-
crease with the solar wind bulk velocity. A similar anti-correlation, but less pronounced, is
found for higher distances, i.e. at 1 AU (and 3 AU). These mean values decrease with in-
creasing the heliocentric distance, but deviations from these means increase with distance,

1A regularized Kappa distribution with a Maxwellian-like cut-off of the power-law tails ensures the conver-
gence of the moments of any order and restrains to realistic velocities V < c, less than the speed of light in
vacuum (Lazar et al., 2020).
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Figure 3 Variation of κ with the bulk velocity of SW at 0.35-0.45 AU (left panel) and 0.9-1.1 AU (right
panel).

Figure 4 The core temperature Tc (total) in K as a function of the bulk velocity at 0.35 – 0.45 AU (left), and
0.9 – 1.1 AU (right).

such that values obtained for κ at low distances are more concentrated around the means,
at 0.4 AU dominant being 6 � κ < 9, while at 1 AU we find 3 < κ < 8. Similar observa-
tions using Kappa models as global representations of electron distributions from Ulysses
observations (large distances and at high latitudes) have already shown a lower κ may be
constantly associated with higher bulk velocities (Maksimovic, Pierrard, and Riley, 1997).
Moreover, exospheric solar wind models are able to predict the acceleration of fast streams,
provided the existence of suprathermal populations (Pierrard and Lemaire, 1996; Zouganelis
et al., 2005).

2.3. Electron Core and Halo Temperatures

Figure 4 shows the temperature of the core electrons as a function of the velocity. At low
distances, an anti-correlation is observed between the electron temperature and the bulk
velocity. It is less clear at larger distances probably due to mix of solar wind particles of
different speeds as the solar wind expands. With the new observations of Parker Solar Probe
at even lower radial distances (0.25 AU), this anti-correlation is even more obvious (Maksi-
movic et al., 2020). This can again be a remnant of coronal hole sources, where electrons of
fast wind are observed to be cooler than in the quiet corona. At 0.4 AU, log10(Tc,‖) = aV +b

(again V in 100 km/s and T in K) with a = −3.99357×10−2 ±4.86351×10−4 (s/100 km),
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Figure 5 The halo temperature Th (total) in K as a function of the bulk velocity at 0.35 – 0.45 AU (left), and
0.9 – 1.1 AU (right).

b = 5.44856 and log10(Tc,⊥) = aV + b, with a = −6.89511 × 10−2 ± 4.73346 × 10−4,
b = 5.52657. The anti-correlation is less visible but still present at 1 AU, may be due to the
mix of Cluster and Helios observations taken during different periods of time and due to the
larger distance.

Figure 5 shows the temperature of the halo electrons as a function of the velocity. Parallel
and perpendicular temperatures of the halo population are also obtained to be larger in the
slow wind. At 0.4 AU, log10(Th,‖) = aV + b with T in K and V in 100 km/s, with a =
−1.39837 × 10−2 ± 6.39593 × 10−4 s/100 km, b = 5.86102, and log10(Th,⊥) = aV + b,
with a = −2.51076×10−2 ±5.13766×10−4, and b = 5.88215. The bulk velocity is slightly
lower for high temperatures whatever it is parallel, perpendicular, core or halo temperature.
The slope is low.

Note that this anti-correlation is unexpected, since it is the contrary for the protons, as
we will show in Section 3. Moreover, all the models (kinetic or fluid) show a higher bulk
velocity when the temperature increases (Pierrard (2009) for a review), at least when all
the other parameters are kept the same. Nevertheless, using a lower value of kappa for the
strahl for instance, the wind can be accelerated to higher bulk velocities in exospheric solar
wind models with Kappa distribution of the electrons, even considering lower temperatures
(Pierrard and Lemaire, 1996; Maksimovic, Pierrard, and Lemaire, 1997; Lamy et al., 2003).
Concerning possible causes of the speed-temperature anti-correlation, it is worth noting that
effects of turbulent heating (Landau damping, cyclotron resonance damping, or stochastic
heating), examined in detail for the case of protons, are also acting on electrons, even though
both the literature and the observational data are severely lacking. Combination of these
mechanisms would provide a similar signature in the data set.

Figure 6 shows the (total) temperature ratio of halo on core electrons as a function of
the velocity. The temperature ratio is clearly higher for high velocities, especially at short
distances. This is an inverted trend as compared to the individual core and halo temperatures
shown in Figures 4 and 5. This indicates that the temperature of the halo decreases less with
the velocity than the core temperature.

2.4. Temperature Anisotropies

Figures 7 and 8 show the temperature anisotropy (A = T⊥/T‖) of the core and halo electrons,
respectively, as a function of the velocity. The temperature anisotropy of the core and halo
electrons is reduced (closer to 1) when the bulk velocity is low. Again, this is expected for
the core electrons, since the slow wind seems more collisional. The fast wind originates
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Figure 6 The ratio of halo on core temperatures Th/Tc (total) as a function of the bulk velocity at
0.35 – 0.45 AU (left), and 0.9 – 1.1 AU (right).

Figure 7 The core temperature anisotropy Tc,⊥/Tc,‖ as a function of the bulk velocity at 0.35 – 0.45 AU
(left), and 0.9 – 1.1 AU (right).

from less dense regions where the collisions are less efficient. The anti-correlation is clear
at 0.4 AU, especially for the core electrons, and remains visible at 1 AU but with a higher
dispersion. The anisotropy slightly decreases with the velocity and is in average A ≈ 0.8 for
the core electrons in the fast wind, thus with T‖ > T⊥. However the halo electrons are hotter
and less dense, and therefore less collisional. In their case the role of binary collisions may
be played by the wave–particle collisions, i.e., in the presence of a wave-turbulence, which
can entertain their suprathermalization and also prevent large departures from isotropy.

3. Protons

Electron and proton densities are almost the same in the solar wind due to the low proportion
of heavy ions and the quasi-neutrality. The bulk velocities for electrons and protons are also
comparable (although the electron populations, core, halo and strahl, may have relative (op-
posite) drifts with respect to protons), so that in general no net current is produced (Wilson
et al., 2019). The bulk velocity is easier to determine for protons than for electrons, because
the thermal velocity vth,p is much lower than for electrons (due to their mass) and is thus well
different from the bulk velocity. It is important to keep in mind the different nature of these
species: the “local” behavior of protons (vth,p < VSW) and “non-local” character of electrons
(vth,e > VSW), which becomes even more significant for halo compared to core population.
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Figure 8 The halo temperature anisotropy Th,⊥/Th,‖ as a function of the bulk velocity at 0.35 – 0.45 AU
(left), and 0.9 – 1.1 AU (right).

Figure 9 Proton temperature (left) and proton density (right) as a function of the proton bulk velocity at
1 AU.

This makes any correlation analysis with some macroscopic characteristics like VSW easier
for protons than for electrons. The temperature of the protons, and also those of the other
ions, are very different from the electron temperature (Pierrard and Lamy, 2003) and they
have very different relations with the velocity. Helios for instance has also measured proton
velocity distribution functions. At 1 AU, the density, bulk velocities and proton temperatures
as measured by OMNI are available on https://omniweb.gsfc.nasa.gov/.

Figure 9 illustrates the proton temperature (left panel) and proton density (right panel) as
a function of the proton bulk velocity at 1 AU (here for instance taking June 2018–October
2018). The proton temperature is clearly directly related to the (proton and electron) bulk
velocity of the solar wind. When the proton temperature is higher, the bulk velocity is also
higher, as already noted by Burlaga and Ogilvie (1970, 1973). As shown previously (see
Figure 4), this is not the case for electrons for which a slight anti-correlation was observed.

High proton bulk velocities are clearly associated to low proton density (like at high
latitudes, and like electrons), but here in the ecliptic plane, low-speed wind can be associated
to low or high density, probably due to shocks and mix between the slow and fast winds.
The shock is produced when fast outflows, like winds or CMEs encounters slow winds, and
in the foreshock, the density may increase due to the compression (see Rouillard et al., 2020
for a review). But there are also observations showing lower densities longer after the shock
(Richardson et al., 2000).

https://omniweb.gsfc.nasa.gov/
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Figure 10 Proportion of helium ions and protons (density ratio), as a function of the solar wind temperature
(left panel) and of the proton bulk velocity (right panel) at 1 AU.

4. Helium Ions

Figure 10 illustrates the number density ratio of alpha particles on protons as a function of
the proton temperature and bulk velocity. Using again OMNI, the proportion of helium ions
and protons is found to be highly correlated to the proton temperature and bulk velocity.
The proportion of helium ions is higher when the proton temperature is high (Figure 10
left panel), thus also in the high-speed solar wind (right panel) since these two quantities
are strongly related. The proportion of helium ions is low (around 5 %) when the density
is high, but for low density, the proportion is variable in the ecliptic plane (Pierrard and
Lemaire (2001) for a review).

Kinetic solar wind models also include ions (for instance Pierrard and Pieters (2014)). So
the correlations found in the observations for such ions are very useful to make predictions
using such models.

5. Discussion and Conclusions

Two solar wind types were identified by ULYSSES when flying at different latitudes: the
high-speed solar wind associated to low density wind at high latitudes during minimum
solar activity, and the low-speed solar wind (low V ) much more variable and associated
to high n, appearing at low latitudes during minimum solar activity (McComas and et al.,
1998).

In the ecliptic plane where the present data are observed, the solar wind velocity con-
tinuously varies from slow (200 km/s) to fast (800 km/s). Strong correlations between the
solar wind characteristics can be identified at all radial distances, but are generally much
more visible close to the Sun. The velocity is strongly correlated to the temperature of the
protons while it is anti-correlated to the temperature of the core and halo electrons. An anti-
correlation with the velocity is also obtained for the number density of electrons (of the core
and of the halo) and of protons, as well as for the proportion of helium ions. High-speed
solar wind is generally associated to low density and low temperature of the electrons, but
high temperature of the proton and helium ion proportion. Due to the low density for high-
speed solar wind, the collisions are less efficient leading to a lower kappa of the halo and
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temperature anisotropies (for the core and for the halo) further from A = 1. A low kappa in-
dex for the halo (indicating high power-law suprathermal tails in the direction perpendicular
to the magnetic field) is related to high-speed solar wind and low number density.

The observations are in good agreement with solar wind models, but the high tempera-
ture of the protons associated to low temperature of the electrons is not fully understood.
In exospheric models, the presence of energetic electrons accelerates the wind (Pierrard
and Pieters, 2014), but it is more the anisotropic strahl population that plays this role than
the halo population. The observed halo population (perpendicular to the magnetic field) is
more developed in the high-speed wind. The average ratio of suprathermal electrons (halo +
strahl) to core density (nh +nst)/nc remains constant with the distance (Štverák et al., 2009),
as the strahl gets scattered into halo, indicating that the population of energetic (suprather-
mal) electrons is already present at low distances. This ratio of suprathermal on thermal
electrons is more important in accelerating the wind than the index kappa, since a sum of
two Maxwellians will also lead to an acceleration, due to the higher escaping flux.

The relations and correlations found in the present work are useful to determine links
between the parameters to be used in solar wind models. The relations found at low dis-
tances can help to determine boundary conditions in solar wind models to make predictions
at larger distances. Such results are also significant in determining the evolution of the dis-
tribution functions of the particles with the radial distance and better understanding the
physical mechanisms implicated in their variations by including them in the models.
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