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ABSTRACT

Switchbacks are rapid magnetic field reversals that last from seconds to hours. Current Parker Solar

Probe (PSP) observations pose many open questions in regards to the nature of switchbacks. For
xaniple, are they stable as they propagate through the inner heliosphere, and how are they formed? [
this work, Welai o fvestigate the struchute and ONgin OfSWitehbacks I order o study the stability

of switchbacks, we suppose the small scale current sheets therein may work to braid and stabilize

the switchbacks. Thus, we use the_partial variance of increments method to identify the small scale
current sheets, and then compare their distributions in switchbacks. With more than one thousand

switchbacks identified with PSP observations in seven encounters, wé fiid iany more current sheets
Shape structures of switchbacks. Additionally, with the helium measurements, we study the variations

of helium abundance ratios and alpha-proton differential speeds to trace switchbacks to their origins.
We find both helium-rich and helium-poor populations in switchbacks, implying the switchbacks could
originate from both closed and open magnetic field regions in the Sun. Moreover, we observe that
the alpha-proton differential speeds also show complex variations as compared to the local Alfvén
speed. The joint distributions of both parameters show that low helium abundance together with low

differential speed is the dominant state in switchbacks. THe presence of small scale current sheets
S SRS aOREGORNEAE: . Fiovvo:, other formation mechanisms

are not excluded.
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1. INTRODUCTION

Parker Solar Probe (PSP) is the first mission to touch the Sun, and it aims to uncover the solar wind properties in
the inner heliosphere (Fox et al. 2016). The PSP has completed fourteen orbits by December 2022, and its deepest
perihelion reached a radial distance of about 0.062 au or 13.3 solar radii (Rg). One of the most extraordinary
observations in the near-Sun environment is the prevalent presence of switchbacks, which are defined as the rapid
magnetic field reversals that last from seconds to hours (e.g. Bale et al. 2019; Kasper et al. 2019; de Wit et al. 2020;
Horbury et al. 2020; Mozer et al. 2020). Many new properties of switchbacks are uncovered, which also bring new
challenges to be explained.

The origin of switchbacks is a primary question to be answered, and current studies indicate the switchbacks could
form either in the interplanetary space or from the Sun.

Several works support the switchbacks are formed in the interplanetary space. With the Helios observations from
0.3 au to 1 au, Macneil et al. (2020) find the total sampled time of switchbacks (durations larger than 40 seconds)
increases with radial distances, implying the switchbacks could form in the interplanetary space through processes
such as velocity shears, draping over ejecta, or waves and turbulence. Furthermore, Squire et al. (2020) and Mallet
et al. (2021) reveal that the switchbacks could form in-situ in the expanding solar wind based on the numerical study
of the low-amplitude outward-propagating Alfvénic fluctuations. In addition, Schwadron & McComas (2021) propose
a method that the switchbacks could be evolved above the Alfvén point due to the so-called super-Parker spiral that
formed by the magnetic field footpoints walk from the source of slow wind to faster wind. Moreover, Larosa et al.
(2021) demonstrate that there are Alfvénic, fast, and slow mode signatures in switchbacks, implying the evolution of
Alfvén waves and firehose-like instabilities are the two plausible generation mechanisms of switchbacks.

In contrast, many pieces of evidence suggest that the switchbacks originate from the Sun. Based on the estimations
of the size and the orientations of magnetic field deflections of switchbacks observed by PSP, Horbury et al. (2020)
indicate that these events could be the manifestations of coronal jets that released via near-Sun impulsive interchange
reconnection processes, which occurs between open and closed magnetic field lines (Fisk & Schwadron 2001; Yamauchi
et al. 2004; Fisk 2005). This is backed by previous coronal jet observations, which suggest that the jets could erupt and
propagate to the PSP space and appear as switchbacks (Nistico et al. 2010; Sterling & Moore 2020; de Pablos et al.
2022). The hypothesis that switchbacks are formed by interchange reconnection process near the Sun is supported by
several other works (e.g. Fisk & Kasper 2020; Zank et al. 2020; Liang et al. 2021; Fargette et al. 2022). The reduction
of switchbacks in the sub-Alfvénic solar wind, which is first reported as the PSP entered the solar corona on 28
April 2021, may also correlate with lower magnetic reconnection rates on the surface of the Sun (Kasper et al. 2021).
Furthermore, Telloni et al. (2022) report a possible direct evidence of switchback in the solar corona by using the
Metis coronagraph onboard Solar Orbiter, and they suggest that this switchback is favorably produced by interchange
reconnection process. In addition, the widespread kink/Alfvén waves in the corona (Tomczyk et al. 2007; Tian et al.
2012) provides another possibility that the Alfvénic switchbacks could be highly kinked Alfvén waves that generated
in the corona and survived out to PSP distances, as shown by the latest simulations on Alfvénic fluctuations (Tenerani
et al. 2020; He et al. 2020; Shoda et al. 2021). Moreover, the characteristics of the cross helicity and the directions of
electron heat flux in switchbacks also support the idea that the switchbacks could be local folds of magnetic field lines
that originate from the corona and travel past the spacecraft (McManus et al. 2020). Besides, some works further
imply the possible relationship between the patches of switchbacks and the solar supergranulation and granulation
(Bale et al. 2021; Fargette et al. 2021, 2022; Shi et al. 2022).

The compositional properties of switchbacks are pivotal to trace their source regions (Kasper et al. 2007; Abbo
et al. 2016; Huang et al. 2016a, 2018), but the associated works are still limited due to data calibrations during early
encounters. Bale et al. (2021) find that the alpha to proton abundance ratio increases in several patches of switchbacks,
and they thus propose an origin of switchbacks from above the transition region via interchange reconnection by
combining other signatures. McManus et al. (2022) further find there is no consistent compositional signature difference
inside the switchbacks versus outside them by analyzing 92 switchbacks identified from PSP encounters 3 and 4.
However, with the alpha data available in current encounters, we may find new clues to the origins of switchbacks
based on the statistical study of the switchbacks in different solar wind conditions.
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The stability of switchback structures associates directly with the evolution and the origin of switchbacks. The
switchbacks are ”S-shape” Alfvénic structures (Kasper et al. 2019), but whether their structures are stable has not
been understood. The switchbacks are not rare in previous observations by Helios at and beyond 0.3 au (Horbury et al.
2018; Woolley et al. 2020) and other spacecraft near 1 au (e.g. McComas et al. 1996; Kahler et al. 1996; Crooker et al.
2004b; Huang et al. 2017). The striking difference of PSP observations is the unexpected prevalence of switchbacks
in the near-Sun environment Kasper et al. (2019), which implies that many switchbacks should disappear from PSP
space to beyond. In regard to this fact, there are several questions need to be answered. If the switchbacks originate
from the Sun, then we need to explain how they could propagate to the PSP space but disappear when travel farther.
If the switchbacks are formed locally, we need to know the reason why they are formed locally and why they are more
prevalent in the inner heliosphere. In general, the folded magnetic field structures will stretch to radial as the solar
wind propagates in the interplanetary space, thus there must be some mechanisms to help avoid the relaxations of the
S-shape structures of switchbacks. Rasca et al. (2021) predict the switchbacks may survive until around 60 Rg based
on the evolutions of the magnetic field and speed changes in the boundaries of switchbacks. Some studies indicate
that current sheets exist in the switchback boundaries (Krasnoselskikh et al. 2020; Farrell et al. 2020; Martinovi¢
et al. 2021), which implies the presence of strong electric fields in the layers to keep the system quasi-stable. These
results imply that the boundaries of switchbacks may play a role to prevent the switchbacks from being destroyed.
Consequently, it is valuable to investigate the structures of switchbacks to understand their stability.

In this work, we will focus on the structures and alpha particle variations in switchbacks. Following the method
of Kasper et al. (2019), we identify thousands of switchbacks with PSP observations during encounters 1-8 (E1-E8)!.
Based on the analysis of the current sheet distributions and alpha particle characteristics, we investigate the structure
and origin of the switchbacks. The data are described in Section 2. Section 3 includes the method to identify
switchbacks, the distributions of small scale current sheets and also the alpha signatures of switchbacks in E4-E8. We
present the discussion and summary in Section 4 and Section 5, respectively.

2. DATA

The Solar Wind Electrons, Alphas, and Protons (SWEAP) instrument suite (Kasper et al. 2016) and the FIELDS
instrument suite (Bale et al. 2016) onboard PSP provide the data used in this work. SWEAP includes the Solar
Probe Cup (SPC) (Case et al. 2020), Solar Probe Analyzer for Electrons (SPAN-E) (Whittlesey et al. 2020), and Solar
Probe Analyzer for Tons (SPAN-I) (Livi et al. 2022). SWEAP is designed to measure the velocity distributions of solar
wind electrons, protons, and alpha particles (Kasper et al. 2016). FIELDS is designed to measure DC and fluctuation
magnetic and electric fields, plasma wave spectra and polarization properties, the spacecraft floating potential, and
solar radio emissions (Bale et al. 2016).

In this work, we use the magnetic field data from E1 to E8 to study the distributions of small scale current sheets
in switchbacks, and we use the fitted proton and alpha data from SPAN-I that are available since E4 to investigate
the alpha characteristics in switchbacks. SPAN-I measures three-dimensional velocity distribution functions of the
ambient ion populations in the energy range from several eV/q to 20 keV/q at a maximum cadence of 0.437 s, and it
has a time of flight section that enables it to differentiate the ion species (Kasper et al. 2016). The details of the fitted
proton and alpha data are described in Finley et al. (2020), Livi et al. (2022) and McManus et al. (2022). However, the
SPAN-I measurements used here are from low cadence downlinked data, and the time resolution of the fitted proton
and alpha data are 6.99 s and 13.98 s, respectively (Finley et al. 2020; Verniero et al. 2020). The FIELDS instrument
collects high resolution vector magnetic fields with variable time resolutions. The 4 samples per cycle (i.e. 4 samples
per 0.874 s) data are used here.

3. RESULTS
3.1. Switchback identification

Following the method of Kasper et al. (2019), we separate a switchback into five parts: leading/trailing quiet period
(LQP/TQP), leading/trailing transition region (LTR/TTR), and spike (i.e. the core structure of switchback). Figure
1 shows an example of the switchback observed on 27 April 2021 during E8. Panel (a) presents the pitch angle
distributions (PADs) of suprathermal electron at energy of 316.4 eV. Panel (b) displays the magnetic field components
in RTN coordinates, and panel (c) indicates the variations of the radial magnetic field component (Bg) to the total

1 E3 is excluded due to data gaps.
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Figure 1. An example of switchback. From top to bottom, the panels show the normalized pitch angle distributions of
suprathermal electrons at energy of 316.4 eV, the magnetic field components in RTN coordinates, and the radial to total
magnetic field ratio, respectively. From left to right, the five shaded regions mark leading quiet period (LQP), leading transition
region (LTR), spike, trailing transition region (TTR), and trailing quiet period (TQP), respectively.
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Figure 2. Overview of the switchbacks identified in each encounter. In each figure, the top panel shows the distance of the
spacecraft to the Sun, and the bottom panel shows the pitch angle distributions of suprathermal electrons. The vertical dashed
lines mark the middle time of the spike region of the switchbacks in each encounter.
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magnetic field strength (|B|) , i.e. Br/|B|. The spike is generally characterized by a fully magnetic field reversal, as
shown by the yellow shaded region, where the Bg/|B| changes polarity while the dominant electron PADs keep the
same. The two cyan shaded regions represent the transition regions, and they indicate the magnetic field rotates from
the quiet period to the spike and usually contain large-amplitude fluctuations. The LTR (TTR) locates between the
spike and the LQP (TQP), which is the steady ambient solar wind as indicated by the grey shaded regions.

We use a two-step method to identify the switchbacks in each encounter. In the first step, we develop an automatic
algorithm to search the candidates of switchbacks in about 11 days around the perihelion. The searching interval is
adjusted to be consistent with the time period when the SWEAP provides high time resolution plasma observations.
At the beginning, we need to find the heliospheric current sheet crossings, which marks the boundaries of sectors that
have different polarities (Crooker et al. 2004a; Szabo et al. 2020; Lavraud et al. 2020). Then, we search the candidates
of switchbacks in the sectors that have the same polarity. In order to find prominent reversals and also as many
candidates as we can, we require the Bg/|B| changes significantly from the quiet solar wind to the spike: (1) when the
polarity of the sector is negative, we require Br/|B| > —0.25 in the spike and Br/|B| < —0.85 in the quiet period;
(2) when the sector polarity is positive, we need Br/|B| < 0.25 in the spike and Br/|B| > 0.85 in the quiet period.
We further demand there are at least three data points in the spike region. In the second step, we manually select the
better switchbacks from the candidates. In this part, we use two criteria to select the better ones. On one hand, we
require the electron PADs do not change their main distributions, which can help to verify the reversal of magnetic field
lines is real rather than current sheets. On the other hand, we also compare the magnetic field components with the
velocity components to find relatively high Alfvénic switchbacks. Consequently, we generate the lists of switchbacks
for each encounter. We note that the switchbacks we identified in E1 and E2 have been used in studies by Martinovié¢
et al. (2021) and Akhavan-Tafti et al. (2021), and our switchback lists from E1 to E8 have supported the work by
Akhavan-Tafti et al. (2022).

As a result, Figure 2 shows an overview of the switchbacks in each encounter. For the seven encounters, we find 663
switchback candidates in E1, 413 in E2, 449 in E4, 420 in E5, 512 in E6, 286 in E7 and 370 in E8. Among them, the
good events selected for study are 402 in E1, 324 in E2, 314 in E4, 200 in E5, 187 in E6, 137 in E7, and 184 in ES.
This means 1748 out of 3113 candidates are good switchbacks that suit for further study. From this figure, we can
also see the signature that the switchbacks distribute as patches (Horbury et al. 2020; Woolley et al. 2020). We also
note that the switchbacks are profoundly reduced near the heliospheric current sheet crossings in E4 to E8, one reason
is that the multiple current sheet crossings (Szabo et al. 2020) make it harder to identify the switchbacks.

3.2. Current sheets in switchbacks

There are different methods to find current sheets in solar wind, here we use the partial variance of increments (PVI)
method, which is a reliable tool to identify such structures (e.g. Greco et al. 2008; Podesta 2017; Greco et al. 2018;
Chhiber et al. 2020; Qudsi et al. 2020). The PVT at time s is defined as the magnitude of the change in the magnetic
field vector B over a time lag 7, thus

|AB(s, 7)|

VABGs B 0

where AB(s,7) = B(s + 7) — B(s) is the increment. (...) represents an average over a suitable time period. In this
work, we follow Qudsi et al. (2020) to set the time lag 7 and the average interval as 0.874 s and 8 hours (several times
of the correlation time (Chen et al. 2020)), respectively.

According to previous studies, PVI > 3 indicates non-Gaussian structures, PVI > 6 means current sheets, and
PVI > 8 suggests reconnection sites (Greco et al. 2018; Chhiber et al. 2020, and references therein). Therefore, we
choose PVI values that larger than 6 to identify current sheets. Due to the high time resolution of magnetic field data
and the cross trajectory of spacecraft, several adjacent data points with PVI > 6 could belong to the same current
sheet. We can either use the data points or the cases of current sheets to study the distributions. Here, we identify a
current sheet case if the data point with PVI > 6 is the maximum value in about 10 s, and the criterion is set due to
only about 1.7% of the selected switchbacks have a waiting time shorter than 10 s. We also find the results are similar
between the two methods, here we only present the distributions of the cases of current sheets in the switchbacks. For
the seven encounters, the corresponding current sheet cases therein are 2461, 2438, 2541, 2834, 3388, 3670, and 3038,
respectively.

PVI,, =
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Figure 3. The complementary cumulative distribution function (CCDF) of PVI values in different parts of switchbacks. In
panel (a), spike, leading transition region (LTR), trailing transition region (TTR), leading quiet period (LQP), and trailing quiet
period (TQP) are represented by black, blue, cyan, red and brown colors, respectively. In panel (b), spike, combined region of
spike and transition regions (spike+TR), combined LTR and TTR (TR), combined LQP and TQP (QP), and rest solar wind
are represented by black, blue, cyan, red and brown colors, respectively. The vertical dashed lines in both panels mark the PVI
value equals to 6. The switchbacks are from encounters E1-ES8.

Figure 3 shows the complementary cumulative distribution function (CCDF, i.e. the probability of a variable that
above a threshold) of the PVI values in different parts of switchbacks. Panel (a) shows the CCDF of PVI values in
the five parts of switchbacks (spike, LTR/TTR, LQP/TQP), representing by the different color lines as shown by the
legend. Panel (b) exhibits the CCDF in combined regions of switchbacks by ignoring the asymmetries in leading and
trailing edges, and we also include the rest solar wind outside switchbacks ("Rest’ in the figure) in the 11 days during
each encounter for a comparison. TR means the combined LTR and TTR, and QP means the combined LQP and
TQP. A similar figure to indicate the PVI variations in E1 and E2 is included in Martinovié et al. (2021). Panel (a)
denotes that large PVI values are more prevalent in spike (black line) and transition regions (blue and cyan lines) than
that in quiet periods (red and brown lines), which is reasonable because the magnetic field generally changes smoothly
in quiet periods. Moreover, it seems the leading and trailing locations of both quiet periods and transition regions
do not produce large asymmetric distributions of current sheets (PVI > 6). Panel (b) shows that the rest solar wind
(brown line) has comparable current sheets with QP (red line). In addition, the spike (black line) has more current
sheet densities than TR (cyan line), but the current sheet densities in the regions that include major magnetic field
rotations (spike+TR, blue line) are much closer to the TR. This is a result of the longer duration but lower current
sheet densities of TR, which may imply the transition regions play an important role in maintaining the structures of
switchbacks. Overall, the distributions of current sheets in combined regions are consistent with the results present in
panel (a).

Table 1 lists the distributions of current sheets in different regions of switchbacks in different encounters. During each
encounter, the numbers of current sheets (N.s) are displayed in the first row. We then normalize the duration of each
part of switchbacks to the total duration of spikes to get their relative durations (Dspike), and calculate the density
of current sheets (pcs), which is defined as the ratio of the case number to the relative duration (pcs = Nes/Dspike)-
The relative densities in each encounter are further described as percentages (R) in comparison with the current sheet
density in spike for better visualization, whereas the R represents the relative current sheet density normalized by
that in the spike of E1 for further comparison among different encounters. The results in all encounters are shown in
the bottom of the table. This table reveals several features:

1. The current sheets are most prevalent in spikes. During each encounter, we can see the density R is largest
in spike and smallest in quiet periods, whereas the transition regions have the intermediate density. This is



SWITCHBACK 7

consistent with the results shown in Figure 3. In all encounters, R is 65.9% in TR and 33.1% in QP as compared
with that in the spike.

. The current sheet distributions in leading and trailing boundaries show slight asymmetry. In each encounter, we
can see the current sheet densities in either quiet period or transition region are similar in leading and trailing
edges, but R is slightly different in both sides. For all encounters, the R are 35.2% versus 29.7% in LQP and
TQP, whereas 62.1% versus 69.9% in LTR and TTR, respectively. Besides, the LTR has larger R than TTR
during E1 and E2, but the circumstance reverses in later encounters except E6, when the LTR and TTR have
nearly the same R. The perihelia of E1 and E2 are ~0.17 au, while the perihelia are much closer to the Sun
in later encounters. The likely systematic changes imply the transition regions may evolve with radial distances
from the Sun, which still needs future observations.

. The current sheet densities vary in different encounters. Focusing on the normalized current sheet densities R,
we can see the current sheet densities change significantly in different encounters. The R in spike are above 1
in E2-E5 but below 1 in E6-E8, while the transition regions show much more variable R in different encounters.
However, in comparison with spike and transition regions, the quiet periods and rest solar wind have least
intensive current sheets but more uniform distributions between different encounters. As the PSP dives deeper
towards the Sun, the current sheet densities increase remarkably in both quiet periods and rest solar wind,
implying the switchbacks may stay in a more pristine state when closer the Sun.

. The density in spike+TR region is determined by the TR. From the bottom of this table, we can see the
current sheet density R in TR is 65.9% of that in spike, resulting in 75.7% level in spike+TR. This is a natural
mathematical consequence of the longer duration but lower R in TR. But this result implies the transition regions
may play a more important role in maintaining the structure of switchbacks than spike.

. The rest solar wind has slightly larger current sheet densities than that in the quiet periods. The QP and rest
solar wind have comparable current sheets densities, which is reasonable that the QP solar wind is much close
to the ambient solar wind. Specifically, the rest solar wind has higher R than QP in all encounters except E4.
Additionally, the current sheet densities in both QP and rest solar wind show a general decrease trend with
distance from the Sun, but the current sheets in QP seem to vanish rapider than that in the rest solar wind.
The results suggest that switchback structure may dissipate start from the QP as they propagate outward.
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Figure 4. The occurrence rates of alpha to proton abundance ratio (Ame) inside and outside switchbacks. Panel (a) shows the
Ape variations in different parts of switchbacks, and panel (b) compares their distributions in combined regions of switchbacks.
Different regions of switchbacks are represented by different colors of lines, and the colors in panel (a) and panel (b) are the
same to that in figure 3, respectively.

3.3. Helium signatures

The helium measurements give clues to the solar wind origins (e.g. Bochsler 2007; Aellig et al. 2001; Kasper et al.
2012; Huang et al. 2016b; Fu et al. 2018). The helium abundance ratio (Ag. = No/N, x 100) usually is enhanced in
fast solar wind and magnetic clouds, implying the helium-rich population originates from open magnetic field regions
in the Sun (Borrini et al. 1981; Gosling et al. 1981; Suess et al. 2009). Nevertheless, the Ay, in slow solar wind
greatly correlates with solar activity, indicating that slow wind with decreased Ag, (helium-poor population) at solar
minimum should come from helmet streamer whereas slow wind with increased Ay, at solar maximum mainly comes
from active regions (Kasper et al. 2007, 2012; Alterman et al. 2018; Alterman & Kasper 2019).

Moreover, alpha-proton differential speed (V,p) is large in fast wind and comparable to local Alfvén speed (V ), but
Vap is close to zero in slow solar wind (Marsch et al. 1982; Steinberg et al. 1996; Reisenfeld et al. 2001; Berger et al.
2011). Current studies indicate bimodal distributions of Aye versus V,p,/Va in the solar wind, with high Age and high
Vap/Va population escaping directly along open magnetic field lines as described by wave-turbulence driven models,
while low Age and low V,,/Va population releasing through magnetic reconnection processes (Durovcova et al. 2017,
2019; Fu et al. 2018, and references therein). Therefore, the characteristics of Age and Vap/Va in switchbacks could
infer their possible origins.

Following Reisenfeld et al. (2001) and Fu et al. (2018), we define the V,,, as the field-aligned differential speed, i.e.
Vap = (Var — Upr)/cos(8), where v, and v, are the radial speeds of alpha particle and proton, respectively, and 6
measures the angle of the magnetic field vector from radial direction. Here, we further require cos(6) = |Br/B| to
assure the derived differential speed is independent with magnetic field polarity, where Br and B represent the radial
component and the total strength of the magnetic field, respectively. Moreover, the local Alfvén speed is calculated
with Vo = |B|/\/ko(Npmy + Noma,), where pg denotes the vacuum magnetic permeability, N, (N,) and m,, (mq) are
the number density and mass of proton (alpha particle), respectively. In the calculations, we use the electron density
derived from the analysis of plasma quasi-thermal noise (QTN) spectrum measured by the FIELDS Radio Frequency
Spectrometer (Pulupa et al. 2017; Moncuquet et al. 2020) to replace N, by assuming charge neutrality and Age is 4%,
which does not significantly change the V as Ape generally varies from 1% to 8% (Liu et al. 2021; Mostafavi et al.
2022).

The fitted helium data are available since E4 and have a good quality due to the solar wind flows predominantly
into the field of view of SPAN-I, thus we choose the alpha data from E4 to E8 for this part of work. The data quality
is further verified by comparing the proton and alpha densities from SPAN-I with the QTN electron density. Figure 4
presents the Ay, variations inside and outside switchbacks. Figure 4(a) denotes the occurrence rates of Ay, in the five
regions of switchbacks, marked by the colors as shown in the legend. It shows that both helium-poor (Age ~ 1.0%)
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Figure 5. The distributions of alpha to proton abundance ratios (Ape) versus the alpha-proton differential speed normalized
by local Alfvén speed (Vap/Va) inside and outside switchbacks. Panels (a) to (d) show the distributions in spike, combined
transition region, combined quiet period, and rest solar wind, respectively. The colors in each panel indicate the ratio of data
counts. The black lines indicate 25% and 50% measurement contours.

and helium-rich (Age ~ 6.0%) populations exist in different parts of switchbacks, suggesting the switchbacks may
originate from both closed and open magnetic field regions in the Sun. This is also supported by previous studies
that the switchbacks are found both in slow and fast solar winds (Horbury et al. 2018, 2020; de Wit et al. 2020; Bale
et al. 2021, e.g.). In addition, the Agy, distributions show no significant difference inside and outside switchbacks,
and the similar plasma indicates the switchback is an intact structure that have no big difference in different regions,
which is consistent with latest work by McManus et al. (2022). Moreover, the helium-poor population overwhelms the
helium-rich population in switchbacks, implying that solar wind from closed magnetic field regions contributes more to
these switchbacks. The reason could be that the switchbacks are identified mainly from slow and intermediate speed
solar wind during these encounters, as we find the solar wind with speed larger than 600 km/s, 500 km/s and 400
km/s is 0.31%, 0.85% and 6.71% of the time, respectively. Furthermore, figure 4(b) displays the Ay, variations in
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the combined regions of switchbacks. The Ay, features are similar and more uniform in the combined regions as the
asymmetry in leading and trailing edges are averaged.

In Figure 5, panels (a) to (d) show the variations of Ag. versus the field-aligned V,,/V4 in spike, TR, QP and rest
solar wind, respectively. The black lines in the figure indicate the 25% and 50% measurement contours. In the spike,
the major solar wind shows low Ape (< 2.0%), whereas the V,,/Va varies from -2 to 1. As introduced above, V,,, is
comparable to V4 in fast wind but close to zero in slow wind. Mostafavi et al. (2022) find that V,, increases toward the
Sun but the magnitude is mainly below V, and alpha particles usually move faster than protons near the Sun, based
on PSP observations. However, the high V,,/V in the solar wind may associate with the very low local Alfvén speed
when magnetic field lines change polarities, or it may infer the preferential acceleration of alpha particles (Isenberg &
Hollweg 1983; Kasper et al. 2017). We note that there are negative values of V,,/V 4, which could be a result of waves
that slow down alpha particles but accelerate the protons as the energy of alpha particles overtakes protons (Durovcové
et al. 2017). Therefore, the low Ape and low Vip/Va ([Vap/Val < 0.7) implies some of the switchbacks are formed
by magnetic reconnection process, whereas the low Age and high V,,/Va (< -0.7) indicates the possible slow down of
alpha particles. There is a small portion of solar wind with high Ay (about 6.0%) and slightly high V,,/Va (about
0.8), suggesting the wave-turbulence driven mechanism may also contribute. The Ape - Vop/Va distributions are
similar in TR and QP. The dominant population shows low Ape (< 4.0%) and low Vo, /Va (|Vap/Val < 1.0), but
Vap/Va varies in a large range from about -2 to 2. Additionally, the TR solar wind also have a population with high
Ape (~ 6.0%) but low V,,/Va (close to zero), which may suggest compressions in the transition regions that work
to decrease the differential speed (Duroveova et al. 2019). Krasnoselskikh et al. (2020) and Larosa et al. (2021) also
confirm the existence of compressible switchbacks. Therefore, in TR and QP, the magnetic reconnection mechanism
works overwhelmingly to wave-turbulence driven mechanism, but compressions and/or waves are rich in these regions
to change the Ape - Vop/Va distributions. In rest solar wind, both Ape and V,,/Va range from low to high values
with predominant low Age and low V,,/Va population, indicating the reconnection mechanism dominates but other
mechanisms also play a role.

4. DISCUSSION
4.1. The stability of switchback structures

The switchbacks are much more abundant in the inner heliosphere than beyond. One reason could be that the PSP
provides higher time resolution measurements, which helps figure out more, especially, short-duration switchbacks.
Another possible explanation for this is that the switchbacks may not be able to survive, if they are formed from the
Sun, for a long heliocentric distance. If so, the stability of switchback structures could be a key to understand the
evolution of switchbacks.

According to the distributions of small scale current sheets in switchbacks, we could infer that these current sheets
should contribute to stabilize the switchback structures. In general, the small scale current sheets are a measure of
the braiding of the magnetic field within the switchbacks. The magnetic braiding was proposed to explain the coronal
heating by Parker (1972, 1988, 1994), with the hypothesis that the random, complex motions of footpoints at the base
of coronal loops due to the photospheric turbulence could twist and entangle the magnetic field, and the coronal heating
happens as the braided magnetic fields inevitably relax to a force-free state (Schrijver et al. 1998; Wilmot-Smith 2015).
The relaxation of the braided field via magnetic reconnection processes would eventually result in a complex array of
current sheets (Longbottom et al. 1998; Pontin et al. 2011; Ng et al. 2012; Rappazzo & Parker 2013). Prior & Yeates
(2016a,b) construct different types of braided magnetic field and investigate their evolutions in background field, their
detailed studies suggest that the braided internal structures can inhibit large scale morphological changes. Therefore,
the small scale current sheets in switchbacks should also help to stabilize the switchback structures.

Additionally, the S-shape curvature of switchbacks may also help achieve stability. The S-shape magnetic field could
form two large scale current sheets in both sides of a spike. Thus, the Lorentz force in the transverse direction could
drag the magnetic structure together, and may further result in a magnetic component in this direction that work
to stabilize the current sheets, which are well studied in different environments (refer to the review papers Zelenyi
et al. 2010; Artemyev & Zimovets 2012; Treumann & Baumjohann 2013, and references therein). Furthermore, the
compressions in transition regions, as we suggested in section 3.3, could resist the magnetic tensions to prevent the
S-shape curvature from relaxing.

As a conclusion, we suggest the small scale current sheets in switchbacks and the S-shape curvatures of switchbacks
may work together to stabilize their structures, and enable them to propagate stably into PSP space.
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Figure 6. The occurrence rates of switchbacks during the seven encounters. The radial variations of occurrence rate of
switchbacks are fitted with a linear function, and the fitted slop and correlation coefficient (CC) during each encounter are
presented in the right figure with same color.

4.2. The origins of switchbacks

The origins of switchbacks are still debatable. According to the introduction, current observations intend to support
the solar origins of switchbacks through interchange reconnection processes near the Sun (Fisk & Kasper 2020; Drake
et al. 2020; Woodham et al. 2020; Zank et al. 2020), but other formation methods can not be excluded.

The presence of small scale current sheets in switchbacks is consistent with the method that switchbacks are formed by
interchange reconnection near the Sun. Interchange reconnection occurs between open magnetic flux and large coronal
loops. Large coronal loops are stable structures, and the randomly braided field lines contribute to the stability of
the original loops. Since the braiding is not easy to unwind, it is also not easy to unwind during the interchange
reconnection process, and the resulting switchback has an inherent stability built in from its beginning. The small
scale current sheets are more abundant inside switchbacks could be a reasonable consequence of the braided magnetic
field. As the switchbacks propagate farther, the relaxation of braided magnetic field lines starts from the quiet region
and spreads to the transition region and spike. Due to the relative long durations of transition regions, the spike may
dissipate at last, but the relaxation of the braided field lines and the dissipation of current sheets will finally destroy
some switchbacks. Consequently, we may further compare the switchback characteristics with this scenario. Mozer
et al. (2020) find the Poynting flux increases significantly inside switchbacks. This is consistent with the magnetic
braiding, which stores energy into the braided field (Ng et al. 2012; Yeates et al. 2014). Moreover, the braiding
implies the flux tubes are tilted strongly with respect to each other (Borovsky 2008), which may lead to the large
angular deflections of switchbacks (Horbury et al. 2020) and the Poynting flux enhancements with rotational angle
(Mozer et al. 2020). Additionally, Larosa et al. (2021) show an interesting result on the distribution of discontinuities,
they find that most switchbacks have a tangential discontinuity at the leading edge and a rotational discontinuity at
the trailing edge, or vice versa. This special distribution may be in line with our scenario. In general, the complex
topology of the braided field leads to the formation of tangential discontinuities (Parker 1972; Janse et al. 2010),
while the interchange reconnection could generate rotational discontinuities (Lee et al. 1996; Lin et al. 2009). Thus, a
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Figure 7. The occurrence rate of small scale current sheets as a function of distance from the Sun. The black histogram
indicates the occurrence rate of current sheets at different distances, and the radial evolution is fitted by the red line, with the
relationship presenting in the upper right of the figure.

switchback that forms from interchange reconnection should result in rotational discontinuity at the reconnection side
whilst retain the tangential discontinuity at the other side. Besides, the ”patch” distribution is a distinct signature
of switchbacks (Horbury et al. 2020; Woolley et al. 2020). We may conceivably connect the ”patch” switchbacks to
the flux concentrations caused by the footpoint fragmentations at the edges of granules or supergranules (Schrijver
et al. 1998; Berger & Asgari-Targhi 2009; Berger 2010), but we should carefully compare their time scales to check the
consistency (Horbury et al. 2020; Bale et al. 2021; Fargette et al. 2022).

In addition, the fact that switchbacks occur in all types of solar winds further implies that they should come from
all of their source regions in the corona (Fisk & Kasper 2020). The helium signatures of switchbacks also support
these conclusions. We find both helium-rich and helium-poor populations inside and outside switchbacks, indicating
their origins from both closed and open magnetic field regions in the Sun. The Ape - Vqp/Va distributions further
suggest that the reconnection mechanism should dominate the formation processes, but the wave-turbulence driven
mechanism should also contribute.

However, we could not exclude the possibility that the switchbacks may form in the interplanetary space. Macneil
et al. (2020) give an evidence that the switchbacks observed by Helios increase with distances from 0.3 au to 1 au.
They also note that the switchbacks are shorter than 40 s due to the data time resolution, and the occurrence rates at
different distances are calculated with data samples, which may bring deviations due to solar wind expansions. Based
on our database, 46.6% of the spikes are shorter than 40 s, thus these small switchbacks could significantly change
the radial variations of switchbacks. In order to reduce the influences of solar wind expansions, which could be true
as the durations of switchbacks seem to increase with heliocentric distances (not shown), we calculate the occurrence
rates at different distances with the number of switchbacks at this distance to the total number of switchbacks in
each encounter. As shown in figure 6, the occurrence rates of switchbacks during each encounter are presented with
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different colored plus signs, and the according radial evolution relationships are displayed in right side. It denotes
that the occurrence rates decrease with distance during E1 and E4-E5, but increase in E2 and E6-ES8, implying that
some switchbacks are probably formed in the interplanetary space. We note that the fitted relationships could change
if we select different number of distance bins and the occurrence rates are somewhat scattering, we suppose this is
related to the "patch” distributions of switchbacks (Horbury et al. 2020) and/or the different solar wind conditions in
different encounters. If we use the data samples to calculate the occurrence rates, then we can see the rates also show
increase and decrease trends in different encounters, suggesting the switchback durations indeed affect. In addition,
the calculation of occurrence rates does not consider the solar wind conditions and the difference of the observation
time at different distances. As PSP collects more data in the future orbits, we can then extend this analysis with less
uncertainties.

Moreover, turbulence may also work to generate switchbacks, but it is not the primary formation mechanism based
on our results. PVI values also measure the intermittency in the turbulence, thus large PVI values indicate strong
intermittency in the turbulence. If the switchbacks are formed by turbulence, then we are expected to observe more
switchbacks at places where large PVI values are more abundant. Figure 7 displays the occurrence rate of current
sheets as a function of distance from the Sun, suggesting the current sheets decrease with the distance and approach
to a steady state after about 60 Rg. Consequently, if the above assumption is correct, we should see a decreasing
trend of switchback occurrence with distance. However, figure 6 indicates the switchback occurrence rate can even
increase with distance. Therefore, the contradiction implies that the turbulence could not be the primary formation
mechanism of switchbacks.

4.3. Other concerns

Focusing on the inverted magnetic field lines, current studies argue that they could be manifestations of appropriate
crossings of magnetic field lines by spacecraft (Fisk & Kasper 2020; Macneil et al. 2020). On one hand, the switchback
could be an intact structure that there is no abrupt changes of the solar stream during the crossing, i.e. the switchback
is formed by the same flux tubes, which is supported by current observations (Mozer et al. 2020; Martinovi¢ et al.
2021; Woolley et al. 2020; McManus et al. 2022) and by our results that the Ay, distributions are similar in different
regions of switchbacks. On the other hand, the folded magnetic field lines could be formed by the propagation of ejecta
or small transients (Drake et al. 2020; Macneil et al. 2020), thus the spacecraft may measure the structured solar
wind at one side and the intact solar stream from the Sun at the other side. In this circumstance, the solar streams
in the switchbacks, especially in LTR and TTR, could be very different, and thus bring bias to trace their origins
and add asymmetry between leading and trailing edges. In future works, we may need to separate these switchbacks,
and comparisons of the solar wind characteristics (such as the currents, proton entropy, distributions of suprathermal
electrons, temperature anisotropies) in different regions of switchbacks are necessary to figure out whether a switchback
is formed by the same bundle of flux tubes.

5. SUMMARY

In this work, we study the stability of switchback structures by investigating the distributions of small scale current
sheets with PVI method. Our results show that the current sheets are more abundant in spike than both transition
regions and quiet periods, and slight asymmetry seems to present in leading and trailing edges of switchbacks. Moreover,
the occurrence rate of current sheets appears to decrease with radial distances from the Sun, suggesting they may
work together with the S-shape magnetic field curvature of switchbacks to unite the switchback structures and enable
them to propagate outward to be observed at least in PSP space.

The presence of small scale current sheets in the switchbacks also support the method that the switchbacks are formed
through interchange reconnection processes, and some observational characteristics of switchbacks are consistent with
this scenario. With the alpha measurements available in E4-E8, we analyze the Ay, variations inside and outside
switchbacks. It shows that helium-rich and helium-poor populations are observed in different regions of switchbacks,
indicating the switchbacks come from both open and closed magnetic field regions in the Sun. Furthermore, the joint
variations of Ape versus Vop/Va further denote that low Ap. and low V,,/Va dominates in different regions of
switchbacks, implying magnetic reconnection is the primary mechanism to produce the switchbacks. However, we can
not exclude the possibility that some switchbacks may originate from the interplanetary space via other formation
mechanisms.
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