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ABSTRACT

We study the radial evolution, from 0.1 AU to the Earth, of a homogeneous recurrent fast wind, coming from the same source on
the Sun, by means of new measurements by both Solar Orbiter and Parker Solar Probe. With respect to previous radial studies, we
extend, for the first time, the analysis of a recurrent fast stream at distances never reached prior to the Parker Solar Probe mission.
Confirming previous findings, the observations show: (i) a decrease in the radial trend of the proton density that is slower than
the one expected for a radially expanding plasma, due to the possible presence of a secondary beam in the velocity distribution
function; (ii) a deviation for the magnetic field from the Parker prediction, supported by the strong Alfvénicity of the stream at all
distances; and (iii) a slower decrease in the proton temperature with respect to the adiabatic prediction, suggesting the local presence
of external heating mechanisms. Focusing on the radial evolution of the turbulence, from the inertial to the kinetic range along the
turbulent cascade, we find that the slopes, in both frequency ranges, strongly depend on the different turbulence observed by the two
spacecraft, namely a mostly parallel turbulence in the Parker Solar Probe data and a mostly perpendicular turbulence in the Solar
Orbiter intervals. Moreover, we observe a decrease in the level of intermittency for the magnetic field during the expansion of the
stream. Furthermore, we perform, for the first time, a statistical analysis of coherent structures around proton scales at 0.1 AU and we
study how some of their statistical properties change from the Sun to the Earth. As expected, we find a higher occurrence of events in
the Parker Solar Probe measurements than in the Solar Orbiter data, considering the ratio between the intervals length and the proton
characteristic scales at the two radial distances. Finally, we complement this statistical analysis with two case studies of current sheets
and vortex-like structures detected at the two radial distances, and we find that structures that belong to the same family have similar
characteristics at different radial distances. This work provides an insight into the radial evolution of the turbulent character of solar
wind plasma coming from coronal holes.

Key words. plasmas — turbulence — solar wind

1. Introduction

The solar wind, a weakly collisional plasma outflow from the
Sun, is a highly variable medium whose global and local proper-
ties can change during its expansion in the heliosphere. Although
some quantities, such as the ion abundances or the ionization

state, remain almost steady during the solar wind trip from the
Sun to the Earth, which helps to link in situ measurements
with their coronal sources observed with remote sensing instru-
ments, most of the plasma parameters strongly vary with the
radial distance. Indeed, especially in fast solar wind, density
decreases almost in the manner expected for a stationary radially
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expanding plasma, while temperature does not, suggesting the
presence of continuous heating mechanisms experienced by the
plasma during its expansion (see e.g., Hellinger et al. 2011,
2013; Perrone et al. 2019a,b). A possible candidate for this
local heating is turbulence in the solar wind (Coleman 1968;
Bruno & Carbone 2013). The Sun injects energy in the form
of large-wavelength fluctuations, such as Alfvén waves, into
the heliosphere. These undergo a turbulent cascade that trans-
fers energy toward shorter and shorter scales where fluctuations
can be dissipated (Bruno & Carbone 2013; Verscharen et al.
2019). Generally, magnetic power spectra show a Kolmogorov-
like power law at intermediate scales, the so-called inertial range
(Kolmogorov 1941; Tu & Marsch 1995). Then, at smaller scales,
where the ions are unmagnetized, the spectra become steeper
(Leamon et al. 1998; Bale et al. 2005; Alexandrova et al.
2013), dissipation mechanisms play an important role, and the
plasma dynamics is governed by kinetic properties (Marsch
2006; Servidio et al. 2015; Sorriso-Valvo et al. 2019). It has
been observed that breaks in the magnetic power spectral den-
sity (PSD), which separate the large-scale range from the iner-
tial range and the inertial range from the kinetic range, tend
to be shifted toward higher frequencies as the radial distance
decreases (D’ Amicis et al. 2010; Bruno & Carbone 2013; Bruno
& Trenchi 2014). Moreover, other properties of turbulence, such
as Alfvénicity or intermittency, evolve during the expansion of
the solar wind as well (see Bruno & Carbone 2013, and refer-
ences therein).

The investigation of the radial evolution of the solar wind
requires two or more radially aligned satellites at different helio-
spheric distances. This allows us to follow the same parcel
of solar wind plasma during its radial expansion in the helio-
sphere. Examples of two-point alignments in the inner helio-
sphere occurred between the twin satellites Helios 1 and Helios 2
(Schwartz & Marsch 1983), and between Messenger and Wind
(Bruno & Trenchi 2014; Bruno et al. 2014a; Telloni et al. 2015).
Other examples can be found in the outer heliosphere between
Wind and Ulysses (Bruno & Trenchi 2014), or ACE and Ulysses
(D’ Amicis et al. 2010). Very recently, thanks to the launch of
Parker Solar Probe (PSP, Fox et al. 2016) and Solar Orbiter
(Miiller et al. 2020), a new two-point alignment has been stud-
ied, taking into account, for the first time, a completely unex-
plored environment very close to the Sun (Telloni et al. 2021).
The authors were able to observe the evolution of the solar wind
plasma from a highly Alfvénic and less developed turbulence
state at about 0.1 AU toward a fully developed and intermittent
turbulence state at 1 AU, thus confirming previous results.

Another approach for investigating the evolution of fast solar
wind is to follow, at different radial distances, the plasma com-
ing from the same coronal hole. In the past, Helios 2 observed
a well-defined high-speed stream during three consecutive solar
rotations, allowing us to study the radial evolution of turbulence
(Bavassano et al. 1981, 1982a,b; He et al. 2013) and intermit-
tency (Bruno et al. 2003, 2014b) between 0.31 and 0.89 AU.
Recently, the large-scale expansion of fast solar wind and its
thermodynamics have been investigated in the inner heliosphere
by means of 16 intervals of unperturbed high-speed plasma from
three different coronal holes, observed by both Helios 1 and
Helios 2 at different radial distances and during a few consec-
utive solar rotations (Perrone et al. 2019a,b).

Although the alignment between spacecraft is the ideal
method for such a study, statistical approaches can be used to
enhance the amount of available data. These methods involve the
use of different solar wind regimes that consider the bulk speed as
athreshold to select fast or slow wind (Hellingeretal. 2011,2013),

A189, page 2 of 13

or averages over 100kms~! wide speed intervals (see e.g.,

Marsch et al. 1982; Schwenn 1983). However, these choices
based on the particle speed are too simplistic and they could
potentially lead to erroneous conclusions, since they do
not separate streams of different nature and origin. Indeed,
recently, new characterizations discerning the solar wind by its
origin have been adopted (e.g., Camporeale et al. 2017; Stansby
et al. 2018).

In this paper, we study, for the first time, the radial evo-
lution of a homogeneous fast stream of solar wind between
0.1 and 1 AU by using both measurements from Solar Orbiter,
which observed the stream close to the Earth in two consecu-
tive solar rotations, and data from PSP, which was connected to
the same coronal hole during its sixth solar encounter. In par-
ticular, after looking at the global properties of this recurrent
stream in Sect. 2, we focus on the radial evolution of large-scale
properties, turbulence, the Alfvénic content, and intermittency in
Sect. 3. Moreover, we investigate the nature of the turbulent mag-
netic fluctuations around proton scales during the expansion of
the wind, and we statistically study the observed coherent events
both close to the Sun and to the Earth. Finally, in Sect. 4 we
summarize the results and discuss our conclusions.

2. Solar Orbiter and Parker Solar Probe
observations

Solar Orbiter, launched in February 2020, is the first mission
of the ESA’s Cosmic Vision 2015-2025 program with a strong
NASA participation. The aim of this solar mission is to investigate
the Sun and the inner heliosphere, both in and out of the ecliptic.
Although Solar Orbiter was in its cruise phase until November
2021, the in situ suite of instruments has been producing a large
amount of science data (see e.g., D’ Amicis et al. 2021a; Lavraud
et al. 2021; Louarn et al. 2021; Owen et al. 2021).

In Fig. 1a we show the hourly averaged magnitude of the
solar wind speed during the time interval between 15 July and
15 October 2020. Solar Orbiter crossed both slow and fast solar
wind streams when it moved from its first perihelion to the
Earth (Fig. 1b). This interval corresponds to the initial part of
the ascending phase of the new solar cycle 25 and it is easy
to recognize almost stable recurrent fast streams, such as those
highlighted by the green shadows. Indeed, the two streams are
observed with a delay of about 27 days, which corresponds to a
solar rotation. Moreover, as shown in panel ¢, Solar Orbiter was
at the same Carrington longitude during these two crossings of
fast intervals, suggesting that the coronal hole that produces the
first stream remains almost stable after one solar rotation, thus
being the source also of the second fast interval.

To support this, in the top right panel of Fig. 1, we
show a synoptic map constructed from daily images from
1 to 28 August taken at 193 A by the Atmospheric Imag-
ing Assembly (AIA, Lemen et al. 2012) telescope on board
the Solar Dynamics Observatory (SDO, Pesnell et al. 2012).
Dark areas in this map show coronal holes. Also shown with
white lines are the predicted footpoints of solar wind observed
by Solar Orbiter from 28 August to 30 August 2020. These
are drawn using a common two-step backmapping procedure
(Neugebauer et al. 1998). From the location of Solar Orbiter,
solar wind is backmapped ballistically using the average solar
wind speed listed in Table 1. Magnetic field lines are then traced
through a potential field source surface (PFSS) model, computed
with pfsspy (Stansby et al. 2020) using a Global Oscillations
Network Group (GONG, Harvey et al. 1996) synoptic map
observed on 28 August 2020 at 00:04:00 UT. Solar Orbiter was
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Fig. 1. Recurrent fast stream observed by Solar Orbiter and its source on the Sun. Left: hourly averaged Solar Orbiter data during the first months
of the mission (between 15 July and 15 October 2020). From top to bottom: magnitude of the solar wind speed (a); distance from the Sun (b); and
Carrington longitude (c), of the Solar Orbiter spacecraft. Right: partial synoptic maps from SDO/AIA 193 A constructed from daily observations
from 1 to 28 August (top panel) and 1 to 28 September (bottom panel). White and pink lines show magnetic field lines traced through a PFSS

model from the source surface (dots) to the solar surface (crosses).

Table 1. Solar wind parameters (only protons are considered for ion moments and derived quantities), averaged over the selected recurrent stream

observed by both Solar Orbiter and Parker Solar Probe.

Mission Day Start [UT] End [UT] R[AU] Vg, [km sl nlem™] T [eV] B [nT]
Parker Solar Probe 272  02:51:00 04:46:00 0.10 504 +45 462+150 121+18 210+6
Solar Orbiter 241 01:53:00 06:45:00 0.89 476 +9 120+0.8 15.0+0.9 6.8+0.2
Solar Orbiter 269  00:15:00  07:45:00 0.97 528 + 14 6.6+£0.6 162 52+04
Mission B Va [kms™!] A [km] o [km] Q. [rads™!]
Parker Solar Probe 0.5+0.2 234 + 66 11+3 74+0.5 20.1+0.5
Solar Orbiter 1.6+0.2 41«2 66 +2 87+3 0.65+0.02
Solar Orbiter 1.5+0.2 48+2 89+4 101 +£6 0.50+0.04

Notes. The errors refer to the standard deviation evaluated in each interval.

connected to an equatorial coronal hole extension around 310°
longitude at this time. During its sixth perihelion, in Septem-
ber 2020, at about 0.1 AU, PSP was connected to the same
coronal hole, which produces the two recurrent fast streams
observed by Solar Orbiter. Indeed, the bottom right panel of
Fig. 1 displays the synoptic map a month later, constructed from
daily AIA images from 1 to 28 September. Similar to the top
panel, the predicted PSP (pink lines) and Solar Orbiter (white
lines) connections are shown, using the GONG map observed on
28 September 2020 at 00:14:00 UT.

PSP allows us to have a privileged observational point of
the plasma very close to the Sun, coming from the same source,
observed close to the Earth by Solar Orbiter, and thus to inves-
tigate how it evolves during its expansion. We use both mag-
netic field and particle measurements by the two spacecraft. In
particular, magnetic field data are from fluxgate magnetometers,
while particle measurements are from top-hat electrostatic ana-
lyzers. For PSP we use MAG of the FIELDS suite (Bale et al.
2016) at 293 Hz and the Solar Probe ANalyzer for Ions (SPAN-I;

Livi et al. 2021) of the SWEAP suite (Kasper et al. 2016) with
a resolution of 3.5s. The latter measures the three-dimensional
ion distribution functions of the thermal corona and solar wind
plasma, and, thanks to the time-of-flight capabilities, the ion
composition. In our analysis, we focus on proton moments. For
Solar Orbiter, we make use of MAG (Horbury et al. 2020a) for
the magnetic field at 64 Hz for the interval in September, while
at 8 Hz for the interval in August. Indeed, only one hour of data
in burst mode is available for the considered stream in August,
and therefore we use the normal mode. Finally, proton moments
sampled at 4 s resolution from the Proton and Alpha particle
Sensor (PAS) of the Solar Wind Analyser (SWA) suite (Owen
et al. 2020) are used in this analysis.

Figure 2 shows plasma properties for the first twelve hours
around the three encounters of the recurrent fast stream. Columns
follow a chronological order; the first interval is observed by
Solar Orbiter on 28 August at 0.89 AU (left column), then again
Solar Orbiter was embedded in the same plasma on 25 Septem-
ber at 0.97 AU (middle column), and, finally, PSP observed the
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Fig. 2. Characteristics of the recurrent fast stream, highlighted by the green shadows, observed by Solar Orbiter on 28 August (/eft column) and on
25 September (middle column), and by PSP on 28 September (right column). From top to bottom: components in RTN (radial in blue, tangential
in red, and normal in green) and magnitude (in black) of the magnetic field vector; magnitude of the solar wind speed; cosine of the angle between
the magnetic and velocity field vectors; proton density; temperature; and plasma beta.

plasma coming from the same source on 28 September at 0.1 AU
(right column). Each column, from top to bottom, shows: the
three components in the radial tangential normal (RTN) reference
frame (radial in blue, tangential in red, and normal in green) and
magnitude (in black) of the magnetic field, B (panels a—c); the
solar wind speed, V (panels d—f); the cosine of the angle between
B and V, cos 8y (panels g—i); the proton density, n (panels j-1);
temperature, 7 (panels m—o); and plasma beta, S (panels p—r).
The periods used for the following analyses are highlighted by
the green shadows. Table 1 displays the typical solar wind param-
eters, averaged within such intervals.

For Solar Orbiter measurements, shorter periods character-
ized by an almost constant plasma f (panels p and q) were
selected for the analysis. Moreover, the magnitude of B (pan-
els a and b) is nearly constant, as well as the temperature (pan-
els m and n). Afterward, a magnetic discontinuity is detected
(around 07:30:00 UT on 28 August and around 08:30:00 UT on
25 September), which corresponds to a change in the global
behavior of the proton parameters (especially for n, T, and B).
On the other hand, for PSP we consider the whole fast inter-
val observed by the probe. Also, in this case the magnitude
of B (panel c) is constant and the radial component B, (blue
line) is characterized by strong deflections, namely switchbacks
(Bale et al. 2019; Dudok de Wit et al. 2020), associated with the
presence of isolated intermittent velocity enhancements (Kasper
et al. 2019; Horbury et al. 2020b). Indeed, panel f displays short
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and large amplitude speed enhancements, which are commonly
observed in near-Sun fast streams (Horbury et al. 2018). For
Solar Orbiter the presence of switchbacks and/or spikes are less
clear, even if some magnetic field deflections and enhancements
in the amplitude speed can be recognized. It is worth noting that,
for PSP measurements, large fluctuations are also found for n,
T, and B. Although they are related to the spikes in the speed,
they could also be due to the instrumental noise of SPAN-L
In fact, ion velocity distribution function measurements by
SPAN-I are limited by the heat shield, meaning that the full ion
distribution is typically not in the field of view (FOV) of the
instrument. SPAN-I data for the sixth encounter are much better
than those during the previous ones, but the reader needs to be
aware that the measures at the distance of 0.1 AU (~21.5R,,) are
still affected by this FOV problem (Kasper et al. 2016). Indeed,
comparing the electron density from the plasma frequency
(Moncuquet et al. 2020) with the proton density from SPAN-I
measurements (not shown), we observe that the electron density
has much smaller fluctuations, supporting the idea of a signifi-
cant instrumental noise in SPAN-I data due to the FOV problem.

3. Radial evolution

Although we have solar wind measurements of this recurrent
stream at only three different radial distances, we can still obtain
the radial trend of the plasma properties and that of the mag-
netic field by fitting the averaged values reported in Table 1 with
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Table 2. Fitting of the radial profile for some characteristic quantities
of the recurrent fast stream, f = fy(R/1 AU)“.

fo @
n [em™3] 8+2 -1.8+0.2
nV[10Pecm>kms™!']  3.9+0.7 -1.8+0.1
B [nT] 53+04 —1.60+0.05
|B,| [nT] 33+04 —-1.72+0.09
|B;| [nT] 3.0+£04 -1.4+0.1
T [10°K] 1.7+0.1 -0.93+£0.04
B 1.58 £0.08 0.49 +0.04

a least-squares linear regression function in logarithmic space,
log f = alogx + k, with x = R/Ry (Ry = 1 AU) and k = log fj.
Indeed, as reported by several previous studies (see e.g., Marsch
et al. 1982; Hellinger et al. 2011; Perrone et al. 2019a), these
quantities are linearly distributed with the radial distance in log-
arithmic space. All the results are summarized in Table 2, where
the errors refer to the standard deviation (1-sigma uncertainty)
estimates for the fit parameters.

We find that the radial dependence of the proton number den-
sity, n, is

n=(8+2)(R/Ry) 0D cm3. 1))
Although we expect to observe a decrease proportional to R,
typical of a radially expanding plasma, as found in Perrone et al.
(2019a) for unperturbed coronal hole high-speed streams, our
results are in agreement with the result found by Hellinger et al.
(2011), R~'3, even if here the —2 index is recovered within the
limit of the error. It is worth noting that, for both the PSP and
Solar Orbiter data, we use direct integral moments of the pro-
ton distribution function (as also done by Hellinger et al. 2011,
for Helios data), instead of fits where the contribution of a sec-
ondary proton beam can be neglected (as in the case of Perrone
et al. 2019a). Thus, it seems that the presence of the proton beam
could explain the differences between the two analyses. More-
over, the same radial trend is found for nV (ccR™1-8+0-1), namely
an almost constant density flux. It is worth noticing that these
results could be significantly influenced by the FOV problem of
SPAN-L.

The radial evolution of the magnetic field magnitude is
B = (5.3 + 0.4)(R/Ry) 160005 )
in agreement with both the results found by Hellinger et al.
(2011) and Perrone et al. (2019a). Then, if we look at the behav-
ior of the radial and tangential components of the magnetic field,
we find

IB,| = (3.3 £ 0.4)(R/Ro)"" 7" nT 3
and
1B, = (3.0 + 0.4)(R/Ro) " *+**V nT, @

also in agreement with Perrone et al. (2019a), but in disagree-
ment with the generally accepted structure of the interplanetary
magnetic field. Indeed, according to the Parker model (Parker
1958), B, and the transverse components should decrease as
R72 and R™!, respectively (Mariani et al. 1979; Jokipii & Kéta
1989). The observed deviation could be explained by the strong
Alfvénic character of these intervals (which is discussed later in

the paper). As shown in Matteini et al. (2015), the large ampli-
tude and nonlinearly polarized characteristics of the Alfvénic
fluctuations tend to preferentially reduce the radial fluctuations
with respect to the background state. Therefore, by considering
the behavior of B, due to the combination of a mean part and a
fluctuating part, we could have the former, which radially varies
in accordance with the Parker spiral, and the latter, which varies
with a different scaling. Moreover, this behavior could be also
influenced by turbulent processes during the expansion in the
inner heliosphere (see e.g., Ragot 2006).
Proton temperature displays the following radial behavior:

T = (1.7 +0.1) X 10°(R/Ry) 093009 K| (5)
As already shown in previous studies (Marsch et al. 1982;
Hellinger et al. 2011; Perrone et al. 2019a), during the plasma
expansion, the temperature decreases more slowly with respect
to the adiabatic prediction, suggesting the presence of external
heating mechanisms, which can locally play a non-negligible
role. The index that we find is in good agreement with the results
presented in Perrone et al. (2019a), while T decreases faster than
in Hellinger et al. (2011). The difference could be due to the pres-
ence of interaction regions on the trailing edge of the high-speed
streams in the data set used by Hellinger et al. (2011). These
interaction regions represent an external source of heating (see
Perrone et al. 2019a for more details).

Finally, the radial evolution of the proton plasma beta is
B = (1.58 + 0.08)(R/Ry) *49%009, (6)
which increases from the Sun to the Earth, in agreement with the
radial trends for the proton density, temperature, and magnetic
field magnitude described above. This behavior suggests a faster
decrease in the magnetic pressure with respect to the kinetic
pressure during the radial expansion of the wind, in agreement
with Perrone et al. (2019a).

3.1. Alfvénic content and energy distribution

Belcher & Davis (1971) showed, for the first time, the exis-
tence of Alfvénic correlations, in other words strong correlations
between velocity and magnetic field fluctuations in the presence
of near incompressibility. These periods mainly occur within fast
streams, but even in Alfvénic slow intervals they are very com-
mon as well (see D’Amicis et al. 2021b, for a review on this
topic). Alfvénic correlations are ubiquitous in the solar wind,
and they become stronger and are shifted toward lower frequen-
cies as the distance from the Sun decreases (Bruno et al. 1985;
Roberts et al. 1987).

In order to better characterize the evolution of the homo-
geneous recurrent stream, in Fig. 3 we show the radial (panels
a—c), tangential (panels d—f), and normal (panels g—i) compo-
nents of the magnetic (black) and velocity (red) fields, normal-
ized to the mean fields within each interval. Columns in Fig. 3
are organized by the distance from the Sun. Here, the velocity
components by PSP in RTN coordinates are evaluated by using
re-processed SPAN-I data, obtained from a systematic fitting
with a bi-Maxwellian function of all the original proton distri-
bution functions. The fitting routine is almost identical to the
one described in Woodham et al. (2021) and has already been
used for Helios particle data (Stansby 2017). A clear correla-
tion in the components of the magnetic and velocity fields, and
the almost constant values of the proton density and magnetic
field magnitude (see Fig. 1), which suggest a low compressibility
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Fig. 3. Alfvénic and intermittency content for the recurrent fast stream at 0.1 AU (left column), 0.89 AU (middle column), and 0.97 AU (right
column). From top to bottom: radial, tangential, and normal component of the magnetic (black) and velocity field (red), normalized to the mean
fields; and logarithmic contour plots of the local intermittency measure (LIM) of the total magnetic field fluctuations, where horizontal lines denote
the proton cyclotron timescale and curved lines, at each side of the plots, indicate the cone of influence.

(D’ Amicis & Bruno 2015), confirm the strong Alfvénic charac-
ter of these intervals. As mentioned in Sect. 2, PSP plasma data
strongly fluctuate (e.g., a variation of ~500cm™ in the proton
density), maybe due to the instrumental noise of SPAN-I exper-
iment. These fluctuations almost invalidate the evaluation of the
usual parameters for the characterization of the Alfvénic content
of the solar wind, such as the normalized cross helicity and the
normalized residual energy. Therefore, we decided not to include
these quantities in our analysis for the study of the radial evolu-
tion of the Alfvénicity.

In the bottom row of Fig. 3, we show the local intermittency
measures (LIM, Farge 1992) for the total magnetic field fluctua-
tions, ['Wg(t, D> = >ilWi(r, H)|? with i = r, t, n, defined as

2
Kty = W@ 0l

= _ VBGO 7
(IWa(r, D), @

where the brackets indicate a time average, and “W;(, f) are the
Morlet wavelet coefficients for different timescales T and time ¢
(Torrence & Compo 1998), namely

N-1
Wir,0 = D B’ [(1-1) /7] ®)
Jj=0

where " is the conjugate of the wavelet function. Horizon-
tal black lines denote the averaged proton cyclotron timescale
within each interval (values are very different between PSP and
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Solar Orbiter, as expected), while the curved lines, at each side of
the plots, indicate the cone of influence, where the Morlet coef-
ficients are affected by edge effects (Torrence & Compo 1998).
At all radial distances, we find that the distribution of energy in
time and timescales (not affected by edge effects) is not uniform,
with the appearance of localized energetic events covering a cer-
tain range of timescales clearly recognizable by the red color
(a black localized event for Solar Orbiter at 0.89 AU is due to
a gap in magnetic data). This indicates the presence of coherent
structures in these intervals forming at larger timescales and then
transferring magnetic energy toward shorter timescales via a tur-
bulent cascade process (Perrone et al. 2016, 2017; Lion et al.
2016). It is worth pointing out that the range of scales where
energetic events are observed are not the same for PSP and
Solar Orbiter. Indeed, the radial expansion from 0.1 AU to the
Earth moves the characteristic scales toward larger timescales.
We explore this point further in the next subsection.

3.2. Turbulence

Assuming that turbulence is in a stationary state and that small
variations with heliographic latitude are negligible (see e.g.,
Bruno & Bavassano 1987), we analyze the radial dependence
of the turbulent fluctuations in both the inertial and dissipative
ranges of the turbulent cascade during the expansion of the recur-
rent fast stream. Figure 4 shows the total PSD (i.e., the trace of
the spectral matrix) of the magnetic (a) and velocity (b) field



D. Perrone et al.: Fast solar wind evolution in the inner heliosphere

PSD [nT?Hz]

1021

10 -

1072 10 10° 10’ 102
f [Hz]

10° 10" 10°

107 .

108~

10° -

10% -

PSD [(km/s)¥/Hz]

10%-

102 .

10 .
10_5 Lol Ll L \\\HH‘_ Lol L

10* 107 10
f[Hz]

Fig. 4. Power spectral density (PSD) of the total magnetic (panel a) and velocity (panel b) field fluctuations for the interval observed by PSP
(green) at 0.1 AU, and for the two intervals observed by Solar Orbiter at 0.89 AU (violet) and 0.97 AU (orange). Dotted black lines are the best
power-law fits. The relevant slopes, indicated by y and ¢ for the inertial and the dissipative ranges, are also reported.

Table 3. Radial evolution of the spectral index evaluated in both the
inertial, y, and dissipative, J, range of the turbulent spectra in Fig. 4.

Magnetic Velocity
R [AU] vy 0 Y
0.10 -1.798£0.006  -5.15+0.01 -1.47+0.05
0.89 -1.65+0.01 -396+0.01 -1.53+0.03
0.97 -1.57+0.01 -2.952+0.009 -1.41+0.02

Notes. The errors refer to the standard deviation (1-sigma uncertainty)
estimates for the fit parameters.

fluctuations for the PSP data set (green) at 0.1 AU, and for the
Solar Orbiter data sets at 0.89 AU (violet) and 0.97 AU (orange).
As we expected, for both magnetic and velocity field fluctua-
tions, the power level is higher for the stream close to the Sun
and decreases as the radial distance increases. The dotted black
lines in Fig. 4 indicate the best power-law fits at intermediate
frequencies in the magnetohydrodynamics (MHD) range and at
high frequencies in the dissipative or dispersion range. Both
magnetic and velocity spectra show the characteristic behav-
ior of the solar wind turbulent cascade, with a power-law trend
between the Kolmogorov (Kolmogorov 1941) and the Kraichnan
(Kraichnan 1965) scaling at the MHD frequencies for the mag-
netic field fluctuations (Bruno & Carbone 2013), and a spectral
index closer to the Iroshnikov-Kraichnan scaling of —3/2 for the
velocity field fluctuations (see e.g., Podesta et al. 2006, 2007,
Salem et al. 2009). However, Roberts (2010) showed that the
power spectrum of velocity fluctuations steepens with the radial
distance toward a Kolmogorov scaling well past 1 AU, matching
the magnetic spectrum behavior and the theoretical expectation
of the Kolmogorov theory. Finally, Fig. 4 shows that, in the dis-
sipative range, which can be resolved only for the magnetic field
measurements, the spectral slopes become steeper. The spectral
index values for the three radial distances, and for both magnetic
and velocity field fluctuations, are summarized in Table 3.

For the velocity field fluctuations (panel b in Fig. 4), we
observe that at all the radial distances covered by the observa-
tions, the velocity spectrum slope remains quite constant (y ~
—3/2). This is in agreement with previous PSP observations
described in Shi et al. (2021). On the other hand, for the magnetic

field fluctuations (panel a in Fig. 4), we find that y decreases (in
absolute value) with the radial distance from —1.798 + 0.006 at
0.1 AU to —1.57 = 0.01 at 0.97 AU, which is in disagreement
with the results presented by Chen et al. (2020). They found, in
the inertial range (between 0.02 and 0.1 Hz), a transition between
about —3/2 at 0.17 AU to about —5/3 at 0.6 AU, using magnetic
field data over the first two PSP orbits, without any restrictions
on solar wind conditions. Indeed, the orbits covered different
source regions, but most of the solar wind observed was slow
but Alfvénic, with fluctuations of large amplitude. Moreover, it
is worth noting that we use a different range of frequency for
the estimation of the spectral slope with respect to Chen et al.
(2020). Indeed, we decided to use the whole well-defined range
available for the inertial frequencies for each radial distance. At
different radial distances, in fact, the characteristic frequencies
are shifted toward low frequencies as the solar wind propagates
from the Sun to the Earth, meaning that the choice of a fixed
range forces the estimation of the spectral index in different parts
of the power law. In an ideal case, this would not affect the result,
but in real cases, not all the frequencies are resolved in the same
way. Low frequencies are strongly affected by the length of the
considered interval, while high frequencies depend on the time
resolution of the considered measurements. However, the dis-
agreement remains if we also consider the same fixed range used
in Chen et al. (2020).

Looking in greater detail at the properties of the velocity
and magnetic field fluctuations, discrepancies in the results from
the spectral analysis seem to be ascribed to different turbulence
properties observed by the spacecraft. Indeed, by considering the
cosine of the angle between the total magnetic and velocity field
vectors for the selected intervals (see panels g—i in Fig. 2), we
find that in the PSP data, cos 6y is closer to —1 (i.e., antiparal-
lel magnetic and velocity field vector) than in the Solar Orbiter
data. Therefore, PSP samples a more parallel turbulence, while
Solar Orbiter looks at a more perpendicular turbulence. This is
reflected in the values of the spectral indices, in the Solar Orbiter
samples closer to a Kolmogorov and/or Kraichnan power-law,
and in the PSP data set closer to —2. However, it is worth notic-
ing that, although the angle 6y for PSP indicates that we sample
the solar wind mainly parallel to the local field, y; does not have
exactly the expected value of —2 predicted by the critical bal-
ance theory (GS95, Goldreich & Sridhar 1995). As shown by
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Horbury et al. (2008), the spectral index for quasi parallel sam-
pling quickly departs from —2 for angles larger than about 10°
(see also von Papen & Saur 2015). In our case the angle 6py,
averaged over all of the PSP interval, is larger than 10°. However,
for the sake of completeness, we have to add that the deviation
from —2 can be explained by other reasons, such as the applica-
bility of the GS95 theory to strong turbulence, in which opposite
Alfvénic modes have the same amplitude and cross helicity is
close to zero, or the presence of strong intermittency, which can
have a steepening effect on the spectrum.

Moving to higher frequencies, we observe the development
of a dissipative range as a steeper power-law appears in the PSD
(Sahraoui et al. 2009). From Fig. 4a it is clear that the spectral
break, identified around proton frequencies, moves toward lower
and lower frequencies as the radial distance increases (Bruno &
Trenchi 2014). Moreover, we observe during the expansion that 6
decreases (in absolute value) from —5.15+0.01 to —2.952+0.009,
in agreement with the results presented by Duan et al. (2020).
This interesting feature can again be explained by the anisotropy
of the magnetic field, which tends to be mainly aligned to the
radial direction at 0.1 AU (see right panel in Fig. 2) and more
oblique to it toward 1 AU. The magnetic turbulent cascade is
indeed mainly dominated by the k-vectors perpendicular to the
mean field also at sub-ion scales (Sahraoui et al. 2010), which
are sampled in the Solar Orbiter data. On the other hand, in
the Alfvénic stream observed by PSP, the radial direction is
almost aligned with the mean field direction, so that the cas-
cade observed is mainly due to kj (assuming the Taylor, frozen-
in, hypothesis). This further suggests the dominance of quasi-
perpendicular modes in the kinetic range in Alfvénic turbulence.

3.3. Intermittency

We now focus our analysis on the two fast intervals observed in
September by PSP and Solar Orbiter, namely the interval clos-
est to the Sun and the interval closest to the Earth. Indeed, both
intervals have magnetic field data with the highest temporal reso-
lution, which is required for the analysis of small-scale coherent
structures, responsible for intermittency and described in detail
in Sect. 3.4.

Here we perform a standard analysis, starting from the com-
putation of the magnetic field increments, namely
0Bi(t,1) = Bi(t + 1) — Bi(0), ©))
where i runs over the vector components and 7 is a time lag
and scale. Then, we use the standardized variables for the mag-
netic field increments by computing the mean value (u;) at each
timescale and the standard deviation of the increments, o;. This
allows us to directly compare the probability density functions
(PDFs) of the standardized variables of the increments at dif-
ferent timescales. PDFs are displayed in Fig. 5 for the recurrent
fast stream at 0.1 AU (left column) and 0.97 AU (right column).
From top to bottom, we show the PDFs of the radial, tangen-
tial, and normal components of the magnetic field increments,
for three different timescales, 7 (see the figure legend). Such
timescales cover the whole inertial range. Different 7 were used
for PSP and Solar Orbiter, since the inertial range shifts from
higher (smaller) to lower (larger) frequencies (timescales), as
clearly displayed in Fig. 4a from 0.1 to 0.97 AU. Not surpris-
ingly, the magnetic fluctuations are non-Gaussian and the depar-
ture from Gaussianity increases toward smaller scales (from blue
to black lines) (Frisch 1995). For reference, the best Gaussian
fit, for each magnetic component, is plotted in each panel as a
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Fig. 5. Overview of the intermittency analysis performed for the recur-
rent fast stream at 0.1 AU (left column), and 0.97 AU (right column).
From top to bottom: PDFs of the magnetic field increments at three
different timescales 7 (see legends) for the radial (top row), tangential
(middle row), and normal (bottom row) components. For reference, the
best Gaussian fit for each magnetic component is also reported (dashed
black line). The PDFs have been computed over the standardized incre-
ments (see text for details).

black dashed line. We observe the presence of significant non-
Gaussian tails in each component of the magnetic field fluc-
tuations due to the presence of coherent magnetic events in
which magnetic energy tends to clusterize (see Sect. 3.4). More-
over, Fig. 5 suggests that higher tails are recovered in the radial
direction.

To quantify the observed intermittency, we compute the
fourth-order moment of the distribution of the increments, the
so-called kurtosis, as (Frisch 1995):

(6Bi(t, 7))}
(OBi(t, 7)) )*

where (- --), represents a time average over a given interval of
length 7. K(7) essentially gives a measure of the degree of devi-
ation of the distribution of the magnetic field increments from
a Gaussian distribution, for which K(r) = 3 (dashed line in
Fig. 6). We also compute the errors for each timescale as the
dispersion calculated over a running window through the time
series of about 240s (70000 data points) for PSP and 300s
(20000 data points) for Solar Orbiter. The timescales in Fig. 6
have been rescaled to the one corresponding to the minimum
wavenumber of the proton cyclotron damping resonance for out-
ward propagating Alfvén waves and slab configuration, namely
kies = Qc/(Va + vm), Qc being the proton cyclotron frequency,
and assuming that protons travel at the plasma thermal speed vy,
and that the damping starts at wys = KV (Leamon et al. 1998).
It has indeed been shown in Bruno et al. (2014a) that the ion
scale spectral break in the PSD of the magnetic field fluctuations
scales radially as the wavenumber corresponding to the linear
resonance condition for proton cyclotron damping. We rescaled
the time lags since, as deduced from Fig. 4a, the characteristic
frequencies, and then the extension of the inertial range, strongly
depend on the radial distance. Indeed, if we perform the same
rescaling for the frequencies in Fig. 4a for both PSP and Solar

Ki(1) = (10)
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horizontal dashed line indicates the value of the kurtosis for a Gaussian distribution of the magnetic field increments, i.e., K(7) = 3.

Orbiter data, namely using the proton cyclotron resonance fre-
quency, frs, the characteristic ranges of the turbulent cascade are
almost located at the same normalized frequencies (not shown).

It has been observed that in solar wind turbulence,
Ki(t) largely deviates from its Gaussian value at short
timescales T (Marsch & Tu 1997; Sorriso-Valvo et al. 1999;
Bruno & Carbone 2013) in the inertial range, since the plasma
becomes more nonhomogeneous as 7 becomes shorter. On
the other hand, high-resolution spacecraft measurements have
allowed us to calculate the degree of intermittency at sub-ion
timescales where kinetic effects come into play. While from
fluid-like toward proton timescales the kurtosis tends to increase
as 7 decreases, within the sub-ion range kurtosis starts flatten-
ing (Kiyani et al. 2009; Wu et al. 2013; Yordanova et al. 2015),
with K(t) > 3, but without a significant increase as 7 decreases.
This behavior can be ascribed to a reduction of coherent struc-
tures toward electron timescales, probably due to a stronger
plasma wave activity (Wu et al. 2013). Such properties have also
been found in our intervals at the two different radial distances.
Indeed, Fig. 6 shows a tendency toward a saturation of (and a
slight decrease in) the fourth-order moment of the magnetic field
increments for all the three vector components and typically for
T < frs. Figure 6 confirms that the PSP interval tends to have a
larger kurtosis at proton and sub-proton scales. In order to high-
light the possible contribution of the magnetic switchbacks to the
high kurtosis in the B, component of the PSP data, we selected
these structures using a technique shown in Dudok de Wit et al.
(2020), where « is the angle between the pointwise magnetic
field and the mean field (computed over the whole ~2h inter-
val) directions in the PSP data set. We then defined a quantity
z = (1 = cos(a@))/2, which measures the folding of the mag-
netic field, and picked all those periods during which z > 0.5
(i.e., rotations of the field greater than 90°). We then removed
such periods that can be identified as switchbacks, interpolated
the data (using a methodology similar to Bruno et al. 2001) and
recalculated the kurtosis. The new kurtosis for the PSP data (not
shown) is substantially reduced along the radial direction and no
big differences can be observed among the three magnetic field
components. Thus, the higher kurtosis found in the B, compo-
nent of the PSP data can be ascribed to the presence of magnetic
switchbacks.

3.4. Coherent structures

In order to characterize the intermittency observed in the two
fast streams in Sect. 3.3, we bandpass filtered the magnetic
fluctuations around the proton timescales, applying a technique
based on the wavelet transform (Torrence & Compo 1998; He
et al. 2012; Perrone et al. 2016, 2017, 2020). Once again, we
selected different ranges of frequencies for the two radial dis-
tances, namely f € [1,10]Hz at 0.1 AU and f € [0.1,1]Hz at
0.97 AU, which correspond to proton timescales in the two data
sets. Magnetic fluctuations are then defined as

sjoi2 & R Wiz, 0|

ob;(t) = y
® Cotho(0) & T}/2

(11

where R refers to the real-part function, j is the scale index, and
§j is a constant scale step; ¥o(0) = n'/* and Cs = 0.776, the
latter derived from the reconstruction of a ¢ function using the
Morlet wavelet (Torrence & Compo 1998). Finally, 7(j;) = 0.1s
and 7(j,) = 1 s for PSP, and 7(j;) = 1 s and 7(j,) = 10 s for Solar
Orbiter (with 7 = 1/f). The PDFs of the magnetic field fluctua-
tions around proton scales (not shown here) reveal the presence
of significant non-Gaussian tails, due to the presence of extreme
events (Perrone et al. 2016, 2017, 2020). These extreme events
have been studied by selecting only the fluctuations that exceed
three standard deviations from the corresponding Gaussian dis-
tribution, which includes 99.7% of the Gaussian contribution.
Using an automated method, more than a thousand intermittent
events have been detected in both intervals, thus supporting a sta-
tistical study of their properties. It is worth noting that we found
almost double the number of events at 0.1 AU than at 0.97 AU.
However, we need to consider that the time length of the two
intervals is different. Indeed, if we use a normalized length to
their characteristic proton cyclotron resonance timescale, or to
the inverse of the Larmor radius or inertial length frequencies,
we find that the ratio between the PSP and Solar Orbiter normal-
ized length is between two and three. Thus, we should expect
a larger number of coherent events in the PSP interval. Indeed,
the ratio between the number of structures revealed by PSP and
Solar Orbiter is ~1.7.
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Fig. 7. Statistical analysis of the observed coherent events in the mini-
mum variance reference frame for the stream at 0.1 AU (green), and at
0.97 AU (orange). Left panels: PDFs for the minimum (a) and interme-
diate (b) eigenvalues normalized to the maximum eigenvalue, and for
Amin/Aine (¢). Right panels: PDFs of the angles between the maximum
(d), intermediate (e), and minimum (f) variance directions and the local

magnetic field.

We perform a minimum variance analysis (Sonnerup &
Scheible 1998) around each selected peak in magnetic energy,
corresponding to magnetic fluctuations well-localized in time (as
shown in the bottom panels of Fig. 3) and with a regular profile
in a range, A¢’, namely the width of the event, defined as the
time interval between two minima of energy that contains the
selected maximum over the threshold. On the other hand, we
define the characteristic temporal scale of the event, Ar (<A?’),
as the width at half-height of the maximum (Perrone et al. 2016).
Figure 7 displays the results in the minimum variance reference
frame (MVRF) for the intermittent events found at 0.1 (green)
and 0.97 AU (orange). In particular, the left column shows the
PDFs of the eigenvalues, 4, while the right column displays the
PDFs of the orientation of the eigenvectors, 8, with respect to the
local magnetic field, by, also averaged within the structure, and
thus in A?’.

We find that, in both intervals, most of the events are
described by fluctuations with Ay < Ajpt < Amax. However, we
also recover the presence of fluctuations with Apin < Aint < Amax-
Then, the minimum variance direction is well defined, even if a
degeneracy Amin ~ Aine exists for very few events. Some differ-
ences between the two intervals can be found in the distributions
of 6. Although, the direction of maximum variation, Gy, is per-
pendicular to by in both the streams, suggesting the absence of
compressive events, we find slightly different distributions for
Oine and O, at the two different radial distances. Indeed, close
to the Sun, 6;, is peaked around 90° and 6, is almost paral-
lel to by, while close to the Earth, 6;, and 6, are less peaked
and show higher tails, going toward a more uniform distribution.
The latter is in agreement with the observations in fast wind at
1 AU with Cluster measurements (Perrone et al. 2017). Indeed,
these results suggest that, as the radial distance increases from
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0.1 to 0.97 AU, some mechanisms could generate a mix-up of
the intermediate and minimum directions, and thus all possible
angles can be covered.

Furthermore, in Fig. 8§ we show the PDFs of the plasma 8
(panel a), of the Oy (panel b), and of the local magnetic com-
pressibility, ¢j (panel ¢). 8 and gy are the averaged values within
At for each intermittent event, while ¢ is defined as (Perrone
et al. 2016)

max (5bﬁ)
max (6bil + 6biz) '

g = (12)

where parallel and perpendicular directions are estimated with
respect to by and the maximum of the magnetic components is
evaluated within A?¢'.

Panel a shows that the distributions of the proton plasma beta
within the intermittent events, both at 0.1 AU (green) and 0.97 AU
(orange), are peaked at the values reported in Table 1 and are
in agreement with the 8 radial dependence. Moreover, although
the two distributions have the same variance, they are slightly
asymmetrical, with a negative skewness for PSP measurements
and a positive skewness for Solar Orbiter observations. On the
other hand, the distributions of 0y display a different behavior.
At 0.1 AU we observe a peak at 20° < gy < 45°, while a more
uniform distribution between 6y ~ 30° and ~90° is found at
0.97 AU. Finally, in the two data sets, the distributions of {j show
a peak around 0.2, meaning that the recovered intermittent events
are characterized by a low magnetic compressibility, in agree-
ment with previous observations in fast solar wind intervals, both
in the inner heliosphere (Bavassano et al. 1982a) and close to the
Earth (Perrone et al. 2017). It is worth pointing out that a slightly
higher compressibility is found in Solar Orbiter measurements,
where a higher tail and a small shift of the peak toward larger
values of ¢ are recovered with respect to the one in the PSP data.
This result could be related to the behavior observed for 6y and
it will be investigated in a future work.

Looking into the details of each intermittent structure, we
find that these events can be described mostly as currents sheets
and vortex-like structures. A few examples of wave packets have
also been identified. In Figs. 9 and 10, we compare examples of
current sheets and vortex-like structures, respectively, observed
at 0.1 (left columns) and 0.97 AU (right columns). In particular,
we show the magnetic field fluctuations, as defined in Eq. (11),
in both the MVRF (top rows), and in the local magnetic field
reference frame (bottom rows) where by is along the z-direction
(e, = ep), x is perpendicular to b, in the plane spanned by it
and the radial direction (e, = e, X e,), and y closes the right-
hand reference frame (e, = e, X e,). In order not to be biased
by the different radial distances, namely the fact that the mag-
netic field amplitude close to the Sun is stronger than the one
observed close to the Earth, we decide to show the magnetic fluc-
tuations normalized to the local mean magnetic field, by. Finally,
the vertical dashed lines mark the width of the events, A¢’, where
the analyses have been performed. It is worth noting that A¢
for the structures observed by PSP is much smaller than the one
for the structures observed by Solar Orbiter. This is not surpris-
ing since the proton characteristic scales, which are the focus
of our analysis on coherent structures, are shifted toward larger
timescales (or toward lower frequencies) as the solar wind flows
from the Sun to the Earth.

Figure 9 shows two examples of a one-dimensional (i.e., a
linearly polarized) structure, which can be identified as a current
sheet. In both the events, the magnetic component that changes
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Fig. 9. Example of two current sheets observed at 0.1 AU (left column), and at 0.97 AU (right column), centered at 02:57:24.99 UT on 28 September
and at 02:29:42.04 UT on 25 September, respectively. Top row: components of the magnetic field fluctuations, defined in Eq. (11), in the minimum
variance reference frame. Botfom row: components of the magnetic field fluctuations in the local magnetic field reference frame, where by is
along the z-direction. Magnetic fluctuations are normalized to the local mean magnetic field strength, by. The vertical dashed black lines mark the

extension of the events, Az’.

sign is 6b, (panels ¢ and d), perpendicular to by, and it exhibits
a larger amplitude at 0.1 AU than at 0.97 AU. The other two
components display very small fluctuations at both distances. To
quantitatively compare these structures, we discuss the results of
the minimum variance analysis. In both cases, Amax >> Aint, Amin
and the direction of maximum variation is perpendicular to by,
with Oax ~ 89° and 88° at 0.1 and 0.97 AU, respectively. Finally,
assuming that these structures are convected by the wind, we can
estimate their characteristic width, namely Ar = vyAf, where
v is the local mean speed averaged within the structure. We
find that for the current sheet observed by PSP, the width is
~47 km, while for the one observed by Solar Orbiter, the width
is ~692 km. To make a quantitative comparison, we normalize
Ar to the characteristic proton scales, estimated locally in each
structure, and we observe that the width of both current sheets
is comparable. In particular, Arpsp ~ 5.34; or ~5.9p;, while
Arsolo ~ 77/1, or ~65pl

In Fig. 10 we present two examples of a vortex-like struc-
ture, such as an Alfvén vortex (Alexandrova et al. 2006; Lion
et al. 2016; Roberts et al. 2016; Perrone et al. 2017, 2020; Wang
et al. 2019). In both events, the fluctuations, characterized by

Amin < Aint < Amax, are well localized and the main variance
is in the plane perpendicular to by, with very small compres-
sive fluctuations, 6b, < 6b,, 6b,. Looking in greater detail at the
results of the minimum variance analysis, we find that both the
maximum and intermediate direction of variations are perpen-
dicular to by, namely ,,x ~ 86° and 6;, ~ 81° for the structure
at 0.1 AU, and O0p.x ~ 85° and 8;,, ~ 78° for the structure at
0.97 AU. On the other hand, the direction of minimum variance
is almost parallel to the local magnetic field, with 6y, ~ 10°
and ~13° for the vortex-like structures observed by PSP and
Solar Orbiter, respectively. Finally, their characteristic widths
are Arpsp ~ 89km ~9.74; or ~11.7p; and Arseio ~ 2106 km
~24.64; or ~19.2p;, suggesting that, during the radial expansion
of the wind, the original vortices could merge and generate larger
vortices. Such a mechanism of nonlinear interaction among vor-
tices, which are not static structures, has usually been observed
in numerical simulations of turbulent solar wind (see e.g.,
Servidio et al. 2012, 2015; Perrone et al. 2013). However, for
the sake of completeness, we have to add that the differences
in the size of the vortex-like structures observed by PSP and
Solar Orbiter could be also related to the anisotropy in size of the
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Fig. 10. Example of two vortex-like structures observed at 0.1 AU (left column), and at 0.97 AU (right column), centered at 02:58:29.55 UT on 28
September and at 00:54:54.34 UT on 25 September, respectively. The panels are the same as those in Fig. 9.

vortices in different directions, and/or how the spacecraft trajec-
tory cuts them.

4. Summary

We have studied the radial evolution in the inner heliosphere,
from 0.1 to 1 AU, of a recurrent stream of solar wind coming
from the same solar source, namely a coronal hole, by means of
combined observations by Solar Orbiter and Parker Solar Probe.
This plasma has been observed for the first time at 0.89 AU and,
after about 27 days (a solar rotation), at 0.97 AU by Solar Orbiter.
Then, at 0.1 AU, PSP was connected to the same coronal hole,
allowing, for the first time, a privileged point of observation of
this recurrent stream very close to the Sun.

The three intervals are characterized by a nearly constant
magnitude of the magnetic field, proton density, speed, and tem-
perature, even if at 0.1 AU these proton quantities show stronger
fluctuations. These large fluctuations are related to the pres-
ence of spikes in the speed profile and are linked to the switch-
backs in the magnetic field radial component. Moreover, in the
three intervals, we found a clear correlation between the com-
ponents of the magnetic and velocity fields, which, in addition
to a low compressibility, suggests a high Alfvénicity in these
periods.

The study of the radial evolution of the large-scale prop-
erties of the recurrent stream, confirming previous findings,
showed that the proton density decreases slightly more slowly
than expected for a stationary radially expanding plasma, due to
the possible presence of secondary proton beams in the velocity
distribution function. Furthermore, the radial trend for the pro-
ton temperature suggests that some mechanisms of heating are
at work locally. Finally, supported by the high Alfvénicity of
the intervals, for the magnetic field, we found a deviation from
the Parker prediction. Indeed, since the Alfvénic fluctuations
are preferentially perpendicular to the ambient magnetic field,
they force the radial component to decrease, while they tend
to increase the transversal components (Matteini et al. 2015).
Therefore, close to the Sun where the Alfvénic fluctuations are
stronger, the radial component of the magnetic field should be
smaller than expected from the Parker model, while the tan-
gential component should be larger. According to our results,
in agreement with Bavassano et al. (1982b), the radial trend of

A189, page 12 of 13

Alfvénic fluctuations is faster than the radial expansion of the
wind; and thus its contribution is stronger close to the Sun than
at 1 AU, confirming the results of our analysis.

The study of the spectral properties of the three intervals
exhibits, as expected, a decrease in the power level during the
expansion of the solar wind plasma. Moreover, we found that
each period is characterized, in the inertial range, by a power-
law between the Kolmogorov spectrum and the Kraichnan scal-
ing. While the velocity spectral index remains quite close to
the Iroshnikov-Kraichnan scaling at all the radial distances,
the spectral index of the magnetic field fluctuations decreases
in absolute value as the radial distance increases from 0.1 to
0.97 AU. The same behavior for the magnetic field fluctuations
has been observed in the dissipative range, though with a steeper
power-law. This variation seems to be consistent with the dif-
ferent turbulence observed by the spacecraft. Indeed, PSP sam-
pled a more parallel turbulence, since cos gy ~ —1, while Solar
Orbiter measured a more perpendicular turbulence.

Focusing on the magnetic field fluctuations, we observed a
high level of intermittency in the recurrent fast stream, related to
the presence of coherent magnetic events, which decreases as the
distance from the Sun increases. Indeed, we found that magnetic
field fluctuations around proton scales are characterized by the
presence of no compressive coherent structures (Perrone et al.
2016, 2017, 2020), with a bigger number of events detected by
PSP close to the Sun with respect to the interval observed by
Solar Orbiter at about 1 AU. This difference in the occurrence is
expected, due to the different time length of the two considered
intervals and to the different characteristic proton scales at those
radial distances. These events have a low level of compressibil-
ity, are well-localized in space, and have regular profiles. Using
an automated method for the selection, they have been found to
be current sheets and vortex-like structures, mostly perpendic-
ular to the mean field direction. They have also been found to
be present in the plasma in a great number, and thus it would
be pivotal to investigate their role in plasma heating by means
of the particle distribution functions. This will be deferred to an
upcoming study.

To fully characterize the solar wind plasma evolution dur-
ing its trip from the Sun to the Earth, more observations similar
to those used for the present study are required, namely to fol-
low the plasma coming from the same source on the Sun in the
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inner heliosphere. Tracing a recurrent stream with more obser-
vational points at different radial distances, covering the entire
inner heliosphere, is of extreme importance. In this respect, sev-
eral space missions should be considered, and this is the perfect
time for this kind of investigation since in the last few years, a
few new missions have been launched to investigate the regions
close to the Sun, namely PSP, Solar Orbiter, and BepiColombo.
The latter is dedicated to Mercury science, but it also spends a
lot of time in the interplanetary medium. For solar wind physics,
this is a real golden era.
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