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ABSTRACT

Alfvénic fluctuations in solar wind are an intrinsic property of fast streams, while slow intervals typically have a very low degree of
Alfvénicity, with much more variable parameters. However, sometimes a slow wind can be highly Alfvénic. Here we compare three
different regimes of solar wind, in terms of Alfvénic content and spectral properties, during a minimum phase of the solar activity
and at 0.3 au. We show that fast and Alfvénic slow intervals share some common characteristics. This would suggest a similar solar
origin, with the latter coming from over-expanded magnetic field lines, in agreement with observations at 1 au and at the maximum
of the solar cycle. Due to the Alfvénic nature of the fluctuations in both fast and Alfvénic slow winds, we observe a well-defined
correlation between the flow speed and the angle between magnetic field vector and radial direction. The high level of Alfvénicity
is also responsible of intermittent enhancements (i.e. spikes), in plasma speed. Moreover, only for the Alfvénic intervals do we
observe a break between the inertial range and large scales, on about the timescale typical of the Alfvénic fluctuations and where the
magnetic fluctuations saturate, limited by the magnitude of the local magnetic field. In agreement with this, we recover a characteristic
low-frequency 1/ f scaling, as expected for fluctuations that are scale-independent. This work is directly relevant for the next solar
missions, Parker Solar Probe and Solar Orbiter. One of the goals of these two missions is to study the origin and evolution of slow
solar wind. In particular, Parker Solar Probe will give information about the Alfvénic slow wind in the unexplored region much closer

to the Sun and Solar Orbiter will allow us to connect the observed physics to the source of the plasma.
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1. Introduction

The distribution of the solar-wind speed, during solar minima,
shows a well-defined bimodal structure (McGregor etal. 2011).
Near the Earth the distribution of the equatorial solar wind is
characterised by a statistically large slow component, peaking
between 350 and 400 km s™!, and a statistically smaller fast com-
ponent, peaking at around 650 kms~!. The bimodal structure is
even more pronounced close to the Sun, as observed at the peri-
helion of the Helios mission, with a separate peak at ~650 km s
for the fast component. This shape, with distinct peaks rather than
a smooth transition, suggests the presence of two types of wind,
namely fast and slow solar wind, which are characterised by dif-
ferent flavours, from large-scale structures to small-scale features.
In particular, slow wind shows lower proton temperature, higher
density, and much more variable properties with respect to fast
wind (Lopez & Freeman 1986; Schwenn 2007). The composition,
anti-correlated with the speed, is another difference (Geiss et al.
1995; Kasper et al. 2012). The thermodynamics of electrons, pro-
tons, and heavy ions (mainly alpha particles) is also very differ-
ent(Marsch et al. 1982a,b; Neugebauer et al. 1996; Hellinger et al.
2006; Kasper et al. 2008; Maruca et al. 2012, 2013; Matteini et al.
2013; Stansby et al. 2019a).

Article published by EDP Sciences

Another important aspect that differs in slow and fast winds
is the turbulence behaviour. Independently of the speed, solar
wind magnetic fluctuations show a typical Kolmogorov-like spec-
trum (Kolmogorov 1941) in the inertial range of the turbulent
cascade (Bruno & Carbone 2013); on larger scales the two wind
components are characterised by a different scaling. On the
one hand, on these large scales the magnetic field spectrum of
the fast wind is characterised by a 1/f scaling. The origin of
this scaling is still under debate (Matthaeus & Goldstein 1986;
Velli et al. 1989; Dmitruk & Matthaeus 2007; Verdini et al. 2012;
Chandran 2018; Matteini et al. 2018; Tsurutanietal. 2018),
but it probably corresponds to the large-scale energy in the
eddies able to feed the turbulent cascade. During the solar
wind expansion, the break between the large scales and the
inertial range, which corresponds to the correlation length,
moves to even larger scales (Matthaeus & Goldstein 1982;
Bruno & Dobrowolny 1986; Horbury et al. 1996), thus corre-
sponding to an increase in the correlation length. On the other
hand, in the slow solar wind no evidence of the 1/f regime is
usually recovered (Bruno & Carbone 2013) and no radial evo-
lution is found, suggesting that the turbulence is already fully
developed close to the Sun (Marsch & Tu 1990) and the corre-
lation length is on larger scales with respect to fast wind. Very
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recently, for the first time, the existence of the 1/ f magnetic spec-
tral scaling has been shown also in the slow solar wind, pro-
vided that the interval is long enough to properly capture the
low-frequency spectral properties (Bruno et al. 2019).

The differences between the two types of wind can be under-
stood by looking at the regions on the Sun where the wind orig-
inates since the solar source should set its main properties. It
is generally accepted that fast solar wind comes from coronal
holes (Hundhausen 1972; Geiss et al. 1995), whose streams are
characterised by strong anisotropic proton distribution functions,
with the presence of a field-aligned beam (Marsch et al. 1982b),
and large amplitude Alfvénic fluctuations (Belcher & Davis
1971). Conversely, the sources of slow solar wind are still under
debate (see Abbo et al. 2016, and references therein). During
the minimum of the solar activity, slow solar wind is usually
observed close to the heliospheric current sheet (Smith et al.
1978) emanating from solar streamers. Conversely, during a
solar maximum the structure of the corona is very complex, with
no large polar coronal holes and the presence of streamers and
smaller coronal holes at all latitudes. Therefore, in this case,
the slow wind is not even spatially localised around the helio-
spheric current sheet (McComas et al. 2001). In the near future,
thanks to the new solar missions, it will be possible to make
several steps forward to link sources on the Sun and solar wind
plasma, especially for slow streams. On the one hand, Parker
Solar Probe (PSP, Fox et al. 2016), launched in August 2018, is
collecting measurements in completely unexplored regions close
to the Sun; on the other hand, Solar Orbiter (Muller & Marsden
2013), expected launch in 2020 February, will combine both
remote sensing and in situ measurements.

Although the standard classification of fast and slow wind
based on the average proton speed is widely accepted, it can-
not always justify the observations. In fact, Marsch et al. (1981)
observed at 0.3 au a portion of slow wind with, apart from the
speed, the same characteristics of fast wind, namely significant
proton-alpha drift speed, proton core temperature anisotropy,
and a high degree of Alfvénicity. Moreover, Roberts et al. (1987)
found the highest correlation in terms of Alfvénic fluctua-
tions in slow solar wind. During a maximum of the solar
activity, Alfvénic slow wind was observed for the first time
at lau (D’Amicisetal. 2011) and was extensively studied
with respect to large-scale properties, micro-scale phenomena,
and the impact on spectral features (D’ Amicis & Bruno 2015;
D’ Amicis et al. 2019a). The Alfvénic slow wind shares com-
mon characteristics with the fast wind, which suggests that they
could have similar origin: coronal holes (D’Amicis & Bruno
2015). More recently, a thorough analysis of the Alfvénic slow
wind was performed during a minimum of the solar activity
in the inner heliosphere, supporting the theory that Alfvénic
slow wind originates in open field lines rooted in coronal holes,
where the differences with fast wind, for example the speed,
could be explained by a different magnetic field geometry in
the lower corona (Stansby et al. 2019b, 2020). Moreover, with
respect to the measurements within an ascending phase of the
solar cycle described in Marsch et al. (1981), the Alfvénic slow
wind observed in a solar minimum by Stansby et al. (2019b,
2020) shows almost isotropic proton distribution functions, as
in the non-Alfvénic slow wind.

The present paper complements the work done
by Stansby etal. (2019b, 2020), extending the analysis to
areas that were not covered. In particular, by focusing on the
first perihelion of the Helios mission during a minimum phase
of the solar activity, in this paper we investigate and compare the
characteristics of solar wind at about 0.3 au in terms of Alfvénic
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Fig. 1. Overview of solar wind data at the perihelion of Helios1 in 1975.
(a) Radial component of the velocity; (b) radial component of the mag-
netic field; (c) proton density; (d) proton temperature: 7} (red dashed
line) and T, (blue solid line); (e) absolute value of the 30 min aver-
aged cross-helicity; (f) radial distance. The coloured bands denote the
three different regimes of solar wind, namely Alfvénic slow (green), fast
(orange), and non-Alfvénic slow (violet) winds.

content, amplitude level of fluctuations, and spectral properties
in different wind regimes. The implications of our observations
for PSP and Solar Orbiter are also discussed.

2. Solar wind observations

We use 40 s cadence reprocessed particle data from the Helios
mission (Stansby 2017; Stansby et al. 2018), where only the core
of the proton distribution function is considered. Magnetic field
data are also provided as an average from the values taken whilst
the distribution function was measured. An overview of the con-
sidered time interval, at the first perihelion of Heliosl in 1975,
is summarised in Fig. 1. This interval corresponds to a minimum
of solar activity, characterised by a series of high-speed streams
separated by slower moving plasma (see panel a where the radial
velocity component is shown).

In order to classify the solar wind in Alfvénic and non-
Alfvénic intervals, we compute the normalised cross-helicity
defined as (Bruno & Carbone 2013)

=2 P ()
(IvI” + [bI%)
and evaluated in the same manner as in Stansby et al. (2019b).
Here, v = v, — v, are the proton velocity fluctuations in the
Alfvén wave frame, where v is chosen to maximise the value
of |o.| (Sonnerup et al. 1987), and b = V4(B/|B|) is the magnetic
field in velocity units (V4 being the Alfvén speed). Moreover,
( ---) denotes a time average over all points in non-overlapping
30 min windows, which corresponds to a timescale typical of
Alfvénic fluctuations (Tu & Marsch 1995). The absolute value
of the cross-helicity is shown in panel (e) of Fig. 1, where
loe| ~ 1 indicates predominantly unidirectional Alfvén waves,
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Table 1. Three different regimes of solar wind used in this study, observed during the first perihelion by Helios1.

Start End R sz np Tp TJ_ /T” B VA RA
Interval Day UT Day UT au kms™'  cm™@ 10°K nT  kms™!
Alfvénic slow 67 15:14 68 14:09 0.34 331.6 61.3 72.6 0.87 26.9 75.8 0.56
Fast 72 16:00 75 02:00 0.31 609.1 28 558.1 342 40.4 168.2 0.97
Non-Alfvénic slow 77 21:50 78 16:39  0.32  405.5 102.5 65.7 0.91 38.5 94.6 0.38
while |o.|] < 1 indicates non-Alfvénic periods. As expected, , ) @y
we find that the high-speed coronal-hole plasma (Perrone et al. - 450? Allvenie stowwing E
2019), observed at about 0.3 au (orange band), is characterised E :gg: ‘: E
by |o.| ~ 1. The same conclusion is reached by looking at E 300E Vo= (o930 007 ks
the anti-correlation between the radial components of proton gsgE  MEUs13113 ks fe o5 ]
velocity, V; (panel a), and magnetic field, B, (panel b). How- E E
ever, a very high and constant value of Alfvénicity, |o.| ~ 0.92, 10001 st wind o)
is also found in a slow wind interval before perihelion (green T 800k ° E
band), associated with a similar anti-correlation between V; and £ F 2 ]
B, observed in fast solar wind. After perihelion, we observe a :s 600 Vo= (135,22 5 2.3 ks 0 ~
typical interval of slow wind (violet band), where |o| is widely 400  m=-(163.19 £ 2.59) kmis R,= 073
distributed between 0 and 1 and no correlation or anti-correlation E E
is observed between V; and B;. On March 18 at 13:46 UT, just E non-Alfvenic slowwind
before the beginning of the typical selected slow wind, Helios1 7 S00F . o E
crossed a shock (Volkmer & Neubauer 1985), confirmed by the £ a00b ° e E
abrupt increase in n, (panel c) and T, (panel d) and also in the K W
magnitude of the velocity and magnetic fields (not shown here). 300 R= 004 3
Therefore, we decided to remove it from our analysis. 10 o5 0o 0E o

The typical parameters, averaged within each individual
selected interval, of the three different regimes of solar wind
considered in this study (Alfvénic slow, fast, and non-Alfvénic
slow winds) are listed in Table 1. The Alfvénic slow wind has
a similar proton temperature and speed with respect to the typ-
ical non-Alfvénic slow wind. The protons in the fast wind are
strongly anisotropic; instead, within Alfvénic and non-Alfvénic
slow intervals the protons are almost isotropic, in agreement
with the results described in Stansby et al. (2019b) but not
with the measurements during an ascending phase of the solar
cycle (Marsch et al. 1981) where the proton core in the Alfvénic
slow wind is also anisotropic, as is the fast wind. Conversely, if
during the Alfvénic slow interval the profile of proton density is
almost constant, as in the case of fast wind but at a higher value,
the density in typical slow wind is more variable, suggesting a
more compressive nature of this plasma.

The high level of Alfvénicity produces a strong dependence
of the flow speed on the angle between the magnetic field vec-
tor and the radial direction (Matteini et al. 2014, 2015). Figure 2
shows such a linear dependence for Alfvénic slow wind and
for fast wind, quantified through the Pearson correlation coeffi-
cient, R,,. For the Alfvénic slow and fast intervals we find —0.68
and —0.73, respectively. Data are well aligned on a straight line,
which can be described as

V. = Vo + mcos(0gr) ,

@)

where m (i.e. the slope) corresponds to the phase velocity of
the Alfvénic fluctuations plus a correction due to the presence
of residual energy in the plasma. Thus, |[m| ~ V4 VR4, where
R, is the Alfvén ratio, defined as the ratio between the kinetic
and magnetic energy per unit mass, e'/e’ (Bruno & Carbone
2013). For the fast stream R4 = 0.97 and V, = 168.2kms™!,
giving m = 165.3kms~!, which should be compared with the
slope of the fit (i.e. |m| = 163.2kms™!). We note that R4 ~ 1,
which means there is equipartition of energy between velocity

€S Bgr

Fig. 2. Dependence of the solar wind speed on the local magnetic field
orientation for Alfvénic slow (a), fast (b), and non-Alfvénic slow (c)
winds. R, refers to the Pearson correlation coefficient.

and magnetic field fluctuations, as expected for a pure Alfvén
wave (Alfvén 1942). A good agreement is also found for the
Alfvénic slow wind, where R4 = 0.56 and V4 = 75.8kms™!
give m = 56.8kms™!, which should be compared with |m| =
45.1kms~!. In this case, Ry < 1, meaning that some power is
also in non-Alfvénic modes. On the other hand, no linear cor-
relation is expected for the non-Alfvénic slow wind. This is
confirmed by panel (c) of Fig. 2 where the points are substan-
tially more scattered; thus, the Pearson correlation coefficient is
about zero (R, = 0.04). Moreover, for this interval R4 = 0.38,
meaning that the energy in magnetic field fluctuations dominates
the energy in velocity fluctuations, probably due to variations of
density and magnetic field magnitude.

Another important characteristic observed in fast streams is
the presence of spikes (Horbury et al. 2018; Perrone et al. 2019),
or anti-Sunward propagating Alfvénic fluctuations. They look
like intermittent enhancements in plasma speed, whose con-
tribution is more important in regions close to the Sun since
their amplitude decreases as the plasma moves away from the
Sun (Matteini et al. 2014; Perrone et al. 2019). A statistical anal-
ysis at 0.3 au has shown that these spikes can last seconds to
minutes and can recur on scales of minutes to tens of minutes
(Horbury et al. 2018). Figure 3 shows the probability distribu-
tion function (PDF) of the instantaneous radial velocity fluctu-
ations with respect to a 30 min running mean, év = V; — (V}),
normalised to the mean value in the considered stream of
the Alfvén speed, V4, for fast (orange solid line), Alfvénic
slow (green-dashed line), and non-Alfvénic slow (violet dash-
dotted line) winds. The normalisation allows us to quantitatively
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Fig. 3. Probability distribution function of the radial speed with respect

to a 30 min running mean, normalised to the mean value in each consid-

ered stream of the Alfvén speed, for fast (orange solid line), Alfvénic

slow (green dashed line), and non-Alfvénic slow (violet dash-dotted

line) winds. vy refers to the value of the skewness of each distribution.

compare the different streams, since the amplitude of the spikes
is constrained by V, due to their Alfvénic nature (Matteini et al.
2015). As expected (Horbury et al. 2018; Perrone et al. 2019),
the distribution of ¢év/V, for the fast wind is characterised by a
long right tail (positively skewed with y ~ 1.5). Moreover, we
observe the presence of spikes also in the Alfvénic slow stream,
where the skewness is positive (y =~ 2.1, greater than in the case
of fast wind), even if the amplitude of the Alfvénic fluctuations is
lower with respect to fast wind. On the other hand, the distribu-
tion of év/V, in non-Alfvénic slow wind, due to its non-Alfvénic
nature, does not show any presence of spikes and the distribution
is more symmetric (y =~ 0.9) and narrower with respect to the
Alfvénic intervals.

3. Spectral properties

Velocity and magnetic field fluctuations in the solar wind exhibit
characteristic turbulence power spectra for both the fast and slow
streams (Bruno & Carbone 2013). The differences are recovered
on larger scales where a robust 1/f scaling range is typically
observed in fast (Alfvénic) wind. Figure 4 shows the total power
density spectrum (i.e. the trace of the spectral matrix) of the
magnetic field and velocity field fluctuations for Alfvénic slow,
fast, and non-Alfvénic slow solar wind, normalised to the square
value of the mean field intensity in each interval. The 1/ f scaling
on a large scale and the Kolmogorov expectation in the inertial
range have been included for reference. For both magnetic and
velocity fluctuations, we observe that the power level is higher
for fast wind than for slow wind. In particular we find that the
power level decreases moving from fast to Alfvénic slow to non-
Alfvénic wind. However, the differences in amplitude are more
pronounced for the velocity field with respect to the magnetic
field. The same behaviour, with a higher power level for fast
wind, is observed for both magnetic and velocity non-normalised
spectra (not shown). However, in the latter, Alfvénic and non-
Alfvénic streams present almost the same level of fluctuations.
It is worth noting that in order to follow the behaviour of the
fluctuations from large scales to the MHD regime, we use mag-
netic field observations at 4 Hz (Musmann et al. 1975), a much
better resolution with respect to the plasma parameters (~40s).
Unfortunately, for velocity fluctuations only large scales can be
studied and no information for the inertial range is available.

By looking in detail at the magnetic fluctuations (panel a),
we find a clear spectral break between the injection range and the
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Fig. 4. Normalised power spectral density (PSD) of total magnetic (a)
and velocity (b) fluctuations. The 1/f scaling (black solid lines) and
the Kolmogorov expectation (black dotted line) have been plotted for
reference.

inertial range of the turbulent cascade in the fast stream (orange),
located at ~1073 Hz, a typical timescale for Alfvénic fluctua-
tions (D’ Amicis et al. 2019a). The spectral indices for the injec-
tion scales, in the frequency range f € [107#, 2 x 1073] Hz, and
for the inertial range, in the frequency range f € [0.02, 0.2] Hz,
are @« = —1.04 £ 0.04 and 8 = —1.631 + 0.006, respectively.
Therefore, the spectral break clearly separates the 1/f region
and the typical f~/3 Kolmogorov fully developed turbulence.
A similar behaviour, albeit less clear, is also recovered for the
Alfvénic slow wind (green), where the spectral indices for the
injection and inertial ranges are « = —1.18 £ 0.11 (for f €
[1074, 1073]Hz) and B = —1.686 + 0.009, respectively. On the
other hand, completely different spectral properties are found for
the non-Alfvénic wind (violet), where the Kolmogorov inertial
range extends to all observed frequencies and there is no evi-
dence of a low-frequency spectral break. The spectral indices for
the injection and inertial ranges are the same: @ = —1.62 + 0.05
(for f € [107*, 4x 1073]Hz) and 8 = —1.62 +0.01, respectively.
These results, at 0.3 au and during a minimum of the phase of the
solar activity, are in agreement with the observations at 1 au and
during a maximum of the solar cycle (D’ Amicis et al. 2019b).
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Another difference between Alfvénic and non-Alfvénic wind

can be observed in the behaviour of the velocity fluctuations
(panel b). On the one hand, Alfvénic wind, both fast and
Alfvénic slow intervals, shows the 1/f low-frequency range, as
in the case of magnetic fluctuations, where the strong correlation
of the two field is due to the Alfvénic nature of the fluctuations.
In particular, we find @ = —0.85 + 0.05 and @ = —1.05 + 0.12
for the fast and Alfvénic slow wind, respectively. On the other
hand, for the non-Alfvénic slow wind, we find @« = —1.49+0.05,
comparable with the value of the Iroshnikov—Kraichnam scal-
ing of 3/2, in agreement with Podesta et al. (2006), among oth-
ers, and more recently confirmed by D’Amicis et al. (2019b).
Therefore, for the non-Alfvénic slow interval, there is no
evidence of 1/f low-frequency range, because velocity and
magnetic fluctuations are decoupled, as expected for low
Alfvénicity (Bruno et al. 2019).

The presence of the 1/ f low-frequency range in the Alfvénic
intervals, for scales larger than the correlation length, could be
due to the saturation of the amplitude of the magnetic fluctua-
tions, whose average value reaches the mean magnetic field mag-
nitude (Matteini et al. 2018). By using measurements at 4 Hz for
the magnetic field, we define the fluctuations at scale At as the
magnitude of 6B(¢, Af) = B(r) — B(¢ + Ar). Following the study
of Matteini et al. (2018), the time increments are evaluated using
17 logarithmically spaced lags, At, from 1 to 2 x 10° s, in order
to cover the full inertial range and the 1/ f low-frequency range.
However, due to the short duration of the slow intervals, we can
cover with good statistics only until ~ 4 x 10*s, which is still
enough to describe the transition from the MHD range to the
1/f scaling. Therefore, in order to have a remarkable compari-
son between the fast and slow intervals, in our analysis we con-
sider only 15 time increments for each stream.

The left panels of Fig. 5 show the PDFs of 6B/B for fast
(top), Alfvénic slow (middle), and non-Alfvénic slow (bottom)
intervals, where the vertical dotted lines refer to 6B/B = 2. In
the case of low magnetic compressibility (i.e. the magnetic field
remains constant in time and at different scales), the maximum

Alfvénic slow (middle row), and non-
Alfvénic slow (bottom row) winds. Left
panels: vertical dotted lines refer to
O0B/B = 2. In panels d and e, the dashed
lines display the exponential depen-
dence of §B?/2B? on the cosine of the
rotation angle ¢. The time increments
are evaluated using 15 logarithmically
spaced lags, Az, from 1s (red lines) to
~4 x 10* s (blue lines).

amplitude of the difference between two magnetic field vectors is
twice the approximately constant radius of the sphere where the
tip of the magnetic field vectors is forced to move, as a geomet-
rical consequence of the Alfvénic nature of the fluctuations (see
e.g. Bruno et al. 2004; Matteini et al. 2015). For both fast and
Alfvénic slow wind, we observe a very clear cutoff in the dis-
tributions at 6B/B = 2, where the populated left part of the
PDFs represents the main incompressible component of the tur-
bulence. On the other hand, the PDFs related to kinetic scales
(from light green to red) becomes narrower, due to the pres-
ence of small rotations of the magnetic field vector (Chen et al.
2015), and gradually populate the region for 6B/B > 2. We also
observe that the PDFs do not evolve further on large scales, for
At > 10%s, and they lie approximately on top of each other,
in agreement with the fact that in the 1/f range the amplitude
of fluctuations becomes independent of the considered scale. A
different behaviour is observed for the non-Alfvénic slow wind,
where the PDFs continuously evolve from large to small scales,
meaning that no saturation is recovered and no 1/f range is
observed at low frequency. Moreover, the right side of the PDFs
is more populated with respect to the case of Alfvénic winds,
due to a significant change in the modulus of the magnetic field,
eventually related to compressive events (Perrone et al. 2016).
The right panels of Fig. 5 show the PDF of §B?/2B?, which
is linked to the rotation angle, ¢, between two magnetic field
vectors as 6B%/2B*> ~ 1 — cos ¢, for pure rotations in a range
[0, 2] (Zhdankin et al. 2012; Matteini et al. 2018). For both fast
(top panel) and Alfvénic slow (middle panel) winds, we observe
that when moving from small to large scales the distributions of
6B2/2B?, and thus of cos ¢, become flatter meaning that the fluc-
tuations tend to cover the full sphere. However, the distributions
never become completely flat, suggesting that the fluctuations,
even on the largest scales, are not completely uncorrelated, but
they keep memory of the mean field direction. The saturation
level of the PDFs is shown by dashed lines in panels (d) and
(e), which refer to an exponential dependence of 5B%/2B? on the
cosine of the rotation angle ¢, as ~ e ¢(17¢%9) where & = 2.1 is
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Fig. 6. Average value of B/B from inertial to large scales, for fast (red
triangles), Alfvénic slow (green stars), and non-Alfvénic slow (violet
circles) winds.

an empirical constant evaluated for the fast stream. Very differ-
ent is the behaviour of the non-Alfvénic interval (bottom panel),
whose PDFs do not show any clear dependence on ¢ and no
saturation is found. It is worth noting that the slope of cos ¢
for Alfvénic winds is much steeper (¢ = 2.1) compared to the
value observed for Ulysses magnetic field measurements, dur-
ing a solar minimum, but at radial distances of 1.4 — 2.2 au and
heliographic latitudinal variation from 30° to 80° (Matteini et al.
2018). In the latter case, the empirical constant £ is close to unity
(¢ = 0.8). However, our result is consistent with other Helios fast
wind observations at 0.3 au, where & ~ 1.8 (Matteini et al. 2019).
This could suggest some evolution with distance, where the dis-
tribution of angles spread out on the sphere with R, and then &
would be related to the level 6B/B.

Figure 6 shows the average value of 6B/B for each PDF
in Fig. 5 for fast (red triangles), Alfvénic slow (green stars),
and non-Alfvénic slow (violet circles) winds. The average ratio
(0B/B) corresponds to the normalised first-order structure func-
tion and is linked to the spectral slopes of the power density
spectrum. In particular, if / = 1/k is a physical scale, 6B o [!/3
corresponds to the spectral index —5/3 observed in the inertial
range of the turbulent spectrum, while 6B = const corresponds
to the spectral index —1 observed on large scales for the Alfvénic
winds. For fast and Alfvénic slow winds, we find, for Ar < 10° s,
that (6B/B) increases as I'/3 and then, for At > 107 s, that (6B/B)
saturates at about 1, corresponding to the 1/f low-frequency
range in the turbulent spectrum (see panel a of Fig. 4). How-
ever, the value at which (6 B/B) saturates for the two intervals is
different, because the amplitude of fluctuations is larger for fast
wind with respect to Alfvénic wind. In particular, (6B/B) ~ 0.8
for fast wind (red triangles) and (6B/B) ~ 0.6 for Alfvénic slow
wind (green stars). Conversely, no saturation is found for the
non-Alfvénic slow wind, since the spectrum is not characterised
by a 1/f range, and (6B/B) continuously increases in the con-
sidered range of scales.

4. Discussion and conclusions

We have presented a detailed comparison between three dif-
ferent regimes of solar wind at ~0.3 au, during a minimum
phase of the solar activity, by using magnetic field and repro-
cessed proton-core Helios data. The selection of the intervals
was focused on several parameters. In particular, we chose a fast
solar wind interval composed only of unperturbed plasma from a
coronal hole (Perrone et al. 2019), thus avoiding the interaction
regions always present at the edges of high-speed streams, which
represent an external source of compression and heating. The
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cross-helicity evaluated at the first perihelion of the mission con-
firms, as expected, the strong Alfvénic nature of the fluctuations
in fast wind with respect to typical slow wind, which is indeed
characterised by a low degree of Alfvénicity. On the other hand,
we identified another interval with a low speed, typical of slow
wind, but where the Alfvénicity is high, as in fast wind.

The first evidence of an Alfvénic slow wind was found at
0.3 au during an ascending phase of the solar cycle (Marsch et al.
1981), when the properties of the solar wind are substantially
different with respect to those at the solar minimum. More-
over, no detailed characterisation was performed for this slow
wind at that time. More recently, Alfvénic slow wind has been
observed at 1au during the maximum of the solar activity,
and thoroughly studied also in comparison with fast and typi-
cal slow solar wind (D’Amicis & Bruno 2015; D’ Amicis et al.
2019a). Only recently has Alfvénic slow wind been identified
during a minimum of the solar activity and in the inner helio-
sphere (Stansby et al. 2019b, 2020), but no analysis of the spec-
tral characteristics has been presented. Therefore, for the first
time, here we address the spectral properties of Alfvénic slow
wind during a minimum of the solar cycle and close to the Sun.

We find that Alfvénic slow wind at 0.3 au has the same low
speed observed for the non-Alfvénic slow wind, and the proton
temperature is also comparable (with the Alfvénic slow inter-
val a bit hotter), which is much lower than that of the fast stream
(see Table 1). Moreover, both slow winds are characterised by an
isotropic proton distribution function, while in fast solar wind the
protons are strongly anisotropic in the perpendicular direction
with respect to the magnetic field (Stansby et al. 2019b, 2020).
For the density and magnetic field magnitude, the Alfvénic slow
wind is similar to the fast wind, both characterised by lower
and almost constant values with respect to the non-Alfvénic
slow wind, which instead shows a higher magnetic and plasma
compression. These observations in the inner heliosphere and
at a minimum of the solar cycle are almost in agreement with
the measurements at 1 au and at a maximum of the solar activ-
ity (D’ Amicis et al. 2019a). This suggests that the characteristics
of Alfvénic slow wind are set by the solar source of this wind,
probably from overexpanded coronal holes (D’ Amicis & Bruno
2015; Stansby et al. 2020), and do not change, with respect to the
fast and non-Alfvénic winds, during the radial evolution of the
plasma, at least above the Alfvén point. In this context, Parker
Solar Probe will play a crucial role in giving information about
the Alfvénic slow wind in the unexplored region much closer to
the Sun. However, we expect that PSP will recover, far from the
Alfvén point, the same characteristics observed by Helios and
Wind. Moreover, thanks to Solar Orbiter, it will be possible to
explore the link between solar sources and plasma properties,
thus eventually confirming the corona-hole origin of Alfvénic
slow wind.

We also observed a well-defined correlation between the pro-
ton speed and the angle between the magnetic field vector and
the radial direction in both fast and Alfvénic slow wind. Con-
versely, the speed in the non-Alfvénic slow interval does not show
any linear correlation with 8pg. This is in agreement with pre-
vious studies (Matteini et al. 2014, 2015; D’ Amicis et al. 2019a)
where the modulation of the flow speed by the direction of the
local magnetic field can be seen as a consequence of the high
level of Alfvénicity. Moreover, the Alfvénic nature of the fluctu-
ations in both fast and Alfvénic slow wind is also responsible for
the presence of spikes (Horbury et al. 2018; Perrone et al. 2019) in
plasmaspeed. Since they canreachahigh speed (animportant frac-
tion of the Alfvén speed) with respect to the ambient wind, they
carry a significant fraction of the total momentum and energy
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of the plasma (Horbury et al. 2018). PSP is predicted to have
been connected to a small coronal hole during its first perihe-
lion (Riley et al. 2019), at ~35 R, helping the analysis of spikes
in a region never explored before and where their contribution
could be crucial to understanding the heating of the solar wind.
In fact, since the amplitude of spikes decreases as the plasma
moves away from the Sun (Matteini et al. 2014; Perrone et al.
2019), in the regions close to the Sun a very important contribu-
tions at the heating could be due to these intermittent enhance-
ments in speed. Furthermore, in the near future, Solar Orbiter,
thanks to the synergy between in situ and remote sensing mea-
surements, will provide insights into the understanding of the
spikes with respect to the source of the plasma by allowing an
accurate magnetic connectivity analysis.

Finally, we compared the spectral properties for the three
considered regimes and we found a different turbulence
behaviour between Alfvénic and non-Alfvénic winds, due to the
different nature of the fluctuations. Alfvénic winds are charac-
terised by larger amplitude power spectra with respect to the
non-Alfvénic slow wind. However, in contrast to the results at
1 au and at the maximum of the solar cycle where the ampli-
tude of the magnetic field fluctuations in the Alfvénic winds are
almost the same (D’ Amicis et al. 2019a,b), in the present inter-
vals (i.e. at the minimum of the solar activity and at 0.3 au), the
fast wind shows fluctuations with larger amplitude with respect
to the Alfvénic slow wind, in normalised and in non-normalised
values. The same differences are found for the velocity field.
Moreover, for the Alfvénic intervals, we observed a break sepa-
rating the inertial range from the large scales approximately on
the timescale typical of the Alfvénic fluctuations, and a char-
acteristic 1/f scaling on larger scales, as expected for fluctua-
tions that are scale-independent, for both magnetic and velocity
fields, in agreement with D’ Amicis et al. (2019b). Furthermore,
this spectral break corresponds to the scale on which the mag-
netic fluctuations saturate, limited by the magnitude of the local
magnetic field, (6B/B) < 1. It is worth pointing out that at solar
minimum the 1/f range in the Alfvénic slow wind is not the
same as for the fast wind and in this case the saturation level for
the Alfvénic slow interval is quite low (~0.6). This is a clear dif-
ference with the observations at 1 au and at the maximum of the
solar activity (D’ Amicis et al. 2019a). On the other hand, for the
non-Alfvénic slow wind, the Kolmogorov inertial range extends
to all frequencies and no saturation of the magnetic fluctuation
is recovered. However, the absence of the low-frequency break
could be explained by the length of the considered interval of
the non-Alfvénic slow wind, which is not long enough to prop-
erly capture the low-frequency spectral properties (Bruno et al.
2019). PSP will be able to investigate the turbulence properties
of the solar wind inside the Alfvén radius and the origin, in terms
of the radial distance, of the 1/f low-frequency range. These
new measurements could help us to investigate the differences
between the observations at different radial distances and during
different phases of the solar activity.
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