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ABSTRACT

Switchbacks are Aflvénic fluctuations in the solar wind, which exhibit large rotations in the magnetic field direction. Observations
from Parker Solar Probe’s (PSP’s) first two solar encounters have formed the basis for many of the described switchback properties
and generation mechanisms. However, this early data may not be representative of the typical near-Sun solar wind, biasing our
current understanding of these phenomena. One defining switchback property is the magnetic deflection direction. During the
first solar encounter, this was primarily in the tangential direction for the longest switchbacks, which has since been discussed
as evidence, and a testable prediction, of several switchback generation methods. In this study, we re-examine the deflection
direction of switchbacks during the first eight PSP encounters to confirm the existence of a systematic deflection direction. We
first identify switchbacks exceeding a threshold deflection in the magnetic field and confirm a previous finding that they are
arc-polarized. In agreement with earlier results from PSP’s first encounter, we find that groups of longer switchbacks tend to
deflect in the same direction for several hours. However, in contrast to earlier studies, we find that there is no unique direction
for these deflections, although several solar encounters showed a non-uniform distribution in deflection direction with a slight
preference for the tangential direction. This result suggests a systematic magnetic configuration for switchback generation,
which is consistent with interchange reconnection as a source mechanism, although this new evidence does not rule out other

mechanisms, such as the expansion of wave modes.
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1 INTRODUCTION

Switchbacks are Alfvénic fluctuations that represent folds in the
magnetic field, rather than changes in magnetic polarity (Balogh et al.
1999; Neugebauer & Goldstein 2013; McManus et al. 2020), and
have been observed sporadically in the fast solar wind with previous
spacecraft (Balogh et al. 1999; Horbury, Matteini & Stansby 2018).
Following observations from Parker Solar Probe (PSP; Bale et al.
2019; Kasper et al. 2019), switchbacks have become an active area
of research, with many studies describing their properties during the
first two solar encounters (Dudok de Wit et al. 2020; Farrell et al.
2020; Horbury et al. 2020; Larosa et al. 2021).

One interesting characteristic identified in this early data was
the deflection direction of the magnetic field inside switchbacks.
Although Dudok de Wit et al. (2020) demonstrated that the magnetic
field deflections were isotropic around the Parker spiral direction
(Parker 1958), they did note that the longest switchbacks in the times
series data seemed to have a preferential direction. For an interval
during PSP’s first solar encounter, Horbury et al. (2020) found that
the longest switchbacks deflected in the tangential direction in the
same sense as the Sun’s rotation. Kasper et al. (2019) also reported
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a tangential global flow deflection of the solar wind in the same
direction, with the concurrence of these observations leading to the
suggestion that they may be related (Fisk & Kasper 2020).

Interest in switchbacks from the first encounters prompted many
theories regarding their creation on the Sun, for example, interchange
reconnection (Yamauchi et al. 2004; Fisk & Kasper 2020); coronal
jets (Sterling & Moore 2020); or flux ropes (Drake et al. 2021). There
have also been several mechanisms proposed to create switchbacks in
situ via interactions between solar wind streams (Ruffolo et al. 2020;
Schwadron & McComas 2021) or through the growth of various
wave modes because of solar wind expansion (Squire, Chandran &
Meyrand 2020; Zank et al. 2020; Liang et al. 2021; Mallet et al.
2021; Shoda, Chandran & Cranmer 2021). Schwadron & McComas
(2021) and Fisk & Kasper (2020) both argue that their super-Parker
spiral and interchange reconnection ideas naturally explain both
the observed tangential deflections from Horbury et al. (2020) and
a global solar wind flow (Kasper et al. 2019). These systematic
deflections are not an explicit prediction of in situ generation
methods, which involve expanding Alfvénic waves and turbulence
(Squire, Chandran & Meyrand 2020; Mallet et al. 2021; Shoda,
Chandran & Cranmer 2021), as suggested by Fisk & Kasper (2020).

Therefore, evidence, or lack thereof, for tangential deflections
in switchbacks can differentiate between theories of their origin.
Crucially, much of the evidence for this property is based on

Published by Oxford University Press on behalf of Royal Astronomical Society. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium,

provided the original work is properly cited.

2202 JaquiBA0ON Zz uo Jasn Aselqi uopuo a6sjj09 jeusdw) Aq £782699/1001/1// 1 S/o0Ne/seiuw/woo dno olwapese//:sdiy Woll papeojumod]


http://orcid.org/0000-0002-6577-5515
http://orcid.org/0000-0002-7572-4690
http://orcid.org/0000-0002-6276-7771
http://orcid.org/0000-0002-9202-619X
mailto:rl4215@ic.ac.uk
https://creativecommons.org/licenses/by/4.0/

1002  R. Laker et al.

observations from the first solar encounter, when PSP was connected
to a small equatorial coronal hole (Bale et al. 2019; Badman et al.
2020). These conditions are not representative of all observations
taken to date. Therefore, in this paper we revisit the idea of tangential
deflections in subsequent solar encounters and aim to remove any
ambiguity around this switchback property.

2 METHODOLOGY

2.1 Definition of a switchback

Following the work of several authors (Dudok de Wit et al. 2020;
Horbury et al. 2020; Fargette et al. 2021; Laker et al. 2021), we
consider switchbacks as deflections of the magnetic field away from
the Parker spiral direction. This represents a stable reference direction
that is a based on the physical speed of the solar wind, and is
insensitive to large-scale magnetic field deflections associated with
the switchbacks themselves. We estimate the Parker spiral direction
using the spacecraft position and the solar wind velocity filtered using
a Butterworth filter (of order 2) with a cut-off at 3 hours. In particular,
we use proton core fits to the SPAN-i measurements (Woodham et al.
2021) for the solar wind velocity estimates, and fill any data gaps
using moments of the proton distributions measured by the Solar
Probe Cup (SPC; Kasper et al. 2016; Case et al. 2020).

The smooth velocity profile is not influenced by switchbacks that
have much smaller durations than the 3 hr cut-off (Dudok de Wit
et al. 2020). A systematic under/over estimation of the Parker spiral
direction may introduce unwanted results when investigating any
preferential deflection direction of switchbacks. To avoid this, we
compare the Parker spiral direction to periods of manually identified
solar wind with minimal switchback activity, finding no systematic
offset in either the R~T or T-N planes in the RTN coordinate
system.!

In this paper, we define a switchback as a magnetic deflection with
an angle greater than 45° from the Parker spiral direction, as shown
in Fig. 1. We ignore fluctuations with a duration less than 10 s and
merge switchbacks that are separated by less than 20 s. In order to
include complete observations of the switchbacks, rather than just
the measurements at deflections above 45°, we define the switchback
boundaries as the point at which the deflection angle crosses a
threshold of 30°. This method may exclude smaller fluctuations
from our analysis, but it allows for the identification of individual
switchbacks. In contrast, studying each individual magnetic vector
above a certain threshold will provide a distribution heavily weighted
towards the longest duration switchbacks.

2.2 Clock angle

When discussing the deflection direction of switchbacks, we restrict
ourselves to magnetic field data from the FIELDS suite (Bale et al.
2016), since rapid deflections in the magnetic field direction can
move the proton velocity distribution out of the SWEAP plasma
instruments’ field of view (e.g. see Woolley et al. 2020; Woodham
et al. 2021).

Following the work of Horbury et al. (2020) and Laker et al.
(2021), we use the term ‘clock angle’ ($c4) to describe the direction
of switchback deflection. The clock angle is the angle made by the

IR is radial direction from the Sun to the spacecraft, N is the component of the
solar north direction perpendicular to R, and 7T completes the right-handed
set.
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Figure 1. An example switchback identified using the methods outlined in
Section 2.1. (a) and (b) show the magnetic field components, along with a
dashed line representing their mean average across the switchback. We show
the deflection angle from the Parker spiral in (c), along with our thresholds
to define a switchback at 30° and 45°. (d) shows how the clock angle varies
inside a switchback. We then compare different methods for obtaining a single
value for clock angle per switchback (defined in the text).

magnetic field vector in a plane normal to the local Parker spiral
direction. We define 0°, 90°, 180°, 270° as pointing towards + N s
+T, -N , —f, respectively. To simplify this procedure, we force the
Parker spiral direction to point away from the Sun, which ensures
that a deflection with a + T component gives 0° < ®$cp < 180°,
regardless of the magnetic field polarity. We can calculate the clock
angle for every magnetic field vector in the switchback, meaning
there are several methods to measure a single value for ®cs per
switchback. We have opted for a method that averages ®c, when
the deflection angle is within 90° £ 10°, or a maximum if this
threshold is not reached. Therefore, we only considered magnetic
field vectors towards the centre of the deflection, which avoided
averaging issues near the edges, and sampled the magnetic field
when it was perpendicular to the local Parker spiral direction, which
gave the most consistent results. Fig. 1 demonstrates that there is little
difference between our definition of clock angle (¥4 ) and the clock
angle of the average magnetic components (®,s) or the average of
the clock angle for each magnetic vector in the switchbacks ((®ca)).

3 RESULTS

3.1 Arc-polarized fluctuations

Several authors have already stated that switchbacks are ‘arc-
polarized’ (Bruno et al. 2004; Horbury et al. 2020), meaning the
magnetic field vectors inside a switchback lying on the arc of a
sphere of radius |1§|, as demonstrated by the constant ¢, in Fig. 1.
We first test whether this property is consistent across all available
encounters, which is a crucial step, since our results are based on the
assumption that each switchback has a unique deflection direction.
After identifying switchbacks using the methods in Section 2, we
plot superposed epoch analysis for |1§’| in the bottom panels of Fig. 2.
Switchbacks show little variation in |1§| in both normalized time
(panel ¢) and deflection angle (panel d), which agrees with previous
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Figure 2. 2D histograms for the magnetic vectors inside all switchbacks over
the eight encounters. Top panels show the difference between the clock angle
of each vector and our definition of clock angle for an individual switchback
(®ca, from Section 2.2) versus normalized time (a) and deflection angle (b).
Panels (b) and (d) are normalized by column, which shows that there is little
variation in ®ca. Bottom panels show the difference between \él and the
mean, which shows that |1§| is constant inside switchbacks.

results, confirming the incompressible nature of switchbacks across
all encounters (Krasnoselskikh et al. 2020; Larosa et al. 2021).

Fig. 2 also shows ®ca inside all switchbacks, which again
shows little variation compared to our definition. Therefore, we can
conclude that switchbacks are arc-polarized, i.e the fluctuations lie
on an arc of the |1§| sphere and return along the path they deflected
from, as shown by the symmetry about 0.5 normalized time (panel
(a)). Alfvénic fluctuations do not have to exhibit this property, and
may in principle keep following the arc past 180° deflection angle,
which would case a 180° change in ®c4. Such a result may reflect
an inherent symmetry of the physical switchback structure, which
would be the case for a typical ‘S-shaped’ curve (Kasper et al. 2019).

3.2 Switchback deflections

Since switchbacks are arc-polarized, with the magnetic field return-
ing along the same path, a single value can describe their deflection
direction. In Fig. 3, we plot the deflection direction in terms of ®ca
for each switchback in the encounter. It is clear that an individual
switchback can have any value of ®¢,, which is a key feature
that holds over all the encounters. However, when considering the
distribution of deflection directions across all switchbacks within an
encounter, Fig. 3(f), we find that ® ¢, is more likely to be around 100°
and 270°. This anisotropy is also present for the longest switchbacks,
which seem to follow the overall distribution.

We summarize the switchback deflections for encounters 1-8 by
wrapping the histogram in Fig. 3(f) on to polar axes, as shown in
Fig. 4. The Alfvénic nature of switchbacks allows us to distinguish
between positive (red) and negative (blue) polarity background field
as this will influence the direction of velocity deflection — i.e. for
positive polarity the direction of magnetic deflection is opposite to
the velocity deflection, which would rotate the ®c4 by 180°. A null
hypothesis of a uniform distribution is plotted for each histogram,
which was rejected using Chi-Square test with a 1 per cent confidence
level for all of the observed ®¢4 distributions across the encounters.
Therefore, we conclude that switchback deflections are not uniformly
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Figure 3. Contextual solar wind plasma data (a—d) for the third PSP
encounter, with the ®ca of identified switchbacks plotted in (e), where scatter
size is proportional to switchback duration (similar to Horbury et al. 2020).
The histogram in (f) shows the distribution of all switchback deflections in the
encounter, which indicates a tendency for deflections around 90° and 270°
Dca.

Figure4. Distribution of all switchback clock angles for each PSP encounter,
split into positive (red) and negative (blue) polarity groups. We show an
expected uniform distribution for both positive (dashed circle) and negative
(solid circle) polarities. This demonstrates that switchback deflections are not
isotropic, with a preference for deflections in the tangential direction (90°
and 270°).

distributed, with a preference towards tangential, rather than normal,
deflections being clear in Fig. 4.

Interestingly, this preference is not purely tangential (i.e. 90° or
270°), with negative polarities showing a tendency for an axis of
symmetry along ~135° or ~315° (e.g. Fig. 4 encounter 2) and
positive having symmetry along ~225° or ~45° (e.g. Fig. 4 encounter
7). This statement holds true even when using other definitions of
clock angle (Section 2.2). While the origins of this effect are not clear,
it could be related to a systematic magnetic configuration either at
the generation site (e.g. a tilted coronal hole boundary), or as the
switchback propagates through the solar wind. It is important to note
that not all encounters show this offset symmetry axis (e.g. encounter
1 and 4), suggesting it may be related to the large-scale solar wind
structure.

MNRAS 517, 1001-1005 (2022)
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While Fig. 4 shows the distribution for all switchbacks, Fig. 3(e)
allows us to see the distribution of the longest switchbacks.

Similar to previous reports (Horbury et al. 2020; Laker et al. 2021),
these longer switchbacks exhibit ‘clustering’ - i.e. successive longer
switchbacks tend to deflect in the same direction. Such behaviour
occurs throughout all the encounters, although there is no specific
®c4 at which this happens. During the first encounter, Horbury et al.
(2020) showed that longer switchbacks deflected in +T, which was
then subsequently linked to the transverse flow in Kasper et al. (2019).
However, when looking at the ¢ of switchbacks in encounter 1
(Fig. 4) we see that there is no preference for +T over -7, meaning
that the earlier result from Horbury et al. (2020) was most likely
during a ‘cluster’ of longer switchbacks.

4 DISCUSSION

As Fisk & Kasper (2020) highlighted, a preference for tangential
magnetic deflections is a natural consequence of interchange recon-
nection (Fisk & Schwadron 2001; Fisk 2005). In this generation
mechanism, open magnetic field lines are dragged over closed loops
at the Sun, which then reconnect and launch switchbacks into the
solar wind. Therefore, this process is intrinsically linked to the
differential rotation of the corona and the solar surface, which would
create switchbacks with orientations in the +7 directions (Fig. 1,
Fisk & Kasper 2020). Such a mechanism can also explain the
clustering behaviour in Fig. 3, with successive switchbacks being
launched from the same reconnection site on the Sun. A stable
magnetic configuration surrounding the reconnection site would then
lead to successive switchbacks having similar deflection directions
(Fisk & Kasper 2020; Zank et al. 2020), with the distributions in
Fig. 4 reflecting the magnetic field orientation at the Sun.

The super-Parker spiral concept from Schwadron & McComas
(2021) also predicts a preferential tangential deflection for switch-
backs. Here, the magnetic field foot-point passes from slow to fast
solar wind, creating a kink in the magnetic field with a velocity
deflection in the same direction as the Sun’s rotation. Assuming an
Alfvénic correlation, this would create magnetic field deflections
with a +7T component for negative polarity and —T for positive
polarity. Although this was observed during a period of the first
solar encounter (Horbury et al. 2020), Fig. 4 demonstrates that the
preference for tangential deflections is not restricted to a single
direction (e.g. not only +7 component for negative polarity). It
is important to note that this argument does not consider the
propagation of switchbacks, which could account for a change in
orientation.

The observed clustering and preference for tangential deflections
are harder to reconcile for those mechanisms that are based on the
expansion of randomly orientated in situ fluctuations (Squire et al.
2020; Mallet et al. 2021; Shoda et al. 2021). There would have to
be some systematic effect, either in the seeding fluctuations or on
the switchbacks as they propagate. For example, if the Parker spiral
could influence the evolution of switchbacks, then this would provide
a systematic effect on switchbacks, regardless of their generation
mechanism (Johnston et al. 2022; Squire et al. 2022).

Recently, Bale et al. (2021) and Fargette et al. (2021) demonstrated
that patches of switchbacks are organized into structures that are
consistent with funnels closer to the Sun, most likely related to super-
granules, which can exhibit large-scale magnetic field deflections.
Therefore, it will be interesting to see if simulations can study the
influence of large-scale deflections on switchbacks.

However, there are several ways to explain the clustering behaviour
because all PSP observations are inherently single-point measure-
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ments. The most obvious is that there are successive switchbacks
with longer duration that have similar magnetic deflection directions.
As discussed in Section 4, this is naturally explained by intermittent
events being launched from the Sun, but is harder to explain with
expanding waves. While there are some suggestions that plasma
is hotter inside switchbacks (Woodham et al. 2021), there is no
agreed plasma signature that can be used to identify switchbacks.
Therefore, with single point measurements, we may misindentify a
single coherent structure as several smaller switchbacks in the PSP
data. These ‘switchbacks” would actually be part of the same larger
structure, which could explain the similarity between their deflection
directions. Such an issue could be explored by identifying switchback
edges through the presence of wave activity (Agapitov et al. 2020;
Mozer et al. 2020; Larosa et al. 2021) and magnetic field dropouts
(Farrell et al. 2020), or by finding a unique plasma signature for the
inside of a switchback.

The deflection direction of switchbacks is also important when
investigating the true size and shape of switchbacks. Horbury et al.
(2020) and Laker et al. (2021) suggested that there is a relationship
between the deflection direction of the switchback and the direction
in which PSP cuts through it, which arises from the addition of
the switchback and spacecraft velocity. Therefore, the deflection
direction can influence how the spacecraft observes the same physical
structure, as demonstrated with different cutting angles in Zank
et al. (2020). If switchbacks have an elongated structure, then the
deflection direction will influence the duration of the switchback in
the spacecraft time series — i.e. shorter duration seen by PSP when
cutting through the side of a long, thin structure [Macneil et al.
2020; Laker et al. 2021). With increasing spacecraft tangential speed
in later encounters, it was expected that PSP would travel through
the side of switchbacks (assuming they are long and thin (Laker
et al. 2021)], leading to durations being less affected by deflection
direction. We do not observe this effect in this study, suggesting that
the link between deflection direction and duration is not as simple
as first thought. This may be caused by the relationship between
an in situ definition of a switchback and the true physical shape of
the switchback, and will continue to be a major challenge in the
future.

5 CONCLUSIONS

Many of the current switchback generation theories were based on
observations from the first few solar encounters from PSP, with
the deflection direction of switchbacks being used as evidence.
However, the solar wind conditions in the first encounter were not
representative of later encounters, which are now also closer to the
Sun. Therefore, in this study, we have investigated the deflection
directions of switchbacks across the first eight encounters. We
have identified switchbacks as deflections in the magnetic field,
and confirmed previous results that they have almost constant |l_§|
and deflection direction, meaning they can be described as arc-
polarized. We showed that the longer switchbacks still exhibit
clustering behaviour, where successive switchbacks have similar
orientations over periods of hours. Although switchbacks could
deflect in any direction, we demonstrated that they have a tendency
to deflect in the tangential, rather than normal, direction. Such
a systematic observation, and the clustering behaviour, would be
natural consequences of some switchback generation methods, such
as interchange reconnection. More research is needed to rule out
other generation theories, such as the evolution of switchbacks and
the effect of large-scale magnetic deflections closer to the Sun. We
found no obvious trend in switchback direction or clustering with
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radial distance from the Sun, although this may be revealed as PSP
travels closer in future encounters.
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