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ABSTRACT

Context. Turbulence dominated by large amplitude nonlinear Alfvén-like fluctuations mainly propagating away from the Sun is
ubiquitous in high speed solar wind streams. Recent studies have shown that also slow wind streams may show strong Alfvénic
signatures, especially in the inner heliosphere.

Aims. The present study focuses on the characterisation of an Alfvénic slow solar wind interval observed by Solar Orbiter on July
14-18, 2020 at a heliocentric distance of 0.64 AU.

Methods. Our analysis is based on plasma moments and magnetic field measurements from the Solar Wind Analyser (SWA) and
Magnetometer (MAG) instruments, respectively. We compare the behaviour of different parameters to characterise the stream in
terms of the Alfvénic content and magnetic properties. We perform also a spectral analysis to highlight spectral features and waves
signature using power spectral density and magnetic helicity spectrograms, respectively. Moreover, we reconstruct the Solar Orbiter
magnetic connectivity to the solar sources via both a ballistic and a Potential Field Source Surface (PFSS) model.

Results. The Alfvénic slow wind stream described in this paper resembles in many respects a fast wind stream. Indeed, at large scales,
the time series of the speed profile shows a compression region, a main portion of the stream and a rarefaction region, characterised by
different features. Moreover, before the rarefaction region, we pinpoint several structures at different scales recalling the spaghetti-like
flux-tube texture of the interplanetary magnetic field. Finally, we identify the connections between Solar Orbiter in situ measurements,
tracing them down to coronal streamer and pseudostreamer configurations.

Conclusions. The characterisation of the Alfvénic slow wind stream observed by Solar Orbiter and the identification of its solar
source are extremely important aspects to understand possible future observations of the same solar wind regime, especially as solar
activity is increasing toward a maximum, where a higher incidence of this solar wind regime is expected.

Key words. interplanetary medium — solar wind — methods: data analysis — magnetohydrodynamics (MHD) — turbulence

1. Introduction around 0.29 AU (Helios perihelion). This stream was considered

an isolated case until D’ Amicis et al. (2011) proved that it is a
The first observation of a pecu]iar slow solar wind (Mal‘SCh et very common solar wind regime’ with a hlgh occurrence rate at
al. 1981) occurred during the ascending phase of solar cycle 21
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1 AU especially during the maximum of solar cycle (D’ Amicis
and Bruno 2015; D’ Amicis et al. 2021b). The striking features of
this kind of slow wind were the pronounced differential speeds
between proton and alpha particles bulk flows and the large pro-
ton temperature anisotropies (Marsch et al. 1981). These results
were accompanied by the typical signature of Alfvénic fluctu-
ations, namely a strong correlation between velocity and mag-
netic field vectors, with the sign corresponding to that of Alfvén
waves propagating away from the Sun (outward modes), nearly
constant magnetic field magnitude and low plasma compressibil-
ity (e.g. Belcher et al. 1969; Belcher & Davis 1971; Belcher &
Solodyna 1975). The above features are similar to what is ob-
served in fast wind streams but different from what had been
seen in earlier observations of slow wind at solar minimum. The
similarities with the fast wind were also proved statistically on a
wide range of parameters (D’ Amicis and Bruno 2015; D’ Amicis
et al. 2019). As a consequence, the standard classification of the
solar wind according to the flow speed should be used with cau-
tion and should be accompanied by other indicators like, for in-
stance, the Alfvénic content of the fluctuations (D’ Amicis et al.
2021a, and references therein).

Alfvénic outward modes coexist with fluctuations propa-
gating towards the Sun (inward modes), although their origin
depends on their location with respect to the Alfvénic radius,
the latter being the critical distance where the solar wind be-
comes super-Alfvénic, ranging between 10 to 30 solar radii
(Ro) (Goelzer et al. 2014). The nonlinear interaction between
inward and outward modes, present in different amounts in
the solar wind (Tu et al. 1984), produces a turbulent cascade
which is well-described by a typical power-law spectrum (as
first observed by Coleman 1968), with a slope in the inertial
range between -5/3 (Kolmogorov 1941) and -3/2 (Iroshnikov
1963; Kraichnan 1965). Alfvénic intervals typically show higher
power with respect to non-Alfvénic streams, due to the stronger
fluctuations in the velocity and magnetic fields (D’ Amicis et al.
2019, 2020). Moreover, for these intervals, the large scales of the
turbulent cascade are characterised by a 1/f power law, as ex-
pected for fluctuations that are scale-independent, which is sep-
arated from the inertial range by a break around typical scales
between minutes and hours. The specific location of the break
between the 1/f range and the inertial range depends both on
heliocentric distance and on the turbulent age (D’Amicis et al.
2019). Despite several mechanisms have been proposed, the na-
ture of the 1/f spectrum is still not fully understood. For ex-
ample, it has been attributed to the superposition of uncorre-
lated samples of turbulence of different solar origin (Matthaeus
& Goldstein 1986), to the presence of an inverse cascade of
low-frequency modes (Dmitruk & Matthaeus 2007), or to the
contribution of outward propagating modes reflected by large-
scale solar wind gradients in the extended solar corona (Verdini
et al. 2012). The presence of the 1/f scaling is also associated
with the saturation of the magnetic field fluctuations to the am-
plitude of the local magnetic field (Matteini et al. 2018; Bruno
et al. 2019; D’Amicis et al. 2020; Perrone et al. 2020). Con-
versely, non-Alfvénic streams show a Kolmogorov-like scaling
from large to inertial scales, even if a 1/f power law can be
found for long enough intervals which can properly capture the
low-frequency spectral properties (Bruno et al. 2019). Finally, a
steeper power law can be observed in the turbulent cascade be-
yond ion scales, often called kinetic or dissipation range. The
latter is separated from the inertial range by another break in the
magnetic field spectrum. It is not clear whether its location de-
pends on the Alfvénic content of the fluctuations.
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The nature of the fluctuations that populate the ion scales
near the kinetic break was studied by several authors (see e.g.
Goldstein et al. 1994; Leamon et al. 1998; Hamilton et al. 2008),
who provided the first inferences of the presence of Kinetic
Alfvén Waves (KAWs) in the solar wind kinetic range. How-
ever, a Fourier analysis as used by these authors is unable to
separate different types of small-scale waves. For instance, this
method only samples left-hand polarised Alfvén/ion-cyclotron
waves (ICWs) during time intervals in which the background
magnetic field is quasi-parallel to the radial direction. ICWs are
generally intermixed with KAWSs, which have a broader range
of propagation directions and are thus more frequently sampled.
Since the classical Fourier analysis provides information only in
the frequency domain, providing thus global information along
the whole spatial range spanned by the spacecraft, it cannot sin-
gle out spatial structures or wave packets with different charac-
teristics possibly crossed by the spacecraft. This limitation was
overcome more recently by a wavelet transform-based analysis
technique (first suggested by Horbury et al. 2008), which has
been extensively used (He et al. 2011, 2012a,b; Podesta & Gary
2011; Telloni et al. 2012, 2019, 2020) to study the normalised
magnetic helicity (Matthaeus & Goldstein 1982). Indeed, this
technique looks at the polarisation state of the fluctuations on a
plane perpendicular to the sampling direction and for different
pitch angles with respect to the local mean magnetic field ori-
entation. Both L1 observatories and Ulysses measurements con-
firmed simultaneous signatures of right-handed polarised KAWs
(or whistler waves) at large angles of propagation with respect
to the local mean magnetic field, By, and left-handed ICWs out-
ward propagating almost (anti-)parallel to By. Moreover, Tel-
loni et al. (2019, 2020) have shown that the amplitude of the
Alfvénic fluctuations at fluid scales, rather than other quantities
(such as e.g. the solar wind speed), is the key parameter in driv-
ing the generation of the ICWs at kinetic scales. They also sug-
gested that these waves are generated through proton cyclotron
instability, triggered by large temperature anisotropies. Finally,
ICWs can be identified as the most evident signature of the reso-
nant dissipation of Alfvén waves at frequencies near the gyrofre-
quency, also in Alfvénic slow solar wind (Telloni et al. 2020).

The Alfvénic content of the solar wind is a characteristic
of the plasma which strongly depends on heliocentric distance,
decreasing with increasing distance. Parametric instability has
been invoked as a possible mechanism responsible for the grad-
ual decrease of the Alfvénic correlation causing an increasing
importance of inward-propagating Alfvénic fluctuations with re-
spect to the main outward-propagating component (e.g. Malara
et al. 2000; Del Zanna et al. 2001; Matteini et al. 2010; Tenerani
& Velli 2013; Primavera et al. 2019). In particular, the Alfvénic
signature of the fluctuations observed close to the Sun (at 0.3
AU for Helios and at closer distances with Parker Solar Probe)
in the slow wind appears to be generally lost when approach-
ing Earth. However, observations by Wind at 1 AU, especially
during the maximum of solar cycle 23, are rather at odds with
previous observations since large Alfvénic fluctuations are ob-
served also in the slow wind, as highlighted in D’ Amicis et al.
(2011); D’ Amicis and Bruno (2015); D’ Amicis et al. (2019). In-
deed, these streams strongly resemble, except for their veloc-
ity, the fast wind. This suggests a similar origin for Alfvénic
streams: open field regions on the solar surface, namely coro-
nal holes (Stansby et al. 2020; Perrone et al. 2020; D’ Amicis et
al. 2020). Although the source regions of the Alfvénic slow wind
are still an open question, regions of anomalous, larger than av-
erage, expansion rate of magnetic flux tubes near the Sun appear
to be a leading candidate (D’ Amicis et al. 2021a). As shown in
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Panasenco & Velli (2013); Panasenco et al. (2019, 2020) such
regions may form easily when large scale pseudostreamers are
present in the corona. Pseudostreamers (PSs) are characterised
by multipolar regions of confined field, that open into interplane-
tary space in a unipolar fashion. Pseudostreamers therefore sep-
arate coronal holes with the same polarity, contrary to helmet
streamers (HSs) that form between coronal holes with oppo-
site polarities. The main differences between PSs and HSs are
1) the height of a pseudostreamer cusp or X-point is found to
be lower in the corona, by at least factor of 2, with respect to
the height of the Y-type neutral point of the HS tip (Wang et
al. 2012; Panasenco & Velli 2013); 2) the presence of a well-
developed current sheet above the HS tip and outward, but the
absence of an associated polarity reversal or current sheet in the
outer corona pseudostreamer; 3) the presence of at least two (and
possibly four, but always even-numbered) neutral lines at the
PS base, meaning that twin filaments may be harbored in PS
lobes. Field lines opening into space from the neighborhood of
pseudostreamer lobes tend to have non-monotonic, large expan-
sions, as illustrated by coronal magnetic funnels in Panasenco
et al. (2019), and the presence of filament channels in the pseu-
dostreamer lobes increases the probability and strength of the
non-monotonic expansion and divergence of the open magnetic
field from pseudostreamer configurations in three-dimensional
modeling.

The connections between the physical processes occurring at
the Sun and the features observed locally in the solar wind can
now be studied thanks to the Solar Orbiter mission (Miiller et
al. 2020). Launched in February 2020, Solar Orbiter is a unique
mission to both study in detail the physics of the solar wind in
situ, thanks to four high-time-resolution instruments for plasma,
fields and energetic particles (Walsh et al. 2020), and its source
regions, through high-resolution remote-sensing observations by
six different instruments (Auchere et al. 2020). Indeed, the com-
bination of both in situ measurements and remote sensing ob-
servations (Garcia Marirrodriga et al. 2021), for the first time in
a single spacecraft in the inner heliosphere, will allow unprece-
dented magnetic connectivity analysis between the solar atmo-
sphere and the inner heliosphere (Zouganelis et al. 2020).

The Alfvénic slow solar wind is a statistically important solar
wind regime, both in the inner heliosphere and at the Earth and
in different phases of the solar cycle (D’ Amicis et al. 2021a,b).
Although observed in previous missions, it is at present in the
limelight due to the very recent observations by Parker Solar
Probe, which observed several streams of Alfvénic slow wind
at distance close to the Sun never reached before. The focus of
this paper is the characterisation of an Alfvénic slow wind in-
terval observed very recently by Solar Orbiter at about 0.64 AU.
Data selection will be presented in Section 2. Section 3 will be
devoted to a global description of the stream in situ character-
istics, while the connection between the in situ measurements
and the solar source will be discussed in Section 4. A summary
discussion of the results will be presented in Section 5.

2. Data selection

The study presented in this paper was performed over a time
interval ranging between 14 July 00:00 UT (universal time) to
18 July 12:00 UT, 2020, during which Solar Orbiter crossed
an Alfvénic slow wind stream. A crucial set of measurements
for our study is provided by the Solar Wind Analyser (SWA)
suite of instruments (Owen et al. 2020), consisting of an Elec-
tron Analyser System (SWA-EAS), a Proton and Alpha Particle
Sensor (SWA-PAS), and a Heavy Ion Sensor (SWA-HIS) which
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Fig. 1. Position of Solar Orbiter during July 2020 (black dots). The plot
shows the projection of the orbit on the ecliptic plane in GSE (geocen-
tric solar ecliptic) coordinates, so that Earth is at [0,0] (blue dot), the
Sun is at [1,0] (yellow dot). Red dots highlight the position of the s/c
during the selected interval.

are jointly served by a data processing unit (SWA-DPU). This
analysis, in particular, is based on solar wind measurements de-
rived from SWA-PAS which is an electrostatic analyser with a
confined field of view (-24° to +42° x +22.5° around the ex-
pected solar wind arrival direction). SWA-PAS measures the full
3D velocity distribution function (VDF) of the protons and al-
pha particles arriving at the instrument in the energy range from
200 eV/q to 20 keV/e. From the VDF, ground moments (e.g.
number density, velocity vector and temperature computed from
the pressure tensor) are derived and provided at 4 sec resolution.
The SWA-PAS database was downloaded from the AMDA web-
server!. We also included magnetic field measurements from the
Magnetometer (MAG) instrument (Horbury et al. 2020a), down-
loaded from the ESA Solar Orbiter archive? and averaged at the
plasma sampling time.

Fig. 1 shows the projection of Solar Orbiter orbit, during July
2020 (black dots), on the ecliptic plane. The plot is given in GSE
(geocentric solar ecliptic) coordinates, so that Earth is at [0,0]
(blue dot) and the Sun is at [1,0] (yellow dot). The position of
the s/c in the period of our analysis is highlighted in red. Dur-
ing that period, after its first perihelion on June 15, the s/c was
progressively moving away from the Sun.

3. Global in situ description of the stream

Although the Alfvénic slow wind has mainly been observed and
studied during the maximum of the solar cycle, evidences of the
presence of this solar wind regime occur also at the minimum of
the solar cycles (D’ Amicis et al. 2021b). Indeed, Solar Orbiter
has been embedded in a stream of Alfvénic slow wind in July
2020, during the minimum of solar cycle 24. In the following,
we will give a complete description of this interval in terms of
Alfvénic content, plasma features and spectral properties.
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July 2020

Fig. 2. Time series of plasma and other relevant parameters characteris-
ing Alfvénicity in the slow wind stream observed by Solar Orbiter at a
heliocentric distance of 0.64 AU: solar wind speed, V,, [km/s] (a); pro-
ton number density, n, [cm™] (black) and magnetic field magnitude, B
(red) (b); proton temperature, T, [K] (c); the normalised cross-helicity,
o ¢ (d); the Elsésser ratio, rg (e); the normalised residual energy, o (f);
and the Alfvén ratio, r, (g). The derived quantities are computed at 30
min scale.

3.1. Alfvénic slow wind

Fig. 2 shows an overview of the Alfvénic slow wind stream ob-
served by Solar Orbiter at a heliocentric distance of 0.64 AU.
The same time interval has been also studied in another paper
of this special issue by Louarn et al. (2021) focusing on differ-
ent aspects and in particular on the characterisation of the proton
distribution functions observed by PAS. During the selected in-
terval, the speed values (panel a) are less than 500 km/s thus
identifying a slow stream. However, the speed profile is similar
to that of a fast wind stream. Indeed, we observe a compres-
sion region at the leading edge of the stream and a rarefaction
at the trailing edge. The compression region (14.25 - 14.5 July)
is characterised by an increase in the proton number density and
magnetic field magnitude (see panel b). The main portion of the
stream, extending from approximately 14.5 to 16 July, displays
higher speed and large amplitude fluctuations and approximately
constant n, and B. Then, a rarefaction region appears, which is
characterised by a gradual decrease of the flow speed and smaller
amplitude fluctuations. Moreover, the proton temperature pro-
file, T, (panel c), follows the V-T relationship (see e.g. Burlaga
& Ogilvie 1970; Lopez & Freeman 1986; Matthaeus et al. 2006;
Elliott et al. 2012; Perrone et al. 2019). This is indeed larger
in the main portion of the stream than in the rarefaction region.
The characterisation of the different portions of the stream will
be discussed in more details in the subsection 3.2.

! http://amda.irap.omp.eu/
2 http://soar.esac.esa.int/soar
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The speed profile exhibits velocity variations of the order
of + 35-50 kmy/s, on typical timescales of 6-10 h, that can be
attributed to the so called ‘microstreams’ as first observed by
Ulysses in the fast polar wind (Neugebauer 1995, 1997) and
in Helios data close to the Sun (Horbury et al. 2018). Neuge-
bauer (2012) interpreted these structures as the in situ signature
of reconnection jets, due to newly emerging bright-point loops
with previously open magnetic fields (see e.g. Subramanian et
al. 2010) present in the chromospheric network. Similar large-
scale structures were observed also in the properties of the pro-
ton plasma quantities and in the Alfvénicity (Borovsky 2016).

Following D’ Amicis et al. (2021a) and references therein,
we first study the Alfvénic content of the fluctuations. Alfvénic-
ity can be studied using the Elsésser variables (Elsédsser 1950),
introduced for the first time in the interplanetary data analysis
by Tu et al. (1989) and Grappin et al. (1991). The Elsdsser vari-
ables are defined as follows: z* = v + b where b is the magnetic
field expressed in Alfvén units (b = B/(4np)'/?, with p being the
mass density and B is the magnetic field). The sign in front of b
is given by sign(—k - By), where k is the wave vector and B is
the ambient magnetic field:

i) for a field directed outward with respect to the Sun, a nega-
tive (positive) correlation indicates a mode propagating away
from (toward) the Sun. In this case, Elsédsser variables are de-
fined as z* = v— b and z~ = v + b for outward and inward
modes, respectively;

ii) when the field is directed towards the Sun, the correlation
sign reverses with respect to the previous cases. However, the
scientific community has agreed to define z* (z7) always as
outward (inward)-directed Alfvénic fluctuations. To do this,
the magnetic field is rotated by 180°, every time that it is di-
rected towards the Sun (Roberts et al. 1987; Bruno & Bavas-
sano 1991; Grappin et al. 1991). Then, in this case b — —b
and Elsisser variables are defined as z* = v+bandz~ = v—b.

In this stream the magnetic field is essentially outward-directed
as we will see in the next section.

In Fig. 2, as first introduced by Tu & Marsch (1995), we an-
alyze the energy associated with z* and z~ modes, namely e*
(red) and e~ (black) at 30 min scale as solar wind fluctuations
show a strong Alfvénic character at this scale (Tu & Marsch
1995; Bavassano et al. 1998). In particular, we focus on their
(normalised) difference, namely the normalised cross-helicity,
o, = (e —e7)/(e* + e7) (panel d), and their ratio, the Elsésser
ratio, rg = e /e* (panel e). As expected, there is a clear predom-
inance of e* respect to e~ (07 close to 1 and rg < 1) indicating a
dominance of outward propagating Alfvén modes. Moreover, o,
profile evolves along the stream with higher values in the main
portion of the stream than in the rarefaction region. At the same
time, in the two regions, rg changes considerably with e* > e~
in the main portion. On the other hand, we also evaluate the nor-
malised residual energy: oz = (¢” — e€”)/(¢” + ¢”) (panel f), and
the Alfvén ratio, ry = ¢"/e” (panel g), where ¢” and e’ are the
kinetic and magnetic energies, respectively. These quantities in-
dicate the imbalance between kinetic and magnetic energy of the
fluctuations. Fig. 2 shows overall an imbalance in favor of mag-
netic energy (ox is negative implying ¢’ > e" and r4 < 1). Al-
though r4 is very close to unity near the Sun (0.3 AU), it appre-
ciably decreases with increasing radial distance in near-ecliptic
solar wind (e.g. Bruno et al. 1985; Marsch & Tu 1990), reach-
ing an asymptotic value of 0.5 around 1 AU. The departure from
energy equipartition (namely e” ~ ¢" as expected for an ideal
Alfvén wave) might be due to the turbulence evolution (see e.g.
Grappin et al. 1991; Roberts et al. 1992), to the effect of solar
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Fig. 3. 2D contour plot of o¢ vs o for the Alfvénic slow wind stream
observed by Solar Orbiter at 0.64 AU. The color bar represents the per-
centage with respect to the maximum value. Values of o¢ > 1 are arti-
facts of the 2D contour plot interpolation.

wind structures (Tu & Marsch 1993) or also to effects related to
pressure anisotropy and ion differential streaming (Bavassano &
Bruno 2000).

The degree of the v-b correlation depends not only on the
type of wind, but also on the radial distance from the Sun and
on the time scale of the fluctuations (Bruno & Carbone 2013).
Using 2D histograms of o¢ - o (Bavassano et al. 1998), Bruno
et al. (2007) were able to characterise the turbulence state of so-
lar wind fluctuations of Helios observations and showed that at
short heliocentric distances (~ 0.3AU) the turbulent population
is largely dominated by Alfvénic fluctuations, characterised by
high values o¢ and equipartition of energy. However, as the wind
expands, Alfvénic fluctuations are depleted and another popula-
tion, which displays lower values of o¢ and a clear imbalance
in favor of magnetic energy, becomes visible and easily distin-
guishable from the Alfvénic population (Wicks et al. 2013). In
the top panel of Fig. 3, we characterise the state of turbulence of
this stream of Alfvénic slow wind in a similar way. A predom-
inance of outward modes is observed, characterised by a mag-
netic energy excess since the distribution extends over the quad-
rant o¢ > 0-0g < 0, in agreement with existing literature (Bruno
et al. 1985; Bavassano et al. 1998, 2000; D’ Amicis et al. 2007,
2011; D’ Amicis and Bruno 2015). Moreover, the main feature
is a pronounced peak corresponding to Alfvénic fluctuations (o,
close to 1 and o close to 0) and a tail towards lower values of
¢, and more imbalanced magnetic structures (lower negative
values of o) (Bavassano et al. 1998), features very similar to
the ones of the fast wind observed by Helios at 0.65 AU (Bruno
et al. 2007).

3.2. Identifying different portions of the stream

As anticipated in the previous subsection, different regions, with
well-defined features, can be identified in this Alfvénic slow
stream, as shown in Fig. 4. The solar wind speed is inserted in
panel (a) for completeness. Panel (b) shows the v-b correlation
coefficient, p,,, computed at 30 min scale using a running win-
dow, as another parameter to measure Alfvénicity. It is defined
as the ratio between the covariance of the two variables v and b,

divided by the product of their standard deviations:
> (V;i=V)B;—-B)
VZ V= VB, - By

Pup = ey

where V; and B; are the velocity and magnetic field single mea-
surements and V and B are the velocity and magnetic field av-
erages in each 30 min window. In principle, this formula should
be applied to every component of the velocity (V;) and magnetic
fields (B;) (with i = R, T, N?) and then we derive the total cor-
relation coefficient as the average from the three components,
>.i Pwy; /3. However, for the sake of simplicity, we consider only
the N component since more Alfvénic than the other two (Tu et
al. 1989). As in previous studies, p,;, indicates that the main por-
tion of the stream (red box of Fig. 4) is the most Alfvénic part
(very high absolute values of p,;), while Alfvénicity decreases
when moving towards the rarefaction region (blue box).

The amplitude of velocity and magnetic fluctuations can
be measured by their respective variances (panel c), defined as
o-%, = o-%,R + 0'%/T + o'%,N (black) and o-% = o-%R + O'%T + O'%N (red),
normalised to the square of their average fields. Both quantities
are larger in the main portion of the stream compared to the rar-
efaction region (blue box in Fig. 4), as also shown by Carnevale
et al. (2021). The higher variance of the fluctuations in the main
portion indicates the presence of large amplitude Alfvénic fluc-
tuations. The transition between the main portion and the rar-
efaction region is such that the Alfvénic content of the fluctua-
tions along with the amplitude of fluctuations decrease consider-
ably (Ko et al. 2018).

To understand the spatio-temporal evolution of the magnetic
field vector, we study the changes experienced by the vector ori-
entation. Panel (d) displays the vector displacement, |0B|, be-
tween each magnetic field instantaneous direction and an arbi-
trary fixed direction, normalised to the average magnetic field,
(B), defined as:

16B()|/(B) = \/Z(Bi(t) - Bi(10))*/{B) @

with i = R,T, N, as first studied by Bruno et al. (2004). The
arbitrary fixed direction was chosen to be the direction of the
first vector of the time series, B(fy). However, the result of this
kind of analysis does not depend on this assumption. The vec-
tor displacement provides important information on solar wind
fluctuations, as shown in Bruno et al. (2004). Indeed, by look-
ing how the magnetic field orientation fluctuates in space, these
authors found that the magnetic fluctuations are characterised by
the contribution of two components: small-amplitude and high-
frequency fluctuations superimposed on a larger-amplitude low-
frequency background structure. Thus, this quantity is sensitive
to both propagating Alfvénic fluctuations and advected struc-
tures (e.g., flux tubes), the two main ingredients of solar wind
turbulence (Bruno & Carbone 2013). Panel d clearly shows dif-
ferent regimes within the stream. Indeed, the main portion is
dominated by directional fluctuations which are generally large,
i.e. the Alfvénic component. The other portions of the stream,
less (but still) Alfvénic, shows smaller fluctuations and fewer
large and quick directional jumps. This is in agreement with the
results by Bruno et al. (2004) and their interpretation according

3 V; and B; are in the heliographic Radial Tangential Normal (RTN)
coordinate system, where R points away from the Sun toward the space-
craft, T is the cross product of the Sun’s spin axis and R, and N com-
pletes the right-handed triad.
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Fig. 4. Time series of relevant parameters: solar wind speed, V,, [km/s]
(a); v-b correlation coefficient, p,; (b), computed at 30 min scale (b);
V and B variances normalised to the square of their respective mean
fields, 0'%, /{V?) (black) and 0'%, /{B?) (red) (c); magnetic field vector dis-
placement, |0B|/(B) (d); radial component, Bg [nT], in RTN coordinate
system (e); angle between the magnetic field direction and the radial
direction, 0gg (f); and plasma beta, 8 (g). The red and blue boxes iden-
tify the main portion of the stream and the rarefaction region, respec-
tively. The green box identifies a region characterised by the presences
of structures, that will be studied in detail in Section 3.4.

to which the large jumps correspond to tangential discontinu-
ities marking the borders between adjacent flux tubes. In each
flux tube the presence of Alfvénic fluctuations makes the mag-
netic field vector randomly wander about a local field direction.
The effect of the directional jumps is to move the tip of the fluc-
tuating vector from one particular average direction to another
one (see also section 3.4 and Figure 10).

The passage from one region to the other one is also marked
by the different behaviour of the radial component, Bg, of the
magnetic field (panel e), characterised by the presence of large
and intermittent polarity reversals, called switchbacks, especially
in the main portion of the stream. In the rarefaction region, the
field is almost radial in agreement with previous studies (e.g.
Orlove et al. 2013) and the switchback activity is much weaker
with much fewer inversions, and smaller amplitudes than the
ones observed in the main portion of the stream. These polarity
reversals, observed very recently by Parker Solar Probe, are S-
shaped magnetic structures (Dudok De Wit et al. 2020; Chhiber
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et al 2020; Mozer et al. 2020; McManus et al. 2020), naturally
associated with localised radial velocity enhancements (Kasper
et al. 2019; Horbury et al. 2020b) having oscillation amplitudes
comparable to the magnitude of the magnetic field (Bale et al.
2019). Although previously observed in the fast wind, by mis-
sions at different heliocentric distances (Behannon et al. 1981;
Tsurutani et al. 1994; Kahler et al. 1996; Balogh et al. 1999;
Yamauchi et al. 2002; Landi et al. 2006; Matteini et al. 2014;
Borovsky 2016), the switchbacks are ubiquitous features of the
Alfvénic slow wind in the inner heliosphere (e.g. D’ Amicis et al.
2021a, and references therein).

The behaviour of the angle between the magnetic field and
the radial direction, Ogg (panel f), provides similar information.
It shows large fluctuations around about 60° within the main por-
tion of the stream, while it is very small (almost radial field) in
the rarefaction region. This is a clear indication that, in the main
portion of the stream, the magnetic field direction is changing
due to the presence of large amplitude Alfvénic fluctuations.

Panel (g) shows the behaviour of the plasma beta, 3, com-
puted as the ratio between the thermal pressure, p; and the mag-
netic pressure, p,, or analogously as Vtzh/ Vﬁ where, Vy;,, the ther-
mal speed, is defined as (2kBT,,/m,,)1/2, and the V,, the Alfvén
speed, as B/(47rp)1/ 2 with kg the Bolzmann’s constant, T, the
average proton temperature, and m,, the proton mass. The evo-
lution of B also identifies the different portion of plasma and, in
particular, it shows a transition from values higher than 1 in the
main portion of the stream to values well below 1 in the rarefac-
tion region.

It must be noted that the behaviour of the parameters charac-
terising the sub-interval (green box in Fig. 4) between the main
portion of the stream and the rarefaction region is rather differ-
ent from the other two. First of all, this interval is quite Alfvénic
but with smaller amplitude of the fluctuations with respect to
the main portion of the stream but larger than the rarefaction re-
gion as shown in the behaviour of o3, /(V?) and o%/(B*), and
|0B(7)|/{B). The radial component of the magnetic field does not
show switchbacks, rather a strong By polarity inversion at odds
with the dominant (positive) polarity of the stream. This reflects
in a sudden change of Oz between very small values (almost
aligned field) and 6gg ~ 120°. A detailed analysis of this region
will be performed in section 3.4. The difference in the switch-
back activity before 16 July 00:00 UT and after 16 July 18:00
UT, related to dramatic changes in the solar source region mag-
netic topology, will be discussed in Section 4.

To conclude this subsection, we analyzed the sharp discon-
tinuity at day 16.766 (see Figure 2 and 4) which marks the be-
ginning of the rarefaction region and has been identified as a
reconnection exhaust crossing. See also Lavraud et al. (2021),
this special issue. This can be clearly seen in Figure 5, where
plasma and magnetic field observations are shown for the time
interval around the exhaust. Observations are reported in the
LMN coordinates, with L (-0.81; -0.25;-0.52) being the direc-
tion of the anti-parallel component of the magnetic field (B;),
M (0.31; -0.95; -0.022) the direction of X line (and of the guide
field Bys) and N (-0.49; -0.18; 0.85) being along the normal to
the current sheet. The N normal to the current sheet is computed
by means of the Minimum Variance (MV) analysis performed
across the exhaust (e.g. Sonnerup & Cahill 1967), M is com-
puted as M = N x (Bp — Bg)/|Ba — Bg|, where B, and Bg are
the magnetic field vectors tangential to the current sheet mea-
sured on the two sides of the exhaust, and L. completes the or-
thogonal triad (e.g. Davis et al. 2006). The plasma and field sig-
natures are characteristic of the crossing of a bifurcated current
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sheet encompassing decelerated plasma flows, which are roughly
Alfvénic, with the changes in V and B components (panels b
and d) being anticorrelated (correlated) on the leading (trailing)
portion of the exhaust. Moreover, such flows are quantitatively
consistent with the reconnection model that predicts that two ro-
tational discontinuities are present at the edge of the exhaust. In
such case, the plasma flows should vary across the current sheets
according to the relation:

1/2
Vpred = Vref + [(1 - are.f')/(4ﬂ-pref)] [(Pref/p)B - Bref] 3

where B, v, p are the magnetic field vector, plasma flow ve-
locity and mass density, respectively; Py and P, are the pres-
sure parallel and perpendicular to the magnetic field and @ =
(P — PL)4n/ B? is the pressure anisotropy factor (Hudson 1970;
Paschmann et al. 1970). The subscript 'ref” indicates indicates
a dataset point in the ambient plasma in proximity of the dis-
continuity. In panels ¢ and d of 5, the predicted values obtained
by the above relation are reported as black lines, with positive
(negative) sign for the trailing (leading) portion of the bifur-
cated current sheet and using for the leading (trailing) portion
the reference point indicated by the left (right) dashed line. The
leading and trailing portion predictions merge at about 16.778.
The comparison between the observed and predicted plasma
flows variations evidences that the observations are very well in
agreement with the quantitative prediction for reconnection. This
event would deserve a more detailed analysis that, however, falls
outside the scope of the present paper.

3.3. Spectral analysis

The identification of the different regions within the Alfvénic
slow stream also has implications on the spectral properties, that
motivated us to perform a comparative spectral analysis.

3.3.1. Power spectra

The first part of the spectral analysis is devoted to a comparative
study of power spectra of the regions identified in Fig. 4, using
MAG data in normal mode with a sampling time of 0.125 s. Fig.
6 (bottom panel) shows the power spectral density (PSD) of the
trace of magnetic field fluctuations of the three regions. The PSD
are computed over a one-day interval in the main portion of the
stream and in the rarefaction region (15 July 00:00-23.59 UT and
from 16 July 19:12 UT to 17 July 19:12 UT, respectively) and
over 12 hours in the intermediate region (16 July 07:12-19:12
UT). The time resolution and the length of the interval allow us
to clearly identify the three main frequency ranges of the turbu-
lent spectrum, indicated in Fig. 6 as £, £, f77. Indeed, we
observe an 1/f scaling at low frequencies. Although its inter-
pretation has been highly debated (e.g. Matthaeus & Goldstein
1986; Dmitruk & Matthaeus 2007; Verdini et al. 2012; Tsurutani
et al. 2018), it has been recently associated with the saturation of
the magnetic field fluctuations to the amplitude of the local mag-
netic field (Matteini et al. 2018; Bruno et al. 2019; D’ Amicis et
al. 2020; Perrone et al. 2020). Then, the inertial range is well-
described by a spectral index between the Kraichnan and the
Kolmogorov theoretical scaling. The higher power spectrum of
the main portion of the stream is the result of the presence of
large amplitude Alfvénic fluctuations characterising this region.
Finally, steeper spectra characterise the high frequency part of
the spectrum. In particular, the steepest spectrum corresponds
to the main portion of the stream characterised by the highest
power in the inertial range, highlighting a strong link between
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Fig. 5. From top to bottom: the magnetic field magnitude, B (panel a);
the magnetic field components in the LMN coordinates system (panel
b); the solar wind speed, Vj, (panel c); the solar wind velocity com-
ponents in the LMN coordinates system (panel d); the proton number
density, n, (e); and the proton temperature, T, (d). In panels ¢ and d,
the black lines represent the reconnection model predictions according
to Equation 3. The left (right) dashed line indicates the reference point
used for the prediction in the leading (trailing) portion of the exhaust.

the inertial and kinetic scales, as first identified by Bruno et al.
(2014) and more recently by D’ Amicis et al. (2019).

The upper panel of Fig. 6 shows the normalised power spec-
tra of the trace of magnetic field fluctuations, similar to Bruno et
al. (2019) and D’ Amicis et al. (2020), to better highlight simi-
larities and/or differences between the relative amplitude of the
fluctuations and the scaling of the power spectra in the differ-
ent regimes we identified in this Alfvénic slow stream. The nor-
malised power spectral density is derived in the following way.
The amplitude of the fluctuation dB(f) at a given frequency f
can be computed as:

0B(f) = y2fPp(f) “

where Pp(f) is the Fourier power spectral density. These values
are then normalised to the corresponding local magnetic field in-
tensity averaged within each interval, (B), so that the 6B(f)/(B)
is a dimensionless quantity that can be compared in different
solar wind regimes. According to the normalisation in Equa-
tion 4, the Kolmogorov scaling P(f) ~ f~>/* corresponds to
SB(f) ~ f~'/3, and the Kraichnan scaling Pg(f) ~ f7/* to
SB(f) ~ f~'/4, indicated in the figure as dashed lines. The low-
frequency part of the spectrum shows a flattening corresponding
to the 1/f scaling, indicating that the amplitude of the Fourier
modes has saturated as discussed in Matteini et al. (2018) and
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Fig. 6. Top panel: Normalised Power Spectral Density (PSD), 6B/{B),
derived as explained in the text, for the main portion of the stream (red),
for the rarefaction region (blue), and for the intermediate region (green).
The dashed lines correspond to the Kolmogorov scaling (6B(f) ~ f~'/3)
and to the Kraichnan scaling (6B(f) ~ f~'/*), along with a scaling
SB(f) ~ f/* corresponding to P(f) ~ f~'/?, according to the normali-
sation described in the text. Bottom panel: PSD of the trace of magnetic
field components for the three identified regions as in the top panel. The
slopes of the three frequency regimes are indicated with the same color
code of the different portions of the stream and are computed over the
following frequency ranges: f < 3-107# Hz,2- 107 < f < 107! Hz
and2- 107! < f <2 Hz

Bruno et al. (2019). The normalised PSD clearly shows that the
three regions have different relative fluctuations, with the main
portion of the stream characterised by the largest relative fluctu-
ations respect to the average background magnetic field than the
other two regions. Indeed, the relative fluctuations decrease as
one moves from the main portion to the rarefaction region, with
the region characterised by the presence of the structures having
an intermediate value.

3.3.2. Magnetic helicity spectrograms

To better characterise the different portions of the stream, we
use a measure of the magnetic helicity, H,,, an invariant of
ideal magnetohydrodynamics (MHD), to analyze the nature of
the magnetic field fluctuations using their polarisation prop-
erties. Matthaeus et al. (1982) first introduced the fluctuating
reduced magnetic helicity for single-spacecraft observations,
which gives the degree and handedness of helical rotations in B
at a given frequency. More recently, this definition has been ex-
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tended to wavelet analysis (e.g. Telloni et al. 2012), and further
refined to separate helicity contributions from different fluctua-
tions (Woodham et al. 2021). For this part of the analysis, we use
64 Hz burst-mode magnetic field measurements from the MAG
instrument, which has continuous coverage during our interval.

We calculate the normalised magnetic helicity in RTN coor-
dinates averaged over 1-min intervals:

23 {W; (1, Y Wi, /)
(Wit )P + W, PP + Wy, HP

om (L, f) = (5)

where W,(t, f) are the continuous Morlet wavelet transforms
(Torrence & Compo 1998) of the RTN magnetic field compo-
nents. This averaging procedure helps to smooth out some of the
variability in the full-resolution transform. We neglect the spec-
trum in that interval where a data gap is present within the corre-
sponding 1-min interval. o, takes values in the interval [—-1, 1],
where 0, = —1 indicates fluctuations with purely left-handed
helicity and o, = +1 purely right-handed helicity in the plasma
frame. A value of 0, = 0 indicates no overall coherence.

In Figure 7, we plot o, (¢, f) for the interval 14.0-18.5 July.
In the spacecraft frame, the sign of o, depends on both the back-
ground field direction, By and the wave-vector k of the fluctua-
tions, which is Doppler shifted due to the Taylor hypothesis (e.g.
Woodham et al. 2019). Due to the small amplitude of the turbu-
lent fluctuations at small scales, the MAG noise floor can lead
to an artificial flattening of the power spectrum, at frequencies
above about 1 Hz in our interval. As the signal-to-noise ratio
decreases with increasing frequency, o, decreases towards zero
and so this signature is not real. We also see the presence of
right-handed fluctuations at frequencies, f > 10 Hz, which are
associated with an increase in power above the MAG noise floor.
The Solar Orbiter Radio and Plasma Waves (RPW) (Maksimovic
et al. 2020) observations by the search coil magnetometer are
able to properly characterise these wave modes, which have been
observed throughout the inner heliosphere (e.g. Lacombe et al.
2014; Jagarlamudi et al. 2020). We do not address these signa-
tures further in this paper.

Fig. 7 shows that coherent magnetic helicity signatures are
more prevalent in the main portion of the stream rather than in
the intermediate region. Their occurrence rate in the rarefaction
region is even lower. The magnetic helicity signatures at pro-
ton scales in Figure 7 are consistent with many previous studies
throughout the heliosphere (He et al. 2011, 2012a,b; Podesta &
Gary 2011; Klein et al. 2014; Bruno & Telloni 2015; Telloni et
al. 2015; Telloni & Bruno 2016; Telloni et al. 2019, 2020; Wood-
ham et al. 2019, 2021). The right-handed signature of o, ~ 0.3
centred at ~ 1 Hz (close to the proton gyro-frequency, f,, shown
as a solid black line in Fig. 7) is associated with right-handed tur-
bulent fluctuations propagating anti-sunward, with polarisation
properties consistent with KAWs (e.g., Howes & Quataert 2010;
He et al. 2012b). The helicity signatures o, ~ +0.8 between 0.1-
1 Hz are associated with small-scale kinetic instabilities driven
by non-equilibrium features in the particle distribution functions
(Kasper et al. 2002, 2008, 2013; Hellinger et al. 2006; Matteini
et al. 2007; Bale et al. 2009; Maruca et al. 2012; Bourouaine
et al. 2013; Gary et al. 2015; Alterman et al. 2018; Klein et al.
2018, 2019).

The sign of the helicity is dependent on the direction of prop-
agation, which is not possible to determine due to the Doppler
shift of proton distribution fucntions (Podesta & Gary 2011;
Woodham et al. 2019, 2021; Verniero et al. 2020; Bowen et al.
2020a; Bowen et al. 2020b). For an inward-oriented (negative
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Fig. 7. Spectrogram of the normalised magnetic helicity, ,,. The dashed boxes are the same identified in Fig. 4. The black line corresponds to the

proton gyro-frequency.

polarity) magnetic field, assuming outward propagation, a left-
handed ion-cyclotron wave would have a positive magnetic he-
licity and would correspond to a clockwise rotation of the mag-
netic field vector. The same wave would result in negative he-
licity for an outward-oriented magnetic field (Narita et al. 2009;
He et al. 2011). On the contrary, a right-handed kinetic Alfvén
wave would have a negative magnetic helicity and would corre-
spond to an anti-clockwise rotation of the magnetic field vector
for an inward magnetic field and would have a positive magnetic
helicity for an outward magnetic field. Hence, it is important to
evaluate the angle 8k between the sampling direction assumed
along the radial direction and the scale-dependent mean mag-
netic field. For this purpose, a complementary approach follows
the angular distribution of the magnetic helicity. Based on Hor-
bury et al. (2008), gz between the local mean magnetic field and
the sampling direction, is first computed as a function of ¢ and
f- Then, o ,(¢, f) is reordered into o-,(0pr, f), as first reported in
literature by Horbury et al. (2008); He et al. (2011); Podesta &
Gary (2011) and later on by Bruno & Telloni (2015); Telloni et
al. (2015, 2020). For computational reasons, we use here normal
mode MAG data at 16 Hz.

The character of the fluctuations beyond the high-frequency
break located between the fluid and kinetic regimes strongly de-
pends on the Alfvénic content of the fluctuations in the iner-
tial range and on their amplitude (Telloni & Bruno 2016; Tel-
loni et al. 2019; Woodham et al. 2021). Similar to the fast wind
(Bruno & Telloni 2015) and to a previous study on the Alfvénic
slow wind at 1 AU (Telloni et al. 2020), in the present study
the main portion of the stream shows a clear signature of both
right-handed and left-handed polarised fluctuations, around 90°
and 0°, possibly associated with quasi-perpendicular KAWs and
quasi-parallel ICWs, respectively (see Fig. 8, upper panel). On
the other hand, the intermediate region and the rarefaction re-
gion (intermediate and lower panel), where the wind speed and
the Alfvénicity of low-frequency fluctuations decrease, show a
reduction in the presence of the ICW signature, in agreement
with Bruno & Telloni (2015). It is worth noticing that Oz in the
rarefaction region is limited to values smaller than 90° as also
observed in Fig. 4.

3.4. Magnetic structures

Fig. 4 clearly show that this stream can be divided in well-
defined regions, each one with peculiar characteristics. While the
previous sections were devoted to a global comparative study of
the three sub-intervals, in this section we focus on the charac-
terization of the region marked by a dashed green box in Fig. 4
(16.2-16.9 July).

Fig. 9 shows the time series of plasma and magnetic field
parameters for this region: the solar wind speed, V,, (panel a);
the normal, N, components of velocity, Vy, and magnetic field
in Alfvén units, V4y in RTN coordinate system (b); the proton
number density, n, (c), the proton temperature, T, (d), along
with magnetic field magnitude (e), azimuthal, ®p (f) and polar
angles, ®@p (g) and g (h). The bottom panels display kinetic, py,
magnetic, p,, and total pressure, p,,, (i) and the plasma beta, 3 (1).
These parameters allow us to identify different plasma parcels
within the stream lasting typically around 30 minutes.

The last two structures at the end of the interval, highlighted
with light red (labeled B,) and light blue (labeled R) boxes, re-
spectively, last longer. B, and R are separated by the reconnec-
tion exhaust crossing discussed in Sec. 3.2 event. The structure
indicated as R has been already identified as the beginning of the
rarefaction region. Although the magnetic field magnitude is al-
most the same, By and R are oriented in two different directions
(compare the magnetic field azimuthal and polar angles, ®5 and
®p, and Ogg in Table 1) and also the plasma parameters identify
different plasma parcels (notice the different but almost constant
values of n,, and T, within the two structures). On the other hand,
the behaviour of the pressures is similar in the two cases, with a
similar behaviour for p; and p,,, so that the plasma § is similar
and smaller than 1. Not least, By is quite Alfvénic while in R the
v-b correlations are reduced (see also the behaviour of o, in Fig.
2 and of p,; in Fig. 4).

Several structures at different scales are observed recalling
the spaghetti-like flux-tube texture of the interplanetary mag-
netic field (McCracken & Ness 1966; Mariani et al. 1973;
Neugebauer 1981; Bruno et al. 2001; Borovsky 2008). The idea
is that the s/c might cross the same structure during successive
time intervals. To prove this hypothesis, 8, along with the other
parcels identified as B; (i = 1, 2, 3) were gathered in a group as
they display similar temporal evolution of different parameters.
In a similar way, parcels labeled A; were organized in a different
group. In general, B structures show higher n, and lower T, val-
ues than A structures. Moreover, Table 1 clearly shows that the
structures in each group have a different magnetic field orienta-
tion. In addition, most of the structures are quite Alfvénic (ex-
cept for the subinterval 16.5-16.6 comprising the magnetic dip
and other portions not highlighted in the boxes) and are gener-
ally separated from one another by sharp discontinuities similar
to the tangential discontinuities already highlighted in previous
studies (e.g. Bruno et al. 2001). Indeed, along all the interval
16.2-16.9, there is no large variation of pressure values except
for the dip in the magnetic field around 16.5 that involves struc-
tures Ay, A, and B;. In this case, p; > p;, thus resulting in a
B much greater than 1. A similar behaviour is observed in the
reconnection event. In the rest of the interval p,, > py and 8 < 1.
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Fig. 8. Scalogram of the normalised magnetic helicity, o, (color map),
with respect to the angle, Ogg, between the magnetic field and the radial
direction. From top to bottom: main portion of the stream, intermediate
region and rarefaction region. The dashed line in each plot corresponds
to the proton gyrofrequency in the s/c frame.

In particular, 8 ~ 0.7, before the dip, while g is close to 0.5 after
the dip.

A MYV analysis further reveals the intrinsic similarities and
differences of the two groups and of the rarefaction region. The
maximum, intermediate and minimum eingenvalues of the MV
matrix are identified as A4y, dins, Amin respectively. In all cases,
Amin < Amaxs Aine thus clearly identifying the MV direction by
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Fig. 9. Time series of relevant parameters corresponding to the interval
16.2-16.8. From top to bottom: the solar wind speed, V,, (panel a); the
N components of velocity, Vy, and magnetic field in Alfvén units, Vay
(b); the proton number density, n, (c), the proton temperature, T, (d),
along with magnetic field magnitude (e), azimuthal, ®p (f) and polar
angles, O3 (g) and g (h); kinetic, py, magnetic, p,, and total pressure,
Do (1) and the plasma beta, 8 (j). The color boxes identify the structures
which have been grouped in structures A and 8, along with the begin-
ning of the rarefaction region identified as R. All the structures have
been identified with grey boxes apart from R in light blue and 8B, and
B, with light red as explained in the text.

means of the angle the MV forms with the average magnetic field
(0p_mv) and with the radial direction (6z_,sv). Table 1 contains
a summary of the MV variance analysis performed over all the
structures labeled A; and B; and also on R. From the comparison
of magnetic field orientation and of the MV results, we can eas-
ily exclude B; from ‘group 8B’. Actually, although the magnetic
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field magnitude is almost constant along the whole interval 16.2-
16.9, there is a large depression of the field from 16.45 to 16.6
which results in p,, lower than p; and consequently in 5 > 1,
suggesting that this plasma portion is different from 8B, B, and
B5. Table 1 also shows that, although the MV analysis of struc-
ture B3 returns Og_py and Og_py similar to those of structures
By and B,, the orientation of the large-scale magnetic field is
different, leading to exclude also structure B3 from group B.

Regarding group A, a first important comment concerns the
Alfvénic content of the fluctuations of these flux tubes. While ‘Aj
is quite Alfvénic, in A; and A, identified within a magnetic dip,
v-b correlations are almost absent. Moreover, when comparing
the MV analysis (see Table 1) for A; and A,, we end up with
completely different MV directions, thus suggesting that these
structures are not the same flux tube observed at different time
intervals.

The identification of the previous structures might be an ev-
idence of the spaghetti-like structure of the interplanetary mag-
netic field, which probably has its origin at the base of the solar
atmosphere (e.g. Bruno et al. 2001; Borovsky 2008). Within this
context, the two main candidates to be identified as the same
structure crossed by the s/c in two different intervals are struc-
tures By and B, as also shown in the 3D representation of the
magnetic field components in RTN coordinate system of Fig. 10
(left panel), in grey and black dots, respectively. Indeed, they
identify similar arc-like structures, moving on a sphere. The
good correlation between magnetic and velocity fluctuations for
both time intervals highlights the presence of Alfvénic fluctua-
tions. In both cases, these fluctuations lie in a plane almost per-
pendicular to the average field direction since the angle between
this direction and the MV direction is about 6-7°. The results of
this analysis further support the idea by Bruno et al. (2001) of an
interplanetary magnetic field consisting of a bunch of flux tubes
convected by the wind, which are entangled in space. According
to this view, in each flux tube the presence of Alfvénic fluctua-
tions makes the magnetic field vector randomly wander about a
local field direction. The border between these flux tubes can be
a tangential discontinuity where the total pressure on both sides
of the discontinuity is in equilibrium or, in other cases, the dis-
continuity is located between two regions not in pressure equilib-
rium. An example of a tangential discontinuity is shown in Fig.
10 (right panel) which occurred on July 16.422 (just preceding
structure B,). We selected a time interval of about 4 min of mag-
netic field data centered around the discontinuity and performed
the MV analysis. The data in the left panel of Fig. 10 are rotated
in the MV system. The associated abrupt change of the mag-
netic field direction is clearly visible in the plane containing the
maximum and intermediate variance directions. From the MV
analysis, we established the normal direction to the discontinu-
ity, coincident with the MV direction which is almost aligned
with the average magnetic field direction, (6p_yy = 2.7°). More-
over, in the RTN coordinate system the MV direction forms an
angle 6y = 2° and ¢y = 277°, indicating the polar and az-
imuthal angles respectively. Therefore, the MV direction lies at
a small angle from the RT plane and it is quasi-parallel to the T
direction.

The interpretation of this structures according to the
spaghetti model is based on the idea that solar wind fluctuations
are a superposition of propagating Alfvén waves and convected
structures (Bavassano & Bruno 1989) that might be pressure bal-
ance structures as firstly pointed out by Tu & Marsch (1990,
1993).

4. Solar sources

Following the solar wind and magnetic field in situ observations
presented in Fig. 11 (top panels), Solar Orbiter’s magnetic con-
nectivity to solar sources was investigated for the time interval
14 - 17 July 2020. To this end, a Potential Field Source Surface
(PFSS) model developed by Schrijver & De Rosa (2003) was
used. The PFSS model provides a qualitatively reliable model of
the overall topology of the magnetic field below the source sur-
face (SS), a surface at which all magnetic field lines are assumed
to be open and radial. A detailed description of the method can
be found in Panasenco et al. (2020). The solar wind streams seen
by Solar Orbiter were traced down towards their source regions
on the Sun, to a height of about 1.16 R, (not directly to the pho-
tospheric level to reduce the topological noise), using the field
lines obtained via PFSS extrapolation with different SS heights
and the position of the Solar Orbiter extrapolated field line inter-
section on the SS. In order to trace the latter, a ballistic extrapo-
lation from Solar Orbiter inward using the wind speed measured
at Solar Orbiter down to the SS height was carried out. To ana-
lyze the robustness of such source identification with respect to
wind acceleration profiles, corrections of up to + 80 km s7!, in
bins of 10 km s~! were incorporated for the wind speed; these
are added/subtracted from the measured solar wind velocity, and
the ballistic extrapolation is repeated for the speeds measured
over the four intervals as shown in Fig. 11. For the given time
interval, the source surface height was determined for the spe-
cific regions by comparing the magnetic polarity of the obtained
solar wind sources with the ones measured in situ. As shown in
Panasenco et al. (2020), the source surface height (Rss) changes
significantly on an hourly basis, especially during minimum of
the solar activity, when the global magnetic field is fairly weak
overall and, therefore, cannot inflate the SS to its typical height
of about 2.5 Ry (Altschuler & Newkirk 1969).

As the result of the mapped magnetic connectivity, Solar Or-
biter’s in situ wind characteristics were found to depend on a
list of factors deduced from the coronal and photospheric obser-
vations of the corresponding wind source regions: streamers or
pseudostreamers; coronal hole center or boundaries; presence or
absence of filaments in the pseudostreamer lobes; monotonic vs
non-monotonic expansion of the open field in the source region;
phase of the solar activity. Concerning the last point, July 2020
was an extremely peculiar interval, since two active regions from
two different solar cycles were present at the same period of time
- an old cycle 24 active region (near the equator) and a new cycle
25 active region (mid latitudes).

For the magnetic and plasma properties observed by Solar
Orbiter during the interval from 14-17 July, 2020 and shown in
Fig. 11 (top panels), four periods can be identified with grad-
ual changes in solar wind speed from 400 up to 450 km s~!
and then down to 320 km s~!. All, except one on July 16th,
18:04 UT, magnetic pressure maps and Solar Orbiter magnetic
connections in Fig. 11 (bottom panels a-d) were calculated for
Rss = 2.0 Ry using high-resolution SDO/HMI (Solar Dynamics
Observatory/Helioseismic and Magnetic Imager) magnetograms
and evolving PFSS by Schrijver & De Rosa (2003). The in-situ
magnetic field displayed mostly a positive polarity, with a a very
brief connection to a small negative polarity area. Since there
was no sharp density increase during the short polarity reversal
on July 16 (Fig. 11 top panel, in situ plasma properties), it would
appear that Solar Orbiter did not cross the combined heliospheric
current/plasma sheet, perhaps only crossing the current sheet in
and out as a result of current sheet folds (or thinning), and the
complex coronal magnetic topology at the solar source. The shift
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Table 1. Magnetic field orientation and results of the Minimum Variance analysis of sub-intervals within July 16: group B, group A and the

rarefaction region, R, respectively .

By By B, B3 Ay A A3 R

Dp 230° 233° 237° 287° | 294°  317°  329° | 359°
Op -26.4°  -38.8° -43.1° -32.3° | 41.2° 56.7° 35.8° | 10.7°
Osr 125° 118° 114°  74.6° | 72.1° 65.9° 459° | 13.9°
Amax 5.11 2.16 4.23 6.05 9.51 122 5.07 1.60
Aint 256  0.504  0.651 2.14 2.87 1.51  0.720 | 0.582
Amin 0.507 0393 0.161 0.636 | 1.01 0.172 0.436 | 0.148
Aint/ Amax | 0.500  0.234  0.154 0.353 | 0.301 0.123 0.142 | 0.363
Amin/ Amax | 0.059  0.182  0.038  0.105 | 0.106 0.021 0.086 | 0.092
Apin/Aine | 0.158 0780 0.248 0.297 | 0.353 0.172 0.605 | 0.254
Op_mv 7.37°  64.5°  6.34°  3.65° | 9.63° 66.8° 28.3° | 3.33°
Or-mv 60.2° 4.29° 70.2° 73.7° | 62.9° 4.51° 71.0° | 13.0°

Notes. From top: the average azimuth @5 and polar angles @5 of the magnetic field vector; the angle B forms with the radial direction 0pg; the
eigenvalues of the minimum variance matrix (Auin, Ainss Amax) along with their ratios (Aiu/Amaxs Amin/ Amaxs Amin/Aing); the angle the minimum variance
forms with the average magnetic field (63-yv) and with the radial direction (Gg_pv)-

e

Fig. 10. Left: 3D representation of magnetic field components in RT'N coordinate system for the structures labeled B, (grey dots) and B, (black
dots), along with their projections in the RT, RN and TN planes. Right: 3D representation of magnetic field components across a tangential
discontinuity preceding structure B, in the MV system, along with their projections in the maximum-minimum, maximum-intermediate and

minimum-intermediate planes.

between the current and plasma sheet positions is a relatively
normal phenomenon, and was observed by Ulysses (Winterhal-
ter et al. 1994; Smith 2001). For comparison, the plasma prop-
erties measured before 12:00 UT on July 14th show a polarity
reversal with a proper current and plasma sheet crossing indi-
cated by the strong density increase, with prolonged decrease in
the Alfvénicity. The origin of the negative open field area on 16
July was a magnetic flux imbalance in a decaying active region
AR 12766 (part of the old cycle 24) that emerged near the equa-
tor on 3 July 2020 with a leading and stronger negative polarity.
Ten days later this negative polarity attracted Solar Orbiter mag-
netic footpoints for a few hours. In order to correctly capture
this polarity reversal using the PFSS and ballistic extrapolation
methods, the SS height had to be brought down to Rgs = 1.7 R
(Fig. 11, bottom panel c).

From PFSS B? contour maps and solar wind magnetic foot-
points along the Solar Orbiter trajectory presented in Fig. 11 one
can see gradual changes in the magnetic connectivity - from the
internal part of the northern polar coronal hole extension (panel
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a) to its eastern boundary (panel b), to a short connection to the
negative open field area at the equator (panel c), to the double
coronal hole connections separated by a pseudostreamer (panel
d). Topologically, this evolution in the Solar Orbiter connectivity
goes from crossing a classic coronal helmet streamer to a pseu-
dostreamer, two large-scale coronal configurations with intrinsi-
cally different properties reflected in the properties of the cor-
responding solar wind streams. In particular, in panel d, before
July 18, though the wind is fairly Alfvénic, the amplitude of the
radial magnetic field fluctuations and the corresponding "switch-
back patches" are smaller, and there are less of them, while on
July 18, which corresponds to the traversal of Solar Orbiter’s
connection to the other side of the pseudostreamer, we see larger
amplitude radial magnetic field fluctuations and a larger ampli-
tude switchback "patch". This may be due to a change in the
distance of the source to structures such as nearby neutral lines,
presence or absence of active regions and filament channels.

Fig. 12 presents 3D PFSS rendering of the magnetic field
lines of these streamer and pseudostreamer configurations. Both
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Fig. 11. Top: in situ plasma parameters; Solar Orbiter solar wind speed, Vy,, (in km/s); v-b correlation coefficient, p,;; proton density (in cm™);
radial magnetic field magnitude, B (in nT). Bottom - Source maps: PFSS B2 contour maps and solar wind magnetic foot-points along the Solar
Orbiter trajectory for the time intervals a-d selected in the upper panel. The projection of Solar Orbiter location (orange square) on the source
surface (orange crosses) and down to the solar wind source region (orange circles) calculated for the height R = 1.16R; and measured in situ solar
wind speed + 80 km s~! in bins of 10 km s~!. Open magnetic field regions shown in blue (negative) and green (positive), the neutral line is in black

bold.
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were calculated for Rgg = 2.0 Ry using high-resolution
SDO/HMI (Solar Dynamics Observatory/Helioseismic and
Magnetic Imager) magnetograms and evolving PFSS by Schri-
jver & De Rosa (2003). The 3D PFSS model of the helmet
streamer in the left panel was made along the 161 degree Car-
rington Longitude (see Fig. 11, panel a). Corresponding to this
time, 14 July 2020, the Solar Orbiter magnetic footpoints are
indicated with a white arrow. The right panel of Figure 12 il-
lustrates the Solar Orbiter magnetic connection to coronal holes
separated by a pseudostreamer configuration in the norther hemi-
sphere, formed by two neighboring extensions of the positive
polar coronal hole. The 3D PFSS model of the pseudostreamer
was made along the 26-27 degree Carrington Latitude (see Fig.
11, panel d). Corresponding to this time, 17 July 2020, the Solar
Orbiter magnetic footpoints are indicated with a white arrow.

Changes in the solar wind properties observed by Solar Or-
biter in situ appear to be the result of the gradual motion of
the coronal footpoints of the solar wind field lines measured
by Solar Orbiter, from the streamer to pseudostreamer mag-
netic topology. The apparent difference in the behaviour of the
open magnetic field lines shown in Fig. 12 can be simply de-
scribed as a monotonic (left panel) and strongly non-monotonic
(right panel) expansion of the open magnetic flux. Field lines in
the neighborhood of pseudostreamers often have such strongly
non-monotonic magnetic field expansion that was previously
shown to be associated with slow Alfvénic solar wind streams
(Panasenco et al. 2019, 2020). The solar magnetic connections
of the missions such as Parker Solar Probe and Solar Orbiter tar-
get the boundaries of the open magnetic regions and, as shown in
Panasenco et al. (2019), these boundaries are defined by the mag-
netic field lines with strongest non-monotonic expansion factor
when a pseudostreamer configuration is present. The same seems
to be the case in Fig. 12. The centers or internal areas of coronal
holes have nearly perfect radial fields with monotonic expan-
sion, especially for helmet streamer type configurations separat-
ing northern from southern polar coronal holes. The open mag-
netic field lines in the neighborhood of pseudostreamer lobes,
however, follow the topology of the closed magnetic field lines
inside pseudostreamer lobes, often dictated by the presence of
a filament channel with a strong horizontal (parallel to the solar
surface) component of the magnetic field. Such sensitivity can be
attributed to the relatively short (above the solar surface) pseu-
dostreamer configuration with x-point often at or below 1.3 R;.
As for the pseudostreamer shown in Fig. 12, it was already well
established in the solar corona a few weeks before Solar Orbiter
connected to it, and it was harboring two filament channels, as
well as dynamic filaments that erupted and reformed before So-
lar Orbiter connections.

The topology of this pseudostreamer (right panel in Fig.12)
was perfectly fit to allow the formation and development of both
filament channels, and they dictated strong non-monotonic ex-
pansion of the open magnetic field lines from the pseudostreamer
coronal hole boundaries as was shown in Panasenco & Velli
(2013). In the presence of filament channels, the open magnetic
field of pseudostreamers follows the guidance of the strong hori-
zontal component of the magnetic field inside filament channels
in the same way as chromospheric fibrils and coronal cells (Shee-
ley et al. 2013; Wang 2013; Panasenco et al. 2013). That creates
conditions for strong divergence of the PS open field, which to-
gether with the non-monotonic expansion low in the corona (be-
low 1.3 — 1.4 Ry) slowing down the fast solar wind, creating en-
vironment for the development of the Alfvénic slow solar wind.
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Fig. 12. Top left panel: solar magnetogram on disk with open magnetic
field lines obtained via 3D PFSS modeling and Rgs = 2.0 R, on 14 July
2020 18:04 UT using SDO/HMI data. The PESS reconstructed mag-
netic field helmet streamer configuration is shown as it appears on the
limb (corresponds to the map in Fig. 11a, the PFSS model was made
along the 161 degree Carrington Longitude). Top right panel: 3D PFSS
model for the pseudostreamer rotated to the limb view - an area of the
origin of Alfvénic slow solar wind observed at Solar Orbiter on 17 July
2020 (corresponds to the map in Fig. 11d). White arrows point to the re-
gions of the Solar Orbiter magnetic footpoints. Bottom panel: magnetic
pressure map with locations of cuts along which the top panel 3D PFSS
models were constructed. The blue cut corresponds to the top left, and
the red cut to the top right model.

5. Summary and discussion

This study reports the first observation of an Alfvénic slow wind
stream by Solar Orbiter at 0.64 AU during 14-18 July 2020.
D’ Amicis et al. (2021a) and references therein, highlighted sev-
eral similarities of this solar wind regime to fast wind streams,
spanning from the description of the large scale structure down
to smaller scales. Indeed, the speed profile is similar to the fast
wind (although with a lower speed) and consists of well-defined
plasma regions, namely a compression region, the main portion
of the stream and the rarefaction region. Solar Orbiter plasma
and magnetic field measurements allowed to identify these re-
gions. Since the compression region is partially missed, we fo-
cus on the main portion of the stream and on the rarefaction
region. In particular, the former is characterised by large am-
plitude Alfvénic fluctuations, with a predominance of outward
modes showing an energy imbalance in favor of magnetic en-
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ergy, in agreement with fast wind observations by Helios at the
same heliocentric distance (Bruno et al. 2007). Related to a high
Alfvénic content of the fluctuations is the presence of switch-
backs which are the main features of this part of the stream.
The presence of large amplitude Alfvénic fluctuations is also
responsible for the presence of several magnetic helicity fea-
tures identified as right-handed quasi-perpendicular KAWs and
left-handed quasi-parallel ICWs at kinetic scales. Overall, the
spectral features show PSD in accordance with the presence
of Alfvénic fluctuations and which are well-described by three
regimes (moving from low to high frequencies): an 1/ f scaling,
a Kraichnan-like/Kolmogorov-like scaling and a steeper spec-
trum in the kinetic range. A different behaviour is observed in the
rarefaction region. The main difference with the previous part of
the stream is a sudden decay of v-b correlations with smaller am-
plitude of the fluctuations consistent with a reduced switchback
activity, a lower amplitude power spectrum at all frequencies and
the disappearance of magnetic helicity features around 1 Hz.

A remarkable feature of this stream is the presence of several
structures at different scales recalling the spaghetti-like flux-tube
texture of the interplanetary magnetic field (McCracken & Ness
1966; Mariani et al. 1973; Neugebauer 1981; Bruno et al. 2001;
Borovsky 2008). In particular, our results suggest the possibility
that the s/c may cross the same structure during successive time
intervals. Indeed, two structures with similar plasma parameters
and magnetic field orientation have been identified, with the tip
of the magnetic field moving on a sphere as expected for non-
compressive fluctuations. Indeed, the fluctuations within these
structures are strongly Alfvénic and lie in a plane almost per-
pendicular to the average field direction. The presence of these
features are in agreement with the idea of solar wind fluctua-
tions as a superposition of propagating Alfvén waves and con-
vected structures (Bavassano & Bruno 1989) which result in an
interplanetary magnetic field consisting of a bunch of flux tubes
convected by the wind and entangled in space (e.g. Bruno et al.
2001).

The magnetic connectivity of Solar Orbiter in situ observa-
tions to the solar sources during our interval was investigated
using a PFSS model. In Fig. 11, we identified different intervals
similar to the rest of the analysis. However, the intermediate re-
gion in Fig. 4 was split in two (see Fig. 11), discriminating the
small negative polarity area on July 16, that contrasts with the
mostly positive polarity of the in-situ magnetic field throughout
the rest of the stream. The origin of this negative open field area
was a magnetic flux imbalance in a decaying equatorial active
region AR 12766 related to the old solar cycle 24. PFSS mag-
netic pressure contour maps and solar wind magnetic foot-points
along the Solar Orbiter trajectory presented in Fig. 11, highlight
gradual changes in the magnetic connectivity - from the internal
part of the northern polar coronal hole extension (panel a) to its
eastern boundary (panel b), to a short connection to the negative
open field area at the equator (panel c), to the double coronal hole
connections separated by a pseudostreamer (panel d). The grad-
ual motion of the coronal magnetic footpoints of the solar wind
field lines measured by Solar Orbiter, from the coronal streamer
to pseudostreamer magnetic topology determines changes of the
solar wind properties observed by Solar Orbiter in situ. A re-
gion of anomalous expansion rate identified as the source of the
Alfvénic slow wind (Panasenco et al. 2019, 2020; D’ Amicis et
al. 2021a, and references therein) may form easily when large-
scale pseudostreamers are present in the corona. The topology of
pseudostreamers allows the formation and development of twin
filament channels, related to a strong non-monotonic expansion
of the open magnetic field lines from the PS coronal hole bound-

aries as was shown in Panasenco & Velli (2013); Panasenco et
al. (2019). The presence of filament channels creates conditions
for strong divergence of the pseudostreamer open field, which
together with the non-monotonic expansion in the low corona
(below 1.3 — 1.4 Ry) slow down the fast solar wind, allowing
conditions for the development of the slow Alfvénic solar wind.
The observation of an Alfvénic slow wind stream by Solar
Orbiter reported in this paper is extremely important to pioneer
future observations of the same solar wind regime during maxi-
mum of solar activity, which is fast approaching, where this so-
lar wind regime is predominant. At the same time, we are also
approaching the nominal phase of the Solar Orbiter mission dur-
ing which we will exploit the full potential of the mission which
will combine in situ measurements and remote sensing obser-
vations, for the first time with a single spacecraft, in the inner
heliosphere. Whether the slow solar wind originates from the
over-expanded edges of coronal holes is one of the objectives of
the Solar Orbiter Science Activity Plan (Zouganelis et al. 2020).
The suggested strategy to answer this question is to exploit the
remote-sensing windows to obtain a ~3D view of the coronal
hole edges using the Polarimetric and Helioseismic Imager, PHI
(Solanki et al. 2020), and the Extreme Ultraviolet Imager, EUI
(Rochus et al. 2020). Moreover, the METIS coronograph (An-
tonucci et al. 2020) will provide observations close to the Sun,
while the Spectral Imaging of the Coronal Environment, SPICE
(The SPICE Consortium 2020) will provide composition maps.
SPICE will be used also to study coronal hole boundaries. These
observations, along with SWA and MAG measurements, will
allow unprecedented magnetic connectivity between the solar
corona and the inner heliosphere. The SWA-HIS sensor deserves
a particular mention as it will provide measurements of solar
wind composition for the first time in the inner heliosphere pro-
viding additional data to establish the connection between the in-
situ observation of the Alfvénic slow solar wind with its source
region.
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