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ABSTRACT

A canonical description of a corotating solar wind high-speed stream in terms of velocity profile would indicate three main regions: a
stream interface or corotating interaction region characterized by a rapid increase in flow speed and by compressive phenomena that
are due to dynamical interaction between the fast wind flow and the slower ambient plasma; a fast wind plateau characterized by weak
compressive phenomena and large-amplitude fluctuations with a dominant Alfvénic character; and a rarefaction region characterized
by a decreasing trend of the flow speed and wind fluctuations that are gradually reduced in amplitude and Alfvénic character, followed
by the slow ambient wind. Interesting enough, in some cases, fluctuations are dramatically reduced, and the time window in which
the severe reduction of these fluctuations takes place is remarkably short, about some minutes. The region in which the fluctuations
are rapidly reduced is located at the flow velocity knee that separates the fast wind plateau from the rarefaction region. The aim of
this work is to investigate the physical mechanisms that might be at the origin of this phenomenon. To do this, we searched for any
tangential discontinuity that might have inhibited the diffusion of these large-amplitude fluctuations in the rarefaction region as well.
We also searched for differences in the composition analysis because minor ions are good tracers of physical conditions in the source
regions of the wind under the hypothesis that large differences in the source regions might be linked to the phenomenon observed
in situ. We found no positive feedback from these analyses, and finally invoked a mechanism based on interchange reconnection
experienced by the field lines at the base of the corona, within the region that separates the open field lines of the coronal hole, which
is the source of the fast wind, from the surrounding regions that are mainly characterized by closed field lines. Another possibility
clearly is that the observed phenomenon might be due to the turbulent evolution of the fluctuations during the expansion of the wind.
However, it is hard to believe that this mechanism would generate a short transition region such as is observed in the phenomenon we
discuss. This type of study will greatly benefit from Solar Orbiter observations during the future nominal phase of the mission, when

it will be possible to link remote and in-situ data, and from radial alignments between Parker Solar Probe and Solar Orbiter.

Key words. turbulence — Sun: magnetic fields — solar wind — magnetohydrodynamics (MHD) — Sun: corona

1. Introduction

The solar wind is an electrically neutral plasma flow that
emanates from the basis of the solar corona, permeating and
shaping the whole heliosphere. During solar activity minima,
when the meridional branches of the polar coronal holes (CHs
hereafter) reach the equatorial regions of the Sun, an observer
located in the ecliptic plane would record a repeated occur-
rence of fast (700-800kms~!) and slow (300-400km s~') wind
samples. The balance between the two wind classes would
change during the evolution of the 11-year solar cycle depend-
ing on changes in the topology of the heliomagnetic equator
and its inclination on the ecliptic plane. The fast wind orig-
inates from unipolar open field line regions, typical of CHs
(Schatten & Wilcox 1969; Hassler et al. 1999). The origin of the
slow wind is much more uncertain, although we know that this
class of wind is generated within regions that are mainly char-
acterized by closed field line configurations that likely inhibit
the escape of the wind (Wang & Sheeley 1990; Antonucci et al.

2005; Bavassano et al. 1997; Wu et al. 2000; Hick et al. 1999).
The different composition and mass flux of the slow wind and
the different degree of elemental fractionation with respect to
the corresponding photospheric regions strongly suggest that this
slow plasma flow could initially be magnetically trapped and
then released (Geiss et al. 1995a,b). The interchange reconnec-
tion process plays a fundamental role in opening up the part
of the closed field lines that is linked to the convective cells
at the photospheric level (Fisk et al. 1999; Fisk & Schwadron
2001; Schwadron 2002; Schwadron et al. 2005; Wu et al. 2000;
Fisk & Kasper 2020). This process should preferentially develop
close to the border of the CHs and in this way affects the neigh-
boring regions, that is, the coronal hole boundary layer (hereafter
CHBL), and the closed-loop corona. During the wind expansion,
magnetic field lines from CHs of opposite polarities are stretched
into the heliosphere by fast-wind streams that are separated by
the heliospheric current sheet (HCS), an ideal plane, magnet-
ically neutral, permeated by slow-wind plasma (Hundhausen
1995). Moreover, because of the solar rotation, the high-speed
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Fig. 1. Sketch of a stream structure in the ecliptic plane, adapted from
Hundhausen (1972). The spiral structure is a consequence of solar rota-
tion. The spiral inclination changes as the solar wind velocity changes.
When the high-speed stream (in blue) compresses the slower ambient
solar wind (in black), a compression region downstream (in red) and

a rarefaction region upstream (in pink) are formed. The velocity knee
marks the border between the blue and pink regions.

Ecliptic plane

plasma would overtake and impact any slower plasma ahead of
it, creating a compression region (Hundhausen 1972). As a con-
sequence of this interaction, a so-called corotating interaction
region (CIR), characterized by a rather rapid increase in the wind
speed from values typical of the slow wind (300-400kms™")
to values typical of the fast wind (700-800kms~!), forms at
the stream-stream interface. The CIR is characterized by strong
compressive phenomena (red zone in Fig. 1) that affect the mag-
netic field and plasma (Richardson 2018).

The CIR is followed by a region in which the wind speed
persists at its highest values (blue zone in Fig. 1), resembling a
sort of plateau, while the other plasma and magnetic field param-
eters rapidly decrease to remain rather stable across its exten-
sion. Beyond this region, highlighted at times by a sharp knee
in the radial velocity, the wind speed decreases monotonically to
reach values typical of the following slow wind (black zone in
Fig. 1), which permeates the interplanetary current sheet. This
decreasing wind speed region is slightly more rarefied than the
high-speed region that immediately follows the CIR and is com-
monly called the rarefaction region (pink zone in Fig. 1). For
more details about this region, we refer to Borovsky & Denton
(2016), who provided a detailed description based on a statisti-
cal study. The three regions described above can be considered
the imprint in the interplanetary medium of the coronal struc-
ture from which the wind originated (Hundhausen 1972). The
fast-wind plateau corresponds to the core of the CH, while CIR
and rarefaction region correspond to the same CHBL that encir-
cles the CH, although within the CIR, the CHBL is compressed
by the dynamical interaction described earlier between fast and
slow wind, while within the rarefaction region, the CHBL is
stretched by the wind expansion into the interplanetary medium
(Schwadron & McComas 2005).

Beyond a few solar radii, the solar wind (both fast and slow)
becomes supersonic and super-Alfvénic. Fluctuations in inter-
planetary magnetic field and plasma parameters show their tur-
bulent character (typical Kolmogorov spectrum) starting from
the first few dozen solar radii (Kasper et al. 2019), and in par-
ticular, turbulence features within the fast and slow wind differ
dramatically (Bruno & Carbone 2013, and references therein).
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The fast wind is rather uncompressive and mostly characterized
by strong Alfvénic correlations between velocity and magnetic
field fluctuations, but it also carries compressive fast and slow
magnetosonic modes (Marsch & Tu 1990, 1993; Klein et al.
2012; Howes et al. 2012; Verscharen et al. 2019). Alfvénicity
in the slow wind is in general much lower and has compres-
sive effects that affect the plasma dynamics more strongly and
reflect the complex magnetic and plasma structure of its source
regions, close to the heliomagnetic equator (Tu & Marsch 1995;
Bruno & Carbone 2013).

This paper studies a peculiar phenomenon that we observe
when the s/c crosses the heliospheric current sheet (HCS) with
a large pitch angle. In cases like this, large-amplitude Alfvénic
fluctuations, populating the fast-wind plateau of a typical high-
velocity stream, are abruptly and dramatically depleted in the
rarefaction region as soon as the s/c crosses the velocity knee
that is located at the border between these two regions of the
stream (the blue and pink regions in Fig. 1). As detailed in
the following, we realized that while downstream of the knee,
plasma and magnetic field fluctuations have large amplitude and
are highly Alfvénic, in the upstream region, fluctuations dramat-
ically reduce their amplitude and the Alfvénic correlation weak-
ens and begins to fluctuate between positive and negative values.
Interesting enough, the time window of the remarkable depletion
of these fluctuations can be very short, a few dozens minutes, and
this abrupt reduction is located around the velocity knee, that is,
at the end of the fast-wind plateau and at the beginning of the
rarefaction region. To our knowledge, no specific analyses have
ever been devoted so far to understanding the reason of this sud-
den and dramatic phenomenon in solar wind turbulence.

2. Data analysis

We selected the whole year 2017, during which solar activity
cycle 24 was in its declining phase. We visually inspected about
12 high-velocity streams and found that 3 of them showed tur-
bulence features similar to the phenomenon just described in the
introduction. We focused on a corotating high-speed stream for
which this phenomenon is particularly noticeable. This stream
was observed on 3-9 August 2017, and its velocity profile is
shown in Fig. 2, panel a. We also show for comparison another
stream observed on 28 February—15 March 2017, in which the
reduction in the amplitude of magnetic field and plasma fluc-
tuations and Alfvénicity occurs much more slowly. We com-
pare these two streams to identify the differences in the physical
parameters that describe these streams, which might be at the
basis of the observed different behavior of turbulence. The analy-
sis was performed using three-second averages of magnetic field
and plasma observed at 1AU by the WIND' spacecraft and two-
hour averages of minor ion parameters (highest time resolution
available during the selected time intervals) by the ACE? space-
craft during the last minimum of solar activity. Data are given in
heliocentric Earth ecliptic (HEE) reference system, in which the
X-axis points along the Sun-Earth line, the Z-axis is perpendic-
ular to the ecliptic plane and points northward, and the Y-axis is
oriented such that Z = X X Y concludes the right-handed refer-
ence system (Hapgood 1992).

The magnetic field and plasma data collected by WIND
are not provided with synchronized time stamps. We therefore
resampled the time series with a six-second cadence in order to

' Wind 3D Plasma Analyzer and Wind Magnetic Fields Investigation.

2 ACE/SWICS 2.0 Solar Wind 2 and KO — ACE Solar Wind
Experiment.
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Fig. 2. Temporal profiles of solar wind parameters from 3 to 9 August 2017 (215-221 doy), at a time resolution of 65s. Panels show from top
to bottom the proton velocity components in the HEE reference system, V, (panel a), V, (panel b), and V. (panel c), the proton number density
(panel d) and proton temperature (panel e), the magnetic field magnitude (panel f) and the magnetic field components in HEE, B, (panel g), B,
(panel h), and B, (panel i), and the angle 6 = cos™! (|B,|/|B|) between the average magnetic field direction and the radial direction (panel j). In the
last panel, the dashed black curve represents the local Parker spiral direction, with respect to the high-speed region and rarefaction region. The
dashed red line in each panel denotes the velocity knee between the fast-wind region and the rarefaction region. At the top of the figure we indicate
the different solar wind regions vertically. The colors correspond to the sketch in Fig. 1.

create a single merged data set with a uniform time base that we
used to characterize the statistics of the turbulent fluctuations of
the solar wind parameters.

2.1. Turbulence analysis

In order to highlight the different character of wind fluctuations
within the high-speed plateau and the rarefaction region, we
adopted numerical tools typical of turbulence analysis. To char-
acterize the turbulence in the solar wind, we built the Elsédsser
variables Z* = V + B (Elsasser 1950), where V is the velocity
vector and B is the magnetic field vector expressed in Alfvén
units (Tu & Marsch 1995; Bruno & Carbone 2013).

The second-order moments linked to Elsésser variables are
(Bruno & Carbone 2013)

et = %((6Zi)2) (energies related to Z* and Z7) (la)
ey = %(6V2) (kinetic energy) (1b)
ep = %(632) (magnetic energy) (1c)
e, = %(6V -0B) (cross-helicity) (1d)

where ¢ denotes fluctuations with respect to the mean value of
each variable, and angular brackets indicate the averaging pro-
cess over the established time range. In our case, e*, ey, ep,
and e, represent the variances calculated in an hourly moving
window for the whole stream. In order to describe the degree of
correlation between V and B, it is convenient to use normalized
quantities,

v -

o = e+ ¢ (normalized cross-helicity) (2a)
et +e”

o, = v _¢s (normalized residual energy), (2b)
ey +ep

where -1 <o.<land-1<o, < 1.

The panels of Fig. 2 show some of the plasma and mag-
netic field features characterizing the particular stream we chose,
observed by WIND in August 2017. This is a canonical coro-
tating high-speed stream (Richardson 2018), as described in
the introduction, in which an interaction region can easily be
recognized. This region occurred at about noon of 4 August
(doy 216) and was characterized by a strong magnetic field inten-
sity and plasma number density enhancements, followed by a
clear increase in proton temperature (as expected for a com-
pressive region because this stream strongly interacts with the
slow wind ahead of it Bruno & Carbone 2013). This interac-
tion region, within which the wind speed rapidly increases from

A64, page 3 of 10



A&A 661, A64 (2022)

28 Feb -15 Mar 2017

?DD T T T T T
v_ (Km/s) 600
* 5

400 i

e

j @)

50

B Y Lt I
y -50
o T SE TV 7 TS v M E e e A
(c)

50 [ ;
v_ (Kmis) 0
Zz 50
-100 E L L L L L L L L L L 1 1 1 1 1

1@

25-4—#’”*\
-y 15 F
n{cm3) : .

23 : T T T T T T T
T (eV) 25 M
10

1 le)

Bl (nT) 10 &

(f)

(@)

th)

# (deg) 45

58.0 60.0 61.0 620 63.0 64.0 850

66.0 67.0 68.0 690 70.0

71.0 72.0 73.0 740

Day of Year

Fig. 3. Temporal profiles of solar wind parameters from 28 February to 15 March 2017 (§9-74 doy), at a time resolution of 6 s. The panels show
the proton velocity components in the HEE reference system, V. (panel a), V, (panel b), and V. (panel c), the proton number density (panel d)
and proton temperature (panel e), the magnetic field magnitude (panel f) and magnetic field components in HEE, B, (panel g), B, (panel h), and
B, (panel i), and the angle @ = cos™! (|B,|/|B|) between the average magnetic field direction and the radial direction (panel j). In the last panel, the
dashed black curve represents the local Parker spiral direction with respect to the high-speed region and rarefaction region.

about 400kms~! to about 700kms~', is followed by a speed
plateau that lasts for about two days. The plateau is character-
ized by fluctuations in velocity and magnetic field components
of remarkable amplitude at an hourly scale, AV ~ 28 km s~!and
AVp ~ 42kms~! (where V5 = B/ y/on is the Alfvén velocity)
and rather constant values of the number density n ~ 3cm™3
and field intensity |B| ~ 5nT. In addition, the temperature
(panel e), although it is lower than that within the preceding
interaction region (CIR), is much higher than in the surrounding
low-speed regions. The high-speed plateau is then followed by a
slowly decreasing wind speed profile that identifies the rarefac-
tion region of this corotating stream. These features are typical
for most of the high-speed corotating streams we examined. The
abrupt depletion of large-amplitude fluctuations detected in the
high-speed plateau across the velocity knee is particular for this
stream. The velocity knee is defined with respect to the rapid
depletion of the fluctuations of the velocity and magnetic field
components, that is, at the end of the fast-wind plateau and at
the beginning of the rarefaction region, indicated in Fig. 2 by
the vertical dashed red line around day 218 (6 August) at noon.
This phenomenon is highlighted by the profile of the curve in
panel j, related to the angle 8 between the magnetic field vec-
tor and the radial direction. The difference in the behavior of this
parameter before and after the velocity knee is dramatic, and this
transition is rather fast and occurs within minutes. Large angu-
lar fluctuations between the magnetic field vector and the radial
direction are due to the presence of large-amplitude, uncom-
pressive Alfvénic fluctuations populating the high-speed plateau,
which force the tip of the magnetic field vector to move ran-
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domly on the surface of a hemisphere that is centered around the
background mean field direction (e.g., see Fig. 4 in Bruno et al.
2001). However, immediately after the velocity knee and at the
very beginning of the rarefaction region, the amplitude of the
fluctuations dramatically decreases, and as a consequence, the
angle 6 shrinks and its range of variability becomes generally
confined between 0° and 45°.

On the other hand, not all streams have the same abrupt
depletion of plasma and magnetic field fluctuations after the fast-
wind plateau; an example is the stream of March 2017 shown
in Fig. 3. We can clearly identify the interaction region, which
is characterized by a compression (enhancement of the proton
density in panel d), followed by an increase in the magnetic
field, proton temperature, and velocity of the solar wind, typ-
ical of high-speed corotating streams. Immediately after, there
are large fluctuations in velocity and magnetic field components
in correspondence to the fast-wind plateau of this stream, which
last longer than the previous stream. In this case, unlike the
previous one, even though there is a decrease in velocity and
magnetic fluctuations in the rarefaction region, this decrease
occurs gradually over time (days), therefore in this case, we
cannot identify a clear velocity knee. This gradually decreas-
ing trend is also present in the temperature profile (panel e).
Moreover, within the rarefaction region, the angular fluctuations
between the local field and the radial direction (panel j) change
rapidly over time without a clear trend, unlike the August stream.
Hence the magnetic field vector fluctuates continuously around
the radial direction for almost the entire duration of this second
stream.
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Fig. 4. Source surface synoptic charts at 3.25R; for July—August 2017 on the left side and February—March 2017 on the right side (source: Wilcox
Solar Observatory). The level curves indicate values of a constant magnetic field (at 3.25R;), the black line represents the heliomagnetic equator
(current sheet), the two different shades of gray indicate the magnetic field polarity: dark gray and red lines correspond to negative polarity, and
light gray and blue lines correspond to positive polarity. The dashed orange line represents the Earth trajectory projected to the solar surface at
3.25R;. The different purple lines correspond to the periods of the streams. Bottom two panels: velocity profiles of the August 2017 stream (left)

and of the March 2017 stream (right).

Comparing the time profiles of the angle 6 between the aver-
age direction of the magnetic field with respect to the radial
direction (panels j of Fig. 2 and Fig. 3), we note that in time cor-
respondence with the fast wind region of both August (Fig. 2j)
and March (Fig. 3j) streams, most of the values of 8 are above
the solid black curve, which indicates the predicted Parker spiral
angle based on the wind speed, computed as ¥ = arctan(QR/|v]),
where R is the distance from the Sun to the Earth, and Q is
the sidereal angular velocity of the Sun at the equator, that is,
2.97 x 107%rad s~!. Consequently, before the velocity knee, the
background magnetic field is overwound (Bruno & Bavassano
1997), most likely as a consequence of the dynamical interaction
of the fast stream with the slow wind ahead (Schwenn & Marsch
1990). Within the rarefaction region, the time profile of this
angle for the March stream rapidly changes, continuously devi-
ating from the local Parker spiral direction. For the August
stream, the same angle instead shows a smaller variability
with an average direction closer to the radial one and smaller
than the local Parker spiral direction, as expected for a rar-
efaction region (Schwadron & McComas 2005). The existence
of this sub-Parker spiral orientation of the background mag-
netic field depends on the rate of the motion of open mag-
netic field footpoints across the CHBL at the photospheric level
(Schwadron & McComas 2005). This motion is responsible for
connecting and stretching magnetic field lines from fast- and
slow-wind sources across the CHBL, as explained in the model
by Schwadron & McComas (2005). The rarefaction region maps
in the interplanetary space the CHBL that encircles the fast-wind
source region at the Sun (McComas et al. 2003). The solar wind
observed in space and emanating from the CHBL, because of the
solar rotation, is characterized by compressive phenomena when
detected ahead of the high-velocity stream, and rarefaction phe-
nomena when it is observed following the high-speed plateau.

It is interesting to remark how different the profiles of 6 for
the two streams are within the rarefaction regions. For the stream
of August, the B, component is generally positive and the profile
of 6 is largely confined to values below 45°, with sporadic jumps
to higher values. For the March stream, the B, profile is much
more structured, and 6 continuously fluctuates between 0° and
90°. Moreover, for this last stream, B, continuously jumps from
positive to negative values, suggesting that we must be close to
the heliomagnetic equator.

In the upper panel of the left side of Fig. 4 we show the
source surface synoptic chart for July—August 2017 taken from
the Wilcox Solar Observatory. The purple lines indicate the
beginning and the end of the high-speed stream, whose veloc-
ity profile is shown in the lower panel. In this case (4—8 August
2017), the heliospheric current sheet is highly inclined with
respect to the trajectory of the observer, that is, WIND s/c. On
the right side of this figure, we show in the same format as for
the left side, the March stream, for which we see no clear and
abrupt depletion of the fluctuations. In this case, the velocity
profile shows a less clear velocity knee and a slow and progres-
sive depletion of the fluctuations without any abrupt event like
the one observed in the previous stream. The main difference, in
this case, is that the heliospheric current sheet is very flat and
the observer experiences a sort of surfing along this structure,
which reflects in a slowly decreasing wind speed because this
parameter depends on the angular distance from the interplane-
tary current sheet (Bruno et al. 1986).

As anticipated, the high-speed plateau of the August stream
is characterized by large-amplitude Alfvénic fluctuations, as
shown in Fig. 5. This figure shows only the fast-wind plateau
and the rarefaction region of the stream (216.5-221 doy). The
top panel a shows the velocity profile of this corotating high-
speed stream. The location of the velocity knee, beyond which
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Fig. 5. Fast-wind region and rarefaction region of the August 2017 stream. From top to bottom: solar wind speed at a time resolution of 6 s (panel a),
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residual energy (panel h). Bottom panel (panel i) shows an enlargement of the total pressure (yellow), magnetic pressure (orange), and thermal

pressure (blue) trend in a small region of a few hours close to the velocity knee. The knee is represented by the dashed red line in each panel.

large-amplitude magnetic field and plasma fluctuations seem to
turn off, is indicated by the vertical dashed red line and deter-
mined as follows. Panels b and ¢ show hourly values of kinetic
and magnetic energy, respectively, on a semilogarithmic verti-
cal scale. The sharp variation in these two parameters at the
end of the speed plateau identifies what we have defined as
velocity knee. They remarkably highlight the different physi-
cal situation before and after the velocity knee and the abrupt
change across it. We note that kinetic energy experiences the
strongest decrease, of a factor ~20. As a consequence, fluctu-
ations within this region become strongly magnetically domi-
nated. In addition, this decrease occurs in correspondence with a
strong temperature reduction, as shown in Fig. 2. This strong
depletion of proton temperature reflects the thermal pressure
decrease (blue trend in Fig. 5 panel i) that starts at the veloc-
ity knee. On the other hand, the magnetic pressure (in red) at
the velocity knee also increases, so that the wind is maintained
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in a total pressure (in yellow) balanced status, achieved at the
edge of the Alfvénic surface during the initial expansion of the
wind (Schwadron & McComas 2005). Figure 5 (panel d) shows
the density compressibility over time in a semilogarithmic verti-
cal scale, computed as o, /(n)?, where o, is the variance of the
number density at a scale of one hour, and (») is its average value
within the same temporal scale; its value remains quite low (on
average 3 X 1073) in the fast-wind region and in the rarefaction
region, which is indicative of a fairly incompressible wind, given
that the density remains approximately constant in both regions.
On the other hand, the compressibility of magnetic field mag-
nitude, computed as 0'2|B|/ (|B|)* (Bavassano et al. 1982), where
o g is the variance of the magnetic field intensity at a scale of
one hour and (|B|) is its average value within the same tempo-
ral scale, shown in Fig. 5 (panel e) on a semilogarithmic ver-
tical scale, denotes that magnetic field intensity fluctuations are
stronger in correspondence with the fast-wind plateau than in the
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residual energy (panel h). The downward spike in correspondence of doy 65 is an edge effect due to the gap of about 2 h.

rarefaction region; there is a sudden reduction at the velocity
knee of about an order of magnitude. However, the compressibil-
ity of the field intensity is only part of the total power associated
with the field fluctuations. As first adopted by Bavassano et al.
(1982), the compressibility level of fluctuations at a given
timescale is estimated by the ratio of the variance of the field
intensity and the total variance of the field, computed as the
trace of the covariance matrix at that scale, that is, 0'|ZB| [tr (Mcoy)
(Bavassano et al. 1982). This parameter can clearly only be <1,
and its behavior is shown in panel f. Here the magnetic field
fluctuations exhibit a lower level of compressibility within the
fast-wind plateau, where the Alfvénic nature of turbulence is
predominant, and noticeably increases by roughly an order of
magnitude, moving across the velocity knee into the rarefac-
tion region. A direct consequence of this increased compress-
ibility is the reduction of the Alfvénicity (Bruno & Bavassano
1991). Panels g and h highlight the Alfvénic nature of these
fluctuations within the high-speed plateau. Panel g shows high
values of the normalized cross helicity o, as expected for
an Alfvénic wind (Tu & Marsch 1995; Bruno & Carbone 2013)
in the fast wind stream. Panel h shows that the normalized
residual energy related to the fast wind, although dominated
by magnetic energy, is not far from the equipartition expected
for Alfvénic fluctuations. Beyond the velocity knee, these two
parameters experience a considerable change toward a much
lower Alfvénicity, although the transition is not as abrupt as the
one relative to the amplitude of these fluctuations, as discussed
above.

The same analysis as in Fig. 5 for the August 2017 stream
was also carried out for the fast-wind plateau and rarefaction
region of the March 2017 stream (60.75-73 doy) and is shown
in Fig. 6. In this case, the decrease in the magnetic field and
plasma fluctuations amplitude and Alfvénicity occurs very grad-
ually over time (a few days). The velocity profile (panel a) of the
March 2017 stream does not allow us to define a velocity knee in
this case. Furthermore, the magnetic energy (panel c) and kinetic
energy (panel b) decrease more slowly in the rarefaction region
of the stream than in the previous one. The Alfvénic character
of the fast wind remains evident, as shown by the profile of o
in panel g and o, in panel h. Even in this case, the density com-
pressibility (panel d) oscillates around very low values of about
1073, while in this stream, the compressibility of the magnetic
field magnitude (panel e) does not show an effective decrease
after the velocity plateau, unlike the previous case (August 2017
stream), and the compressibility of magnetic field fluctuations
(panel f) undergoes a gradual increase in the transition from the
fast-wind plateau to the rarefaction region.

The strikingly different turbulence behavior along the speed
profile of these two streams led us to search for a sort of bar-
rier, such as a tangential discontinuity (TD hereafter), located
between the end of the fast-wind plateau and the beginning of the
rarefaction region, which might have inhibited Alfvénic fluctua-
tions to fill up the rarefaction region of the August 2017 stream.
The presence of a TD, where by definition there is no magnetic
component normal to the discontinuity surface, could explain
the depletion of Alfvén waves (Hundhausen 1972). These
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fluctuations would not propagate across this type of discon-
tinuity because the magnetic component perpendicular to the
discontinuity plane vanishes. This would prevent their propaga-
tion into the CHBL or rarefaction region and would produce the
observed sudden depletion of the Alfvénic fluctuations. How-
ever, we did not find any relevant TD that might be associ-
ated with the observed phenomenon. Thus TD cannot be a valid
explanation of the rapid decrease in Alfvénic fluctuations at the
velocity knee; therefore we searched for a different explanation
for this phenomenon that could be due to a different evolution of
the solar wind during its expansion or some mechanism acting
at the source region of the observed wind. This last possibility is
analyzed in the next section.

2.2. Composition analysis

The possibility to link the solar wind to its solar sources is
offered by composition analysis of the wind because its param-
eters, such as ionic and elemental composition, are set within
the first few solar radii and do not change during the expan-
sion (Zurbuchen et al. 2002; Bochsler 2007; Landi et al. 2012).
Moreover, different sources of the solar wind, for instance,
open field line regions versus closed field line regions, exhibit
different elemental abundance (Zurbuchen etal. 1999, 2002;
von Steiger et al. 2001) and are a valid tool for studying tran-
sition regions between the fast coronal wind and the slow
wind. Minor ion parameters such as freezing-in temperature
and relevance of low first ionization potential (low-FIP) ele-
ments (Geiss et al. 1995a,b; McComas et al. 2003) monotoni-
cally increase from the fast to the slow wind. Geiss et al. (1995a)
and Phillips et al. (1995), based on Ulysses observations, found
several dramatic differences in ion composition between the
fast and slow wind. One of the most relevant differences is the
strong bias of the slow wind in favor of low-FIP elements with
respect to the fast wind. Geiss et al. (1995b) used charge-state
ratios for C®*/C>* and O7*/O% to estimate the corresponding
freezing-in temperatures for these elements and found that slow-
wind sources at the Sun are quite hotter than fast wind sources.
Finally, fast and slow wind greatly differ also for the higher abun-
dance of He™ within the fast and hot wind with respect to the
slow and cold wind (Kasper et al. 2012). Thus, if the rarefac-
tion region were a type of wind that were largely mixed with the
slower wind, it would be highlighted by the composition anal-
ysis. Consequently, we searched for possible signatures in ele-
mental abundance and charge state, assuming the rapid deple-
tion of magnetic field and plasma fluctuations and Alfvénicity
might have a counterpart in composition differences at the source
regions.

The four panels of Fig. 7 show from top to bottom the relative
abundance of He++/p+ (panel a), some charge-state ratios for
carbon and oxygen (panel b), the charge state for iron (panel c),
and the relative abundance of iron to oxygen (panel d). Figure 7
refers to the entire stream, that is, the compressive region fol-
lowed by the high-speed plateau, followed by the rarefaction
region, and finally, followed by the slow wind (for compari-
son, see Fig. 2). The top panel shows the He++/p+ ratio, and
although higher values for this parameter are found within the
high-speed plateau, the transition across the velocity knee is
quite smooth. Moreover, the last three panels of Fig. 7 show
a gradual increase from the fast-wind plateau to the rarefac-
tion region, but without a sharp jump across the velocity knee.
In particular, the charge-state ratio profile of C®*/C>* (see the
blue curve in panel b of Fig. 7) agrees with the results shown
by Schwadron et al. (2005). They modeled a solar minimum
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Fig. 7. Temporal profiles of ion compositions during the August 2017
stream. Panel a: alpha particle to proton ratio He**/p+ at a time reso-
lution of 65 (in blue) and its hourly moving average (in red). Panel b:
charge-state ratio at a time resolution of 2 h of C%* /C3* in blue, O"*/0%*
in red, and O% /0% in yellow. Panel c: iron average charge state at a
time resolution of 2 h. Panel d: iron to oxygen abundance ratio at a time
resolution of 2 h. The dashed red line denotes the velocity knee between
the fast-wind region and the rarefaction region.

configuration that gives rise to a corotating region considering
the differential motion of magnetic field foot points at the Sun
across the CHBL. In their model, they started the simulation
at 30R; (~0.14 AU) with a discontinuity at the stream interface
(which comes before the fast wind plateau) and another dis-
continuity at the CHBL. They showed that the discontinuity at
the stream interface remains, whereas the discontinuity at the
CHBL in the rarefaction region is eroded as the distance from
the Sun increases (they extended the simulation to 5 AU). This
is exactly what we observe in the carbon charge ratio (panel b of
Fig. 7): a rapid decrease at the stream interface, corresponding
to a CH discontinuity before the fast-wind plateau, and more
importantly, a gradual increase in C%*/C>* in the rarefaction
region, corresponding to the CHBL described in the model of
Schwadron et al. (2005). Very similar results were obtained for
the March stream, as shown in Fig. 8.

Thus, from the composition analysis, we can conclude that
there are neither relevant jumps in composition parameters in
correspondence to the end of the fast-wind plateau nor large
differences between the two streams of August and March to
justify a possible link to the abrupt changes in the fluctuations
we observe for the August stream. Therefore, these similari-
ties strongly suggest that the reason for the sudden depletion of
turbulence observed within the stream of August 2017 and not
observed within the stream of March 2017 cannot be linked to
relevant different plasma conditions in the source region at the
photospheric level.

2.3. Possible role of interchange reconnection

The analysis described in the previous sections neither supports
the presence of a TD, which would represent an obstacle for the
Alfvénic fluctuations to fill up the rarefaction region, nor the evi-
dence for relevant features in the minor ion composition analy-
sis, which might indicate abrupt changes in the source region
of interest. Thus, if this is not the case, we are left with the
option that the sudden depletion of turbulence at the velocity
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Fig. 9. Proposed mechanism of interchange reconnection invoked to
explain the abrupt depletion of Alfvénic fluctuations often observed in
corotating high-velocity streams. More details in the text.

knee originates in the source region of the wind, and we sug-
gest that interchange reconnection processes might play a fun-
damental role in it. As already discussed in the introduction,
interchange reconnection between open and closed field lines
plays a major role in the regions bordering the CH (Fisk et al.
1999; Fisk & Schwadron 2001; Fisk 2005; Fisk & Kasper 2020;
Schwadron et al. 2005). This mechanism governs the diffusion
of open magnetic flux outside the CH. The motion of the foot-
points of the magnetic field lines due to photospheric dynamics
is at the basis of interchange reconnection, which tends to mix
open field line regions with nearby closed-loop regions. Alfvénic
fluctuations mainly propagate along magnetic field lines, and
although these fluctuations are expected to be omnipresent at the
photospheric level (Title et al. 1998), they would experience a
different fate in open or closed magnetic structures because in the
latter, counter-propagating Alfvénic modes would ignite turbu-
lence process, with the consequent transfer of energy to increas-
ingly smaller scales to eventually dissipate and heat the plasma.
Thus, we would expect a smaller amplitude and weaker Alfvénic
character in these fluctuations coming from originally closed

field regions, and a larger amplitude and stronger Alfvénic char-
acter for those coming from open field line regions. Based on the
interchange reconnection mechanism, an open field line region
populated by propagating Alfvénic fluctuations might reconnect
with a nearby closed-loop region, as shown in Fig. 9. The left
panel A of Fig. 9 sketches open magnetic field lines rooted inside
a CH, and coronal loops rooted inside a CHBL, encircling the
CH. Large-amplitude Alfvénic fluctuations populate open field
lines inside the CH, while fluctuations much reduced in ampli-
tude propagate along the closed field lines in the surrounding
regions. A reconnection event like the one sketched in the right
panel B of Fig. 9 would cause a sudden depletion of these large-
amplitude Alfvénic fluctuations from part of the original open
field lines, possibly similar to what we observe in space.

3. Summary

Corotating high-speed streams are generally characterized by a
high-speed plateau followed by a slow velocity decrease, com-
monly identified as the stream rarefaction region. These two
portions of the stream are in some cases separated by a clear
velocity knee. In these cases, the knee also indicates the point
beyond which Alfvénic fluctuations, which generally populate
the high-speed plateau, are dramatically and rapidly depleted.
Interesting enough, this thin border region is not characterized
by either any relevant magnetic field structure, for example, a
TD, which might cause this abrupt depletion of the fluctuations,
or relevant clues in the composition analysis, which might sup-
port a different origin in the source region between the wind
observed in the high-speed plateau and that observed in the
rarefaction region. We cannot exclude that this situation might
develop during wind expansion. MHD simulations of an ensem-
ble of Alfvénic fluctuations propagating in an expanding solar
wind including the presence of fast and slow solar wind streams
reported by Shi et al. (2020) showed that the decrease in o is
more significant in the compression and rarefaction regions of
the stream than within the fast and slow streams. In particular, in
the rarefaction region of these simulations, o, rapidly decreases
from 1 to 0.6 at R ~ 80R, and remains at about this value until
the end of the simulation. However, it remains to be proven that
turbulence evolution would be able to produce abrupt changes in
the amplitude and Alfvénicity of the fluctuations such as those
we have observed in streams similar to the one of August 2017.
The short timescales at which this abrupt decrease in the ampli-
tude of magnetic field and plasma fluctuations (few minutes)
and Alfvénicity (less than one hour) is observed make us lean
towards the hypothesis that a magnetic reconnection event dur-
ing the initial phase of the wind expansion might be the mech-
anism responsible for what we observed and described in this
paper. Phenomena of interchange magnetic reconnection favored
by the motion of the footpoints of magnetic field lines due to
photospheric dynamics would mix field lines that originate from
open field line regions, which are robustly populated by large-
amplitude Alfvénic fluctuations, with magnetic loops, which are
characteristic of surrounding closed field line regions, which are
populated by smaller amplitude and less Alfvénic fluctuations.
This suggested mechanism, which we cannot prove but propose
as a hypothesis at present, could be tested in the near future as
soon as the nominal phase of the Solar Orbiter mission will start
and it will become possible to directly link in-situ and remote
observations. Moreover, this particular kind of study would also
greatly benefit from a future radial alignment between Parker
Solar Probe and Solar Orbiter, which might allow us to observe
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wind turbulence for case studies such as the August 2017 stream
at different radial distances.

There is no doubt that the single-case study reported in this
paper is interesting per se and deserves to be understood. It
is greatly stimulating to observe such a quick and remarkable
reduction of the turbulence strength in magnetic and kinetic fluc-
tuations without finding any clear reason in the available obser-
vations. Even if this were the only case observed so far in the
solar wind, it would be wise to study it. In reality, as we already
stated, we observed several other streams with the same features,
but this is not a statistical study, and we limited our analysis
to the August 2017 stream. No similar studies are available in
the literature, and our work represents the first attempt in this
direction.
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