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ABSTRACT

Context. Magnetic switchbacks in the solar wind are large deflections of the magnetic field vector, often reversing its radial compo-
nent, and associated with a velocity spike consistent with their Alfvénic nature. The Parker Solar Probe (PSP) mission revealed that
they were a dominant feature of the near-Sun solar wind. Where and how they are formed remains unclear and subject to discussion.
Aims. We investigate the orientation of the magnetic field deflections in switchbacks to determine if they are characterised by a
possible preferential orientation
Methods. We compute the deflection angles ψ = [φ, θ]T of the magnetic field relative to the theoretical Parker spiral direction for
encounters 1 to 9 of the PSP mission. We first characterize the distribution of these deflection angles for calm solar wind intervals, and
assess the precision of the Parker model as a function of distance from the Sun. We then assume that the solar wind is composed of
two populations, the background calm solar wind and the population of switchbacks, characterized by larger fluctuations. We model
the total distribution of deflection angles we observe in the solar wind as a weighed sum of two distinct normal distributions, each
corresponding to one of the population. We fit the observed data with our model using a Monte-Carlo Markov Chain algorithm and
retrieve the most probable mean vector and covariance matrix coefficients of the two Gaussian functions, as well as the population
proportion.
Results. We first confirm that the Parker spiral is a valid model for calm solar wind intervals at PSP distances. We observe that the
accuracy of the spiral direction in the ecliptic is a function of radial distance, in a manner that is consistent with PSP being near the
solar wind acceleration region. We then find that the fitted switchback population presents a systematic bias in its deflections, with a
mean vector consistently shifted towards lower values of φ (−5.52

◦

on average) and θ (−2.15
◦

on average) compared to the calm solar
wind population. This results holds for all encounters but E6, and regardless of the magnetic field main polarity. This implies a marked
preferential orientation of switchbacks in the clockwise direction in the ecliptic plane, and we discuss this result and its implications
in the context of the existing switchback formation theories. Finally, we report the observation of a 12-hour patch of switchbacks that
systematically deflect in the same direction, so that the magnetic field vector tip within the patch deflects and returns to the Parker
spiral within a given plane.
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1. Introduction

Magnetic switchbacks are structures that are ubiquitous in the
near-Sun solar wind and particularly striking in the Parker Solar
Probe (PSP) mission data (Kasper et al. 2019; Bale et al. 2019;
Horbury et al. 2020; Dudok de Wit et al. 2020). Their in-situ
signatures include a large deflection of the magnetic field often
reversing its radial component - hence their name - associated
with a velocity spike consistent with their Alfvénic nature (Mat-
teini et al. 2014; Phan et al. 2020). In addition, the magnetic
field magnitude and the pitch-angle distribution (PAD) of the
suprathermal electron population remain fairly constant within
switchbacks (Kasper et al. 2019). From these observations, they
are interpreted as large local magnetic folds with faster plasma
superposed to a calmer solar wind (Bale et al. 2019). They had
been observed more scarcely in other mission data further away
from the Sun (Balogh et al. 1999; Gosling et al. 2011; Horbury

et al. 2018) and are now known to be a significant feature of the
solar wind below 0.3 AU.

Many physical processes have been proposed to explain the
formation of these unexpected structures. One of the most in-
vestigated mechanisms is interchange reconnection (Nash et al.
1988; Wang et al. 1989), where open field lines reconnect with
closed ones in the low corona. The foot-point exchange of mag-
netic field lines provides a theoretical basis to explain how the
magnetic field lines can sustain a quasi-rigid rotation in the
corona while being anchored in a differentially rotating photo-
sphere (Wang et al. 1996; Fisk 1996; Fisk et al. 1999). To keep
up with the shear induced by the different rotation rates of the
two domains, field lines reconnect at their base and allow coro-
nal hole boundaries to remain unaffected by the photosphere dif-
ferential rotation (Wang & Sheeley 2004; Lionello et al. 2005,
2006). The newly reconnected magnetic configuration presents
a folded magnetic field line, and Fisk & Kasper (2020) proposed
that this fold could propagate and become a magnetic switch-
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back at PSP’s orbit. However, how such folds could subsist in
a low-β plasma is unclear, and variation around this mechanism
have been proposed. Zank et al. (2020) argue that interchange
reconnection will generate complex structures propagating up-
ward in the solar atmosphere that can reverse their radial field.
Owens et al. (2018, 2020) and Schwadron & McComas (2021)
propose that interchange reconnection may lead to a solar wind
velocity gradient along open field lines. Subsequently, fast wind
overcoming slower wind is able to reverse the magnetic field
and create a fold beyond the Alfvén point. Drake et al. (2021)
show through simulation that interchange reconnection can cre-
ate magnetic flux ropes that present switchback signatures (i.e.,
radial magnetic field component reversal) and that are very sta-
ble and may subsist more easily through propagation in the so-
lar corona and solar wind. Sterling & Moore (2020) investigate
coronal jets as a source of switchbacks, arguing that reconnected
erupting-minifilament flux rope could generate an Alfvénic fluc-
tuation that steepens during propagation and become a switch-
back. All of these work assume that switchbacks are created
in the low corona through magnetic reconnection. An alterna-
tive possibility is that switchbacks could be generated in-situ
through processes inherent to solar wind propagation. Ruffolo
et al. (2020) argue that above the Alfvén point, shear-driven dy-
namics become dominant and accounts for the switchbacks ob-
served by PSP, while Squire et al. (2020); Shoda et al. (2021);
Mallet et al. (2021) link switchbacks to solar wind turbulence.
They use compressible MHD simulations and show that expand-
ing Alfvénic fluctuations eventually reverse the magnetic field
radial component during propagation. These expanding fluctua-
tions produce magnetic switchback signatures purely born out of
turbulence in the solar wind.

The most recent data from PSP brought additional clues to
the understanding of switchbacks. An isotropization of the ion
distribution function inside switchbacks was observed (Wood-
ham et al. 2021), showing that plasma properties are differ-
ent inside switchbacks. They also tend to aggregate in patches
(Horbury et al. 2020; Dudok de Wit et al. 2020) and these
patches were found to match the spatial scale of supergranula-
tion (Fargette et al. 2021; Bale et al. 2021). In addition, switch-
back patches show an increase in alpha particle abundance com-
pared to the background solar wind (Bale et al. 2021). All of
these recent results indicate that switchback patches, and pos-
sibly switchbacks themselves, are distinct from the background
solar wind, with different plasma properties, thereby pointing to
a formation mechanism in the low corona.

In this work, we investigate over several PSP orbits if the
magnetic field deflections display a preferential orientation. Hor-
bury et al. (2020) performed this type of analysis on a four-day
period around the first perihelion of PSP. They report a tendency
for long duration switchbacks to deflect in the +T direction of
the RTN frame. They also highlight that nearby switchbacks tend
to orient themselves in the same direction. A clockwise prefer-
ence was also observed switchbacks identified in Helios data by
Macneil et al. (2020), and the same tendency was identified very
recently by Meng et al. (2022) in encounters 1 and 2 in PSP data.

In section 2, we present the data analysed in this work,
and detail the methodology and frame we use when defining
the switchback phenomenon. In section 3, we characterize the
calmer background solar wind and quantify its dispersion around
the Parker spiral model. In section 4, we model the solar wind as
a superposition of a calm background solar wind and a switch-
back population. We find that the latter displays a preferential de-
flection orientation. In section 5, we present a particularly strik-
ing example of a patch of switchback that deflect systematically

in the same direction and within the ecliptic plane for 12h. In
section 6, we discuss our results in the context of the different ex-
isting formation theories and discuss implications on solar open
flux transport. The conclusions of this study are then given in
section 7.

2. Data and Methods

2.1. Data

The PSP mission was launched in August 2018 and is to this date
completing its 10th orbit around the Sun. During the past three
years the spacecraft gradually scanned the solar wind deeper into
the solar corona, as Venus gravity assists brought the perihelion
of its highly elliptic orbit closer to the Sun. It reached in turn
35.6 R� (0.166 AU, E1 to E3), 27.8 R� (0.130 AU, E4 to E5),
20.3 R� (0.095 AU, E6 to E7) and 16.0 R� (0.74 AU, E8 to E9)
where Ex stands for encounter (or orbit) number x.

In this study we analyze magnetic field and particle data
taken by the different in-situ instruments. Magnetic field data is
provided by the FIELDS instrument suite (Bale et al. 2016) and
the particle data by the Solar Wind Electrons Alphas and Protons
(SWEAP) instrument suite (Kasper et al. 2016). Data from the
latter includes plasma moments from the Solar Probe Cup (SPC)
(Case et al. 2020) and plasma moments and electron pitch angle
distributions from the Solar Probe ANalyzers (SPANs) (Whittle-
sey et al. 2020). All data are re-sampled to a constant time step of
2 seconds and we limit our study to heliocentric radial distances
less than 60 R�. Data is shown in the RTN frame of reference,
with R (radial) being the Sun to spacecraft unit vector, T (tan-
gential) the cross product between the Sun’s spin axis and R, and
N (normal) completes the direct orthogonal frame.

2.2. Switchback definition

In this work we aim to study statistically the orientation of
switchbacks, as described in the introduction (1). However, this
poses a difficulty from the start. Indeed, switchbacks are usu-
ally identified as a deflection from a background magnetic field,
and it is obvious that the choice of this background field will di-
rectly influence the results one may obtain on their orientation.
In the literature, various background definitions have been used
to identify switchbacks in statistical studies, for instance:

– The radial direction (Woolley et al. 2020; Wu et al. 2021;
Bourouaine et al. 2020; Mozer et al. 2020)

– A 6h median field (Dudok de Wit et al. 2020)
– A 6h mean field (Bandyopadhyay et al. 2021)
– A 1h mode field (Bale et al. 2019)
– A modeled Parker spiral field (Horbury et al. 2020; Laker

et al. 2021; Fargette et al. 2021)

Various threshold were used from 30 to 90o, as well as additional
selection criteria such as duration, field magnitude, Alfvénicity,
density, etc., that are not listed here. Visual selections of switch-
backs were also performed often based on radial magnetic field
reversals and their duration (Larosa et al. 2021; Martinović et al.
2021; Akhavan-Tafti et al. 2021).

Two kinds of approaches are typically used. One seeks to
determine the background magnetic field through post treatment
of the data in an attempt to differentiate switchbacks from back-
ground solar wind, using different statistical parameters of the
magnetic field distribution like mean, median or mode values.
The other consists in modeling independently the expected back-
ground field using either a radial field assumption or the Parker
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Fig. 1. Orientation of the magnetic field for PSP’s second encounter. Panels a, b and c we display the magnetic field components normalized
by the radial distance BR(r/rmin)2, BT (r/rmin) and BN(r/rmin) (homogeneous to nT), with r the Sun-to-spacecraft distance and rmin = 35.6 R� the
radial distance at perihelion. The grey shaded intervals are manually selected calm solar wind intervals (cf section 3). In panel (d) we plot the 2D
distribution of BR(r/rmin)2 and BT (r/rmin) with the marginal distributions on the sides. Black contours surround the core of the distribution and the
colorscale represents the number of samples. In the bottom panels, we display the points located more than 60o away from respectively the radial
direction (e), the Parker spiral (f) and a 6h-mode vector (g) with the black contours as a reminder of the core of the total distribution.

spiral model. Both methods have their caveats. If the solar wind
dynamics is dominated by switchbacks over long periods, as is
often the case, then it will be reflected in the mean, median and
mode value of the distributions considered, with associated bi-
ases. The appropriateness of the modeling approach, on the other
hand, will depend on the reliability of the model used and its po-
tential limitations.

The backgrounds obtained through the use of these various
methods can be drastically different and lead to different, and
sometimes contradictory, results. In a study that will focus on the
existence of a preferential orientation within switchback, it is es-
sential to have in mind that this first assumption regarding back-
ground modeling may impact the results significantly. In Figure
1, we illustrate this fact by comparing the different conclusions
one might draw based on such selection processes. We display
the magnetic field components measured by PSP in panels a, b
and c during encounter 2, from 2019-03-29 00h to 2019-04-11
17h, while the spacecraft was below 60 R�. The BR component
is normalised by (r/rmin)2 while BT and BN are normalised by
(r/rmin) with r the Sun-to-spacecraft distance and rmin = 35.6 R�
the radial distance at perihelion. PSP is here connected to the
negative polarity solar hemisphere throughout the 13 days of
data. In the top right panel (d) we plot the 2D distribution of
BR(r/rmin)2 and BT (r/rmin) with black contours surrounding the
core of the distribution. The colorscale represents the number of
samples and we also add the normalised projected distributions
on the side. In the bottom panels (e to g), we display the points
that are located more than 60o away from respectively the radial
direction (e), the Parker spiral (f) and a 6h-mode vector (g) with
the black contours as a reminder of the core of the total distribu-
tion.

The core of the total distribution (black contours) has a non
zero BT component. The latter is consistent with the Parker spiral
expected at an angle of 167±3 o away from the radial direction on
average during this interval (see section 2.3). This corresponds
to BT (r/rmin)2 = 17 ± 3 nT and BR(r/rmin) = −96 ± 13 nT as
marked by a white cross in panel d. In the following panels (e
to g) it is clear that the distributions obtained through the three
methods differ significantly. With the radial method, the BT com-
ponent of a modeled Parker spiral is neglected and as a direct
consequence the deviation one detects will be strongly biased
toward a positive BT . By contrast the distribution 60◦ away from
the Parker spiral includes more points with a negative BT while
keeping a preference toward a positive BT . Finally, when we set
the switchback definition 60o away from a sliding mode, the tan-
gential distribution of the magnetic field is even more isotropic.
From these plots, it is clear that if we want to investigate a possi-
ble systematic orientation, we cannot define switchbacks based
solely on the radial direction because the tangential component
of the Parker spiral is significant.

Defining switchbacks as a perturbation relative to the Parker
spiral appears as the most physically motivated approach for our
purpose. In Figure 1d, we see that the spiral accurately models
the core of the magnetic field orientation distribution. To study
deviations compared to a median or mode field may also be use-
ful is some contexts but calls for a different interpretation of the
results, as one then studies rapid fluctuations compared to slower
fluctuations of the field. In this work we choose the Parker spi-
ral as the modeled background field and check for its accuracy
before analysing the switchback perturbation.
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2.3. Coordinate system

The Parker spiral angle is the trigonometric angle between the
radial direction and the spiral direction in the RT plane, given by
(Parker 1958)

αp(t) = arctan 2
(
−ω (r(t) − r0)

Vr(t)

)
(1)

where ω = 2.9 × 10−6 s−1 is the Sun’s rotational frequency
taken at the equator, r(t) is the distance of the spacecraft to the
center of the Sun, r0 = 10 R� (Bruno & Bavassano 1997) is the
source distance of the Parker spiral, and Vr(t) is the measured
radial speed of the solar wind. For our purpose, we use the ve-
locity processed with a low pass filter characterized by a cutting
wavelength at 2h. This allows for the removal of spurious data,
as well as short timescale variations and transient structures that
are not relevant to the Parker spiral angle.

To compare the magnetic field orientation to this expected
spiral we transform the data into the local Parker frame x, y, z
where x points in the direction of the spiral, z = N remains un-
changed from the RTN frame, and y completes the direct or-
thogonal frame. An important point is that this frame rotates as
a function of the polarity of the solar magnetic field, and a mag-
netic field matching the local spiral perfectly is then written as
B = Bxx with Bx positive. Finally when studying orientation,
it is convenient to use a spherical coordinate system (||B||, φ, θ),
where φ and θ are the azimuthal and elevation angle in this xyz
Parker frame spanning respectively [−180, 180]◦ and [−90, 90]◦.
We will hereafter write ψ = [φ, θ]T the vector containing the
orientation angles of the magnetic field.

3. Calm solar wind orientation

Fig. 2. Distributions of orientation angles φ (panel a) and θ (panel b) for
calm solar wind intervals over encounters 1 to 9.

The first step of our study is to quantify the accuracy of the
Parker model that we want to use for the background field. To

do so, we manually selected periods of calm solar wind in the
time series as periods that were not dominated by large scale
fluctuations. We chose periods that lasted at least one hour with
no or very few deviations greater than 60◦ from the expected
spiral direction. This selection was performed visually which can
lead to a selection bias despite our best efforts. We hence give the
timetable of the selected intervals in Appendix A, and the grey
shaded intervals in Figure 1 illustrate these for encounter 2. In
Figure 2, we display the distribution of the orientation angles
φ and θ inside these calm solar wind intervals, with the colors
differentiating the different encounters.

Table 1. Median vectors and associated dispersion of the calm solar
wind distributions displayed in Figure 2

Enc ψMedian (◦) ψ Dispersion (◦)
1 [0.4 , 1.2] [16.6 , 14.6]
2 [4.0 , 0.5] [12.7 , 11.2]
4 [0.8 , 2.1] [14.3 , 10.8]
5 [2.4 , 3.7] [14.5 , 13.9]
6 [1.1 , 1.7] [14.8 , 9.7]
7 [3.7 , 1.8] [13.4 , 10.2]
8 [-3.9 , 3.3] [12.5 , 10.7]
9 [-5.3 , -0.4] [12.0 , 9.7]

The magnetic field orientation in these calm solar wind inter-
vals matches reasonably well the Parker spiral direction given by
ψ = [0◦, 0◦]T. 1 The statistical parameters of the distributions are
given in table 1, with on average a median vector of [0.4◦, 1.8◦]

T

and associated standard deviations of [13.9◦, 11.3◦]
T
. Interest-

ingly, we note a tendency for encounters 8 and 9 to have a me-
dian value and peak biased toward negative φ. We investigated
if this could be due to PSP approaching closer to the Sun for
the latest encounters. In Figure 3, we plot for each calm solar
wind interval the median orientation of the angles φ (panel 3a)
and θ (panel 3b) as a function of the spacecraft distance r (grey
dots), and add the associated standard deviation (grey bars). We
find a Spearman correlation coefficient (measuring the degree of
monotonicity between two variables) of 0.28 (p-value = 3.10−4)
for (φ, r) and of 0.05 (p-value = 0.5) for (θ, r). This shows that φ
is indeed correlated with r while θ is not. We also fitted a linear
model to the data and found that φ = 0.235+0.081

−0.128r − 6.0+3.3
−4.4 and

θ = 0.049+0.072
−0.122r + 0.4+3.8

−3.3, once again confirming that φ slightly
increases with distance r. The fits are shown in blue in Figure 3
with light blue curves indicating the uncertainty of the fit. This
does not necessarily mean that the relation between the two vari-
ables is linear, as indeed the increase is mainly visible below
30 R� and in data from E8 and E9. This result is further dis-
cussed in section 6.1.

4. Global orientation

4.1. Modelling switchbacks

We now consider the complete 2D distribution of magnetic field
orientation angles for encounter 2 f (ψ), spanning 13 days of
data with a 2 second timestep. It is displayed in Figure 4a to-
gether with the marginal (i.e. projected) distributions of φ (4b)
and θ (4c). The distribution is characterized by a median vector

1 To give the reader a range of comparison, thisψ = [0◦, 0◦]T direction
corresponds to angles relative to the radial direction between 5.6◦ and
29.6◦ depending on r and Vr.
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Fig. 3. Orientation angles of the calm solar wind intervals given in ta-
ble 1 as a function of radial distance to the Sun. The median value of
each interval is plotted (grey dots) with the dispersion inside the interval
(error bar).

of ψ = [−2.9◦, 1.4◦]T (black lines in (4b and c) with associ-
ated standard deviation of [34.7◦, 22.6◦]T, hence wider than the
calm solar wind distribution and consistent with the presence of
a population of larger fluctuations. We can see that the peak of
the distribution remains around [0◦, 0◦]T as it was for the calm
solar wind.

A usual method chosen to study switchbacks is to segregate
the two populations - background wind and switchbacks - based
on a chosen threshold angle. Given the calm solar wind distri-
bution displayed in Figure 2 we find that this threshold should
be taken at a minimum of around 40◦ (three standard devia-
tion away) in the φ direction. This threshold is usually taken
on the angle between B and x (with x the unit vector of the
Parker spiral, see section 2.3), that is linked to φ and θ through
b.x = cos θ cos φwith b the unit vector of B. In panel 4a we draw
the limit corresponding to a 60◦ threshold angle, characterised
by cos θ = (0.5 cos φ)−1, and we overlay in light blue the distri-
bution of the points outside this limit in panels b and c. These
points are characterized by a median vector of [−54.7◦,−6.2◦]T

(blue lines in (4b and c) and with associated standard deviations

[79.6◦, 43.4◦]
T
. We notice that large-scale fluctuations occur in

all directions around the Parker spiral angle and that their distri-
bution is biased towards negative values of φ and θ, which corre-
spond to the +T and -N directions in a magnetic field of negative
polarity. By construction, in this threshold approach the switch-
back distribution (in blue) is a truncated distribution. In the rest
of the analysis we adopted a more continuous probabilistic ap-
proach considering the superposition of two solar wind popula-
tions with distinct normal distributions in deflection angles. Im-
portantly, we underline here already that both methods (segre-
gation or mixing and fitting of two populations) find consistent
results in terms of switchback preferential direction.

For the second approach we assume that the wind is com-
posed of two populations with distinct distribution properties,
respectively representing the background, calm solar wind and
the population of switchbacks characterized by larger fluctua-
tions. In accordance with the results of section 3 we assume that
the calm solar wind magnetic field deflections follow a 2D nor-
mal distributionN(µ0,Σ0) that should remain close to the Parker
spiral, together with a superposed second population of larger
deflections N(µ,Σ) representing the switchbacks, where µ and
Σ are respectively the mean vector and the covariance matrix of
the considered distributions. The total distribution we observe
in Figure 4 can then be modeled by the sum of the two normal
distributions, weighted with a given proportion γ. This model is
written :

fm(ψ,P) = (1 − γ) G(ψ,µ0,Σ0) + γ G(ψ,µ,Σ) (2)

where fm is the modeled distribution, G(ψ,µ0,Σ0) and
G(ψ,µ,Σ) are 2D Gaussian functions of respective mean vec-
tors µ0 = [µ0φ, µ0θ]T, µ = [µφ, µθ]T and covariance matrices
Σ0 = diag (σ0φ, σ0θ), Σ = diag (σφ, σθ), and finally P is the
parameter vector to fit containing 9 parameters :

P =
[
µ0φ µ0θ σ0φ σ0θ µφ µθ σφ σθ γ

]T
(3)

We assume that our data, i.e., the distribution f , follows our
model fm with a white noise model, and we take the associated
dispersion σε to be 10% of the maximum of f . From here for a
given set of parameter P, the likelihood of the data will follow a
2D normal distribution and may be written:

p( f | ψ,P) = G ( f , fm(ψ,P), σε1) (4)

where p(X) designates the probability of X and 1 is the identity
matrix. We use uniform priors p(P) on all of the parameters, with
the constraints µ0φ, µ0θ ∈ [−10◦, 10◦], σ0φ, σ0θ ∈ [0.1◦, 30◦].
These constraints are based on the results from section 2 where
we found a mean close to zero and dispersion of around 15◦.

We can now find the most probable parameters to fit our dis-
tribution, and hence seek to maximise the log-posterior proba-
bility of the model through the Bayes equation:

ln p(P | ψ, f ) = ln p(P) + ln p( f | ψ,P) + C (5)

where C is a constant.
We sample the parameter space using the emcee python li-

brary (Foreman-Mackey et al. 2019) which is based on a Monte-
Carlo Markov chain algorithm, using 32 walkers and 2000 itera-
tions. In Appendix C, we display the convergence of the 32 walk-
ers over the 2000 iterations (Figure C.1), and show the probabil-
ity distribution function of the walker positions in the 9D space,
discarding the first 1000 iterations (Figure C.2). This yields the
most probable parameter vector P which is summarized in table
2.
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Fig. 4. 2D normalized distribution of magnetic field orientation angles for encounter 2 (panel a) together with the marginal distributions of φ and
θ in light grey in panels b and c. Black lines indicate the median values of the marginal distributions. The white line in panel a corresponds to a
60◦ threshold angle (cf text for more details) and in panels b and c we overlay in light blue the distribution of the points outside this line. The blue
lines indicate the median values of these truncated blue distributions.

Table 2. Most probable (maximum a-posteriori) parameter vector P,
obtained after fitting the double Gaussian model described in the text to
the data from encounter 2. The first line presents the parameters associ-
ated with the background calm solar wind model, the second line those
associated with the switchback population, and on the third line is the
proportion of switchback population.

µ0φ µ0θ σ0φ σ0θ

1.61+0.23
−0.18 1.81+0.14

−0.12 11.32+0.32
−0.28 7.44+0.15

−0.19

µφ µθ σφ σθ

−5.68+0.42
−0.48 1.71+0.29

−0.25 31.75+0.43
−0.44 22.13+0.29

−0.42

γ

0.7975+0.0095
−0.0094

In Figure 5 we present the 2D distribution of the magnetic
deflection angles in the same manner as in Figure 4, together
with the fitting result. The white contours in panel 4a represent
the fitted function corresponding to the parameters in table 2,
together with the marginal distribution in black in panel b and
c. We also plot in panels b and c the projected calm solar wind
distribution (1− γ) ∗ G(ψ,µ0,Σ0) in red and the switchback dis-
tribution γ ∗ G(ψ,µ,Σ) in blue. To give a sense of the fit preci-

sion we also plot in lighter red, blue and black a hundred similar
functions with parameters drawn randomly from the parameter
probability distribution displayed in the Appendix (Figure C.2).
Finally in dashed red we display the calm solar wind distribution
found for E2 as displayed in Figure 2 and multiplied by (1 − γ)
so that the scales are comparable.

What is striking is first that the fitted function (in black in
panels b and c) follows quite well the 2D data distribution, and
second that the fitting algorithm finds a Parker spiral distribu-
tion (in red in panels b and c) with characteristics very similar to
the one found in section 2 in an independent manner (see table 1
line 2 and table 2 line 1). We can see that as expected, the switch-
back population in blue presents a larger dispersion in both di-
mensions. Its mean vector, however, is different from that of the
calm solar wind population in red. It presents a negative value in
the φ dimension µφ = −5.68+0.42

−0.48. This negative µφ is consistent
with the result found with the previous method (Figure 4) when
we considered the median of points with a large deviation from
the Parker spiral. In the θ dimension, however, we find no differ-
ence between the means of the core and switchback population
while in the previous method we had found a slight tendency to-
ward negative θ. This discrepancy can be explained by the fact
that the tail of the marginal distribution in negative θ is not well
reproduced by the fit (panel 5c). Finally we find a proportion of
switchback population close to 80%. This high proportion is due
to the method we are using, and can be interpreted as the propor-
tion of the observed solar wind that is dominated by magnetic
switchbacks.
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Fig. 5. 2D distribution of magnetic field orientation angles for encounter 2 (panel a) together with the marginal distributions of φ and θ in light
grey in panels b and c. The white contours (a) represent the fitted function, and its marginal distributions are in black in panel b and c. We also plot
in panels b and c the marginal distributions corresponding to calm solar wind (red) and switchback (blue) populations, with lines indicating their
mean. The curves in lighter red, blue and black give a sense of the fit precision. Finally in dashed red we display the calm solar wind distribution
found for E2 as displayed in Figure 2 and multiplied by (1 − γ) so that the scales are comparable. See text for more detail.

To summarize, in our method we assume that the solar wind
magnetic field fluctuations are composed of two populations,
each with orientation angles that follow a 2D normal distribu-
tion. The first is assumed to follow the Parker spiral with a rather
small dispersion, and the second is the switchback population
with a wider dispersion. After fitting this model to our data,
we find that the background population we retrieve is consis-
tent with the calm solar wind distribution described in section
3. We also find that the switchback population is biased with an
offset in the −φ direction.These results are confirmed with the
more simple analysis of Figure 4, looking at the median values
of points more than 60◦ away from the spiral, which also shows
a preferential −φ orientation.

4.2. A systematic bias in the deflections

We now apply the same method to the remaining encounters. For
each, we consider the available data below 60 R�, and we discard
intervals where the Parker spiral model is not relevant, i.e where
we identified Heliospheric Current Sheet (HCS) crossings, Coro-
nal Mass Ejections (CMEs) or Flux Ropes (FR). This selection
was done manually and can be reviewed in Appendix B. In order
to identify a potential influence of the magnetic field polarity, we
also restrained our study to the main polarity of each encounters.
It means that we considered only the data points when the space-
craft was sampling a negative polarity solar wind (south of the
HCS) for encounters 1, 2, 4, 5, 6 and 9, and a positive polarity

solar wind (north of the HCS) for encounter 7 and 8. We also
performed the analysis without taking into account the polarity
of the field and it did not change the results. We compute the
orientation angles of the magnetic field in the local Parker frame
and fit the obtained distribution for the most probable parameters
in the same manner as in Table 2.

Enc ∆µφ (◦) ∆µθ (◦)
1 -5.41 -1.22]
2 -7.25 -0.11
4 -1.60 -1.38
5 -11.47 -3.81
6 -0.37 -0.18
7 -8.06 -5.58
8 -6.86 -2.87
9 -3.12 -2.02
〈·〉 -5.52 -2.15

Table 3. Shift between the calm solar wind and switchback distribution
means. The last line is the average over all encounters

The results are summarized in Figures 6 and 7 and fully
available in Appendix C. In Figure 6, we display all the fits we
performed for the different encounters by looking at the marginal
distributions. We plot in black f (φ) and θ, corresponding to
the marginal distributions of the magnetic field orientation ob-
served by PSP for each encounter. The filled curves are the fitted
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Fig. 6. The marginal distributions of observed magnetic field orientation
angles f (φ) (a) and f (θ) (b) are displayed in black for all encounters,
with a shared y-axis. The fitting result are also plotted : in light red the
marginal distributions corresponding to calm solar wind, and in light
blue the marginal distribution corresponding to switchbacks. Vertical
lines lines indicate their mean, and the dashed line in the background is
the zero value.

marginal distributions of the calm solar wind (in red) and the
switchbacks (in blue) with vertical colored lines indicating their
mean value. We note that the plots shown for encounter 2 in Fig-
ure 6 are the same as the ones detailed in Figure 5b and 5c. This
visualization shows that, to first order, the data is accurately re-
produced by the model we use, i.e. the weighed superposition
of two Gaussian functions. We also see that the switchback dis-
tribution (in blue) clearly shows a biased mean shifted towards
smaller values of φ (and θ to a smaller degree) compared to the
calm solar wind, for all encounters independently apart from E6.

In Figure 7, we display a scatter plot of the mean vector of
each population for all encounters, each displayed with a differ-
ent color. The cross markers indicate the mean vectors found for
the calm solar wind population µ0 = [µ0φ, µ0θ]T (correspond-
ing to the red vertical lines in Figure 6), while the filled cir-
cles are the mean vectors found for the switchback population
µ = [µφ, µθ]T (vertical blue lines in Figure 6). Each couple of
points is linked by a line for visualisation purposes. Finally, con-
tours around the markers (filled for calm solar wind, transparent
for switchbacks) indicate the uncertainty (1σ) of the fit we per-

Fig. 7. Mean vectors of calm solar wind (cross) and switchback (dot)
population for each encounter. Both are linked by a line for visualisa-
tion purposes. Contours around the markers (filled for calm solar wind,
transparent for switchbacks) indicate the uncertainty of the fit we per-
formed.

formed. For E8 and E9 the calm solar wind means have negative
φ values, which is consistent with the values presented in sec-
tion 2. The shifts between the means of the calm solar wind and
switchback distributions are given for each encounter in table
3, with ∆µφ = −5.52 ◦ and ∆µθ = −2.15◦ on average. For all
encounters except E6, the switchback population is shifted sig-
nificantly to lower values of φ, while for all encounters except
E2 and E6, it is also somewhat shifted toward lower values of θ,
even though the trend is less significant. These results are further
discussed in section 6.2.

5. Case study of a unidirectional planar patch of
switchbacks

In addition to the large scale systematic bias found over the dif-
ferent encounters (4), we want to highlight in this section that on
smaller scales, switchbacks can be deflected very consistently in
the same direction. To that extent we report on a patch of switch-
backs that occurs during encounter 2 from 2020-04-05T20:00 to
2020-04-06T12:00, with a total duration of 14 h, and displayed
in Figure 8. In the top panel we display the radial and tangen-
tial component of the magnetic field BR and BT , as well as the
expected components of the Parker spiral magnetic field. The
difference between model and data is lightly shaded. In the bot-
tom panels, we plot the 2D distribution f (BR, BT ) and f (BR, BN),
with the color indicating the number of points inside each bin.
An arrow indicates the average expected direction of the Parker
spiral. In these plots, it is clear that the magnetic field deviates in
one direction during the entire patch, which is BT negative in the
ecliptic plane. This corresponds to +φ direction with the notation
adopted in this paper. The path taken to deflect and return to the
Parker spiral remains unchanged within a given plane (here the
ecliptic), rather than randomly in three dimensions.

This further confirms the results from Horbury et al. (2020)
who found that the larger switchbacks within a patch tend to
deflect in the same direction. Here we do not have a notion of
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Fig. 8. Illustration of a one-sided patch of switchbacks. The top panel shows the radial and tangential component of the magnetic field BR and BT ,
as well as the expected components of the Parker spiral magnetic field. The difference between model and data is lightly shaded. In the bottom
panels, we plot the 2D distribution f (BR, BT ) and f (BR, BN), the color scale indicates the number of points inside each bin.

switchback duration but show that deviations are comprised in
the ecliptic plane (θ < 30◦, not shown) and one-sided with re-
gard to the Parker spiral (+φ direction). This event interestingly
goes in the opposite direction compared to the systematic bias
we found in section 4. This is not unexpected, as the data dis-
played in Figures 4 to 6 shows that switchbacks may deflect in
any directions, despite the average having a tendency towards
negative φ.

6. Discussion

6.1. Parker spiral

We have shown in section 3 that as PSP’s distance to the Sun
decreases, the magnetic field data of calm solar wind intervals
seems to deviate from the Parker spiral model predictions. This
is mainly visible in the data from E8 and E9 when PSP was div-
ing down to 16 R� at perihelion (while data above 30 Rs show no
obvious trend, consistently with Badman et al. (2021)). Geomet-
rically, this means that we are overestimating the algebraic value
of the Parker spiral angle αp and that the spiral is less tightly
wounded than expected. The Parker spiral model computed in
the present study is given by equation 1, with ω = 2.9×10−6 s−1,
r0 = 10 R� and where Vr(t) is the measured radial speed of the
solar wind processed with a 2h low pass filter. However, this
model implicitly assumes a constant solar wind speed between
the source surface of radius r0 and the spacecraft, and this hy-
pothesis is likely no longer valid so close to the Sun, especially
in the slow solar wind that accelerates until 10-20 solar radii (see

e.g. Bruno & Bavassano (1997)). With these values in mind, and
seeing that the average value of solar wind speed during E8 and
E9 is around 200 to 300 km/s, it is highly probable that at such
heights, PSP is located within the acceleration region of the so-
lar wind (recently, Kasper et al. (2021) reported that PSP even
went down to the magnetically dominated corona during the lat-
est orbits). This is consistent with our results, since the spiral we
observe is straighter than the expected Parker spiral associated
with the wind speed measured by PSP. Indeed, overestimating
the algebraic value of αp amounts to overestimating the value of
the solar wind speed Vr from the source

6.2. Switchback orientation

In section 4, we show that for all encounters (1 to 9, 3rd ex-
cluded), the switchback population presents a preferential de-
flection orientation towards lower values of the φ and θ angles.
This result holds for all encounters (albeit being less clear in E6)
and is not impacted by the polarity of the magnetic field. We
highlight the implication of this result in a more visual manner
in Figure 9. In this sketch we represent in panel a) a top view
of the Sun (N is in the out of plane direction), two field lines
with positive (red) and negative (blue) polarity, and the asso-
ciated Parker frame at a given radius as previously defined in
section 2.3. It is easier to see in this visualisation that for a pos-
itive field (red), negative φ values correspond to the −T direc-
tion, while for a negative polarity field (blue) it corresponds to
the +T direction, both of which correspond to a clockwise rota-
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tion. This is consistent with the results of Horbury et al. (2020)
stating that switchbacks present a preferential orientation in the
+T direction during encounter 1, where PSP samples mainly the
negative polarity hemisphere of the Sun. This clockwise prefer-
ence was observed in Helios data by Macneil et al. (2020), and
more recently identified by Meng et al. (2022) in encounters 1
and 2 in PSP data, which further confirms our result. On Figure
9 we draw a switchback illustration consistent with the negative
φ preference for each polarity, and one can see that the geometry
remains unchanged. Due to the alfvénicity of the structures, the
displayed configurations are associated with positive tangential
flows. On the other hand the less marked bias toward −θ val-
ues corresponds to the -N direction regardless of the polarity.
One can realize that in this case, this indicates a symmetry of
the switchback geometry in the two hemispheres. We illustrate
this configuration in panel b, with a side view of the Sun (T is
in the in-plane direction) and a switchback with negative BN for
each polarity. To summarize, we find that switchbacks - viewed
as a population of large magnetic deflections with respect to the
Parker spiral - occur in all directions, while their deflection dis-
tribution presents a systematic bias in the −φ direction and to a
lesser extent in the −θ direction. We now discuss this result in
the light of the existing potential formation process for magnetic
switchbacks presented in the introduction (cf section 1).

Fig. 9. Illustration of the favored geometry of switchbacks in negative
(blue) and positive (red) polarity

6.3. Possible interpretation

Interchange reconnection is a mechanism that allows the open
magnetic field lines of the Sun to reconnect at their base with
closed loops emerging from the magnetic carpet. This phe-
nomenon mitigates the shear induced by the differential rotation
of the photosphere - where field line footpoints rotate at different
speeds depending on latitude - and the quasi-rigid rotation of the
corona at equatorial rates - due to force balance with the large-
scale coronal structure, including transients (Wang et al. 1996;
Fisk 1996; Fisk et al. 1999; Wang & Sheeley 2004; Lionello
et al. 2005, 2006). In the reference frame of a coronal hole that is
corotating quasi-rigidly at the equatorial rotation rate, magnetic

loops appear to drift in the direction opposite to that of solar ro-
tation, from West to East. This relative drift can induce strong
magnetic shears that force magnetic reconnection between mag-
netic loops and open field lines. Subsequently, this leads to a
footpoint displacement due to magnetic reconnection favored in
the direction of solar rotation. Of course if the photosphere is
going somehow faster than the corona (locally near the equa-
tor for instance) then the favored motion is reversed. In general,
however, the process may be random and in all directions for
the majority of the events because of localised photospheric mo-
tions associated with the magnetic carpet and solar granulation.
The phenomenology at stake is illustrated in Figure 10. There,
the sketch displays an element of open flux tubes from the pho-
tosphere expanding out into a faster corona, inducing a shear
in the magnetic field lines as just described. The sketch is valid
for all such flux bundles that escape from the otherwise mixed
polarity patchwork of closed field lines of the magnetic carpet.
At the bottom of the flux tube, magnetic reconnection can oc-
cur randomly and in all directions between open field lines and
closed loops emerging from the magnetic carpet. As the photo-
sphere lags behind the solar corona, a particular geometry could
be favored as footpoint motion will tend to mitigate the speed
shear and jump in the direction of solar rotation. We suggest that
this process could induce the bias in switchback orientation we
present in this paper. This is consistent with Bale et al. (2021)
who also interpreted E6 data in terms of a shear between the
photosphere and corona.

Our results here seem consistent with such reconnection oc-
curring in regions where the photosphere is going on average
slower than the solar corona and that would lead to the geom-
etry highlighted in Figure 9a and 10. This situation of a slower
photosphere is particularly valid at mid to higher latitude, typi-
cally over 30◦ in latitude as studies of coronal hole rotation rate
indicate (e.g.Giordano & Mancuso (2008); Mancuso & Gior-
dano (2011); Bagashvili et al. (2017); Mancuso et al. (2020)).
However, analysis on the spacecraft connectivity throughout en-
counter 1 indicated that the measured solar wind observed by
PSP was emerging from an equatorial coronal hole (Bale et al.
2019; Badman et al. 2020; Réville et al. 2020), that would sup-
posedly rotate close to the photospheric speed. We thus expect
a lower −φ bias in this case. Nonetheless, we must consider the
small but existing latitudinal extent of the coronal hole, as well
as potential additional solar wind sources, in the interpretation of
E1 data. Future work on the connectivity of PSP during switch-
back observation is needed for the different encounters, to con-
firm or infirm a potential link between the −φ bias and inter-
change reconnection induced by differential rotation.

Regarding the bias in elevation, Fisk et al. (1999) interest-
ingly highlight a potential circulation of field line footpoints at
the photosphere from the poles toward the equator, which would
be consistent with the slight bias we find toward negative θ val-
ues (i.e negative BN , see Figure 9b). Indeed a field line rooted
in the northern (southern) hemisphere would then be dragged
downward (upward) and favor reconnection in the configuration
displayed in red (blue) in Figure 9b. However, considering that
the bias we find in −θ is small, we advise caution in the interpre-
tation of this result and consider it less robust than the bias found
in the ecliptic plane.

The preferential orientation we find - for switchbacks to de-
flect in the clockwise direction - does not seem to fit with a for-
mation process involving either solely solar wind turbulence, as
developed by Squire et al. (2020); Mallet et al. (2021); Shoda
et al. (2021), or in-situ velocity shears as developed by Ruffolo
et al. (2020). It seems that both of these processes would pro-
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Fig. 10. Illustration of a possible explanation for the preferential orientation of switchback, assuming interchange reconnection in the low corona
as the initial mechanism. The sketch displays an element of open flux tubes from the photosphere expanding out into a faster corona, along
closed loops forming the magnetic carpet. The blue (red) color is associated with the negative (positive) polarity of the field lines. Some potential
reconnection sites are highlighted in light yellow (non exhaustive) and reconnected field lines are displayed in yellow as well. The arrows on the
right stress the relative speed gradient that exists between the differentially rotating photosphere and the quasi-rigidly rotating corona.

duce fluctuations that should appear as rather isotropic in the
data. However, most of the studies cited above focus on the ra-
dial component of the magnetic field only. An analysis of the
distribution of the magnetic field orientation angles in simula-
tions from Squire et al. (2020); Mallet et al. (2021); Shoda et al.
(2021) (for turbulent generation) and Ruffolo et al. (2020) (for
in-situ velocity shears) would be of interest here, to investigate
whether these other mechanisms can also introduce anisotropy
in switchback properties.

We conclude that our results seem overall consistent with
interchange reconnection in the low atmosphere as a plausible
source of the preferential orientation of switchbacks. The bias
we find is indeed going in the direction to reconcile the differ-
ential rotation of the photosphere and a more rigid rotation of
the corona. Let us point out that we studied the switchback phe-
nomenon in a probabilistic approach, without identifying exact
structures in the data. Hence we can not conclude if the bias we
find is due to switchbacks appearing more frequently in this di-
rection, or if longer switchbacks tend to orient themselves in this
direction. Finally, we realize that our study is not sufficient to de-
termine how reconnection would create, propagate and preserve
the switchbacks all the way to PSP’s location (see Tenerani et al.
(2020) for instance). Several explanations stemming from inter-
change reconnection are currently investigated. We here provide
an additional observational constraint, consistent with the results
from Horbury et al. (2020), that models and simulations ought to
reproduce.

7. Conclusion

We investigate a potential preferred orientation in the large mag-
netic deflections called switchbacks.

We first caution that the choice of definition used to identify
a magnetic switchback will by construction impact the results
(2.2). We choose to consider fluctuations away from the Parker

spiral by using a locally defined Parker frame and two orientation
angles in azimuth (φ) and elevation (θ) (2.3).

We characterize the calm solar wind orientation (3) and find
that the Parker spiral model indeed remains accurate at such
short distances from the Sun. We notice that an offset appears
for the latest encounters (8 and 9) and is linked to the lower ra-
dial distance. This is expected and shows that PSP is located near
the acceleration region of the solar wind.

We then investigate the large fluctuation orientation (4.1).
To do so, we assume that the wind is composed of two popu-
lations with distinct distribution properties, respectively repre-
senting the calm and perturbed solar winds. We assume a nor-
mal distribution of orientation angles for both distribution and fit
our data with this model. We find that the actual distribution of
orientation angles is then well reproduced. We derive from this
fit that the mean value of switchback population is biased by a
few degrees toward lower φ for all encounters except E6 (-5.5◦
shift on average), and toward lower θ for all encounters but E2
and E6 (-2.1◦ shift on average, see Figure 7 and table 3). This
occurs regardless of the main polarity of the field. We conclude
that switchbacks occur in all direction, but present a preferential
orientation in the −φ (clockwise) direction, and to a lesser extent
in −θ (toward the equator) direction.

We report the observation of a patch of magnetic switchbacks
who consistently deflected in the same direction over 14h. The
deflections where all comprised with the ecliptic plane and on-
sided regarding the Parker spiral.

We discuss the implications of the preferred orientation we
find (6), showing that it favors an invariant geometry in the equa-
torial plane associated with a clockwise rotation and positive
Vt flows, while it may favor a symmetrical geometry north and
south of the HCS (Figure 9). These results are globally con-
sistent with the observations of Horbury et al. (2020); Macneil
et al. (2020); Meng et al. (2022). The bias in −φ might find its
cause in the interchange reconnection process occurring in the
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low corona, reconciling the shear induced by the different rota-
tion rates of the photosphere and the corona.
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Appendix A: Calm wind intervals

Enc Start time End time
1 2018-10-31T23:17:00 2018-11-01T01:28:00
1 2018-11-01T14:00:00 2018-11-01T17:00:00
1 2018-11-02T08:00:00 2018-11-02T12:00:00
1 2018-11-02T13:18:00 2018-11-02T17:00:00
1 2018-11-02T20:37:00 2018-11-02T23:25:00
1 2018-11-03T02:40:00 2018-11-03T05:15:00
1 2018-11-03T14:58:00 2018-11-03T20:52:00
1 2018-11-04T17:40:00 2018-11-05T01:23:00
1 2018-11-05T18:00:00 2018-11-05T23:00:00
1 2018-11-07T03:59:00 2018-11-07T05:56:00
1 2018-11-08T07:04:00 2018-11-08T09:10:00
1 2018-11-08T10:04:00 2018-11-08T12:07:00
1 2018-11-08T17:46:00 2018-11-08T20:47:00
1 2018-11-10T10:25:00 2018-11-10T18:31:00
1 2018-11-11T00:00:00 2018-11-11T17:00:00
2 2019-03-30T18:00:00 2019-03-30T19:18:00
2 2019-03-30T21:10:00 2019-03-30T22:00:00
2 2019-04-01T06:00:00 2019-04-01T09:00:00
2 2019-04-01T18:16:00 2019-04-01T21:47:00
2 2019-04-02T06:46:00 2019-04-02T08:14:00
2 2019-04-02T10:34:00 2019-04-02T11:43:00
2 2019-04-02T14:04:00 2019-04-02T15:06:00
2 2019-04-02T18:07:47 2019-04-02T18:59:53
2 2019-04-03T02:31:00 2019-04-03T03:23:00
2 2019-04-03T08:00:00 2019-04-03T11:00:00
2 2019-04-03T13:00:00 2019-04-03T20:00:00
2 2019-04-03T23:02:00 2019-04-04T01:43:00
2 2019-04-04T04:43:00 2019-04-04T06:50:00
2 2019-04-04T15:06:00 2019-04-04T16:22:00
2 2019-04-04T17:59:00 2019-04-04T18:55:00
2 2019-04-05T18:46:00 2019-04-06T00:32:00
2 2019-04-06T10:00:00 2019-04-06T13:00:00
2 2019-04-07T10:00:00 2019-04-07T19:00:00
2 2019-04-08T18:09:00 2019-04-08T20:18:00
2 2019-04-09T19:00:00 2019-04-09T20:29:00
2 2019-04-10T14:59:00 2019-04-10T17:31:00
2 2019-04-11T09:00:00 2019-04-11T12:00:00
4 2020-01-22T15:00:00 2020-01-22T16:00:00
4 2020-01-23T15:00:00 2020-01-23T16:00:00
4 2020-01-23T17:05:00 2020-01-23T18:38:00
4 2020-01-23T23:04:00 2020-01-24T00:53:00
4 2020-01-24T05:00:00 2020-01-24T06:00:00
4 2020-01-24T16:00:00 2020-01-24T19:00:00
4 2020-01-25T06:01:21 2020-01-25T06:55:26
4 2020-01-25T23:00:00 2020-01-26T00:32:00
4 2020-01-26T05:04:00 2020-01-26T06:58:00
4 2020-01-26T14:00:00 2020-01-26T15:00:00
4 2020-01-27T05:19:00 2020-01-27T06:41:00
4 2020-01-28T05:00:00 2020-01-28T06:00:00
4 2020-01-28T10:00:00 2020-01-28T12:00:00
4 2020-01-28T23:59:00 2020-01-29T01:35:00
4 2020-01-29T01:44:00 2020-01-29T03:00:00
4 2020-01-29T11:00:00 2020-01-29T13:00:00
4 2020-01-29T16:00:00 2020-01-29T23:00:00
4 2020-01-30T05:39:00 2020-01-30T06:56:00
4 2020-01-30T07:04:00 2020-01-30T08:50:00
4 2020-01-30T09:09:00 2020-01-30T11:00:00
4 2020-01-30T12:00:00 2020-01-30T13:00:00
4 2020-01-30T22:00:00 2020-01-31T01:00:00

4 2020-01-31T12:17:00 2020-01-31T17:59:00
4 2020-02-01T20:11:43 2020-02-01T20:59:39
4 2020-02-02T00:00:00 2020-02-02T01:42:00
4 2020-02-02T10:00:00 2020-02-02T12:00:00
4 2020-02-03T14:00:00 2020-02-03T17:00:00
5 2020-06-01T07:00:00 2020-06-01T09:00:00
5 2020-06-01T16:53:00 2020-06-01T18:10:00
5 2020-06-02T00:10:00 2020-06-02T04:54:00
5 2020-06-02T20:14:00 2020-06-03T00:04:00
5 2020-06-03T16:13:00 2020-06-03T17:51:00
5 2020-06-04T00:55:00 2020-06-04T03:17:00
5 2020-06-04T06:21:00 2020-06-04T07:32:00
5 2020-06-04T10:19:00 2020-06-04T12:12:00
5 2020-06-04T18:04:00 2020-06-04T19:43:00
5 2020-06-06T09:41:00 2020-06-06T12:25:00
5 2020-06-07T00:27:00 2020-06-07T02:01:00
5 2020-06-07T04:19:00 2020-06-07T06:14:00
5 2020-06-07T10:00:00 2020-06-07T11:00:00
5 2020-06-07T13:00:00 2020-06-07T15:00:00
5 2020-06-07T16:00:00 2020-06-07T19:00:00
5 2020-06-08T12:48:00 2020-06-08T15:24:00
5 2020-06-09T03:13:00 2020-06-09T04:52:00
5 2020-06-09T05:45:00 2020-06-09T07:36:00
5 2020-06-10T05:00:00 2020-06-10T23:00:00
5 2020-06-11T09:00:00 2020-06-12T01:00:00
5 2020-06-13T09:00:00 2020-06-13T12:00:00
5 2020-06-13T16:00:00 2020-06-14T01:00:00
6 2020-09-21T04:15:01 2020-09-21T07:06:00
6 2020-09-21T12:41:00 2020-09-21T15:33:00
6 2020-09-22T08:13:00 2020-09-22T11:54:00
6 2020-09-24T21:00:00 2020-09-25T08:00:00
6 2020-09-25T19:33:00 2020-09-25T21:13:00
6 2020-09-26T04:26:00 2020-09-26T05:09:00
6 2020-09-26T06:11:00 2020-09-26T08:15:00
6 2020-09-26T09:29:00 2020-09-26T12:30:00
6 2020-09-27T03:06:00 2020-09-27T05:15:00
6 2020-09-27T10:03:00 2020-09-27T11:04:00
6 2020-09-27T18:46:00 2020-09-27T21:46:00
6 2020-09-29T02:04:00 2020-09-29T03:49:00
6 2020-09-29T08:00:00 2020-09-29T10:00:00
6 2020-09-29T15:00:00 2020-09-29T18:00:00
6 2020-09-29T22:00:00 2020-09-30T07:00:00
6 2020-10-01T00:00:00 2020-10-01T06:00:00
6 2020-10-01T20:00:00 2020-10-02T01:00:00
6 2020-10-02T15:00:00 2020-10-02T20:00:00
6 2020-10-03T06:39:00 2020-10-03T09:47:00
7 2021-01-11T09:04:00 2021-01-11T10:29:00
7 2021-01-11T13:32:00 2021-01-11T14:31:00
7 2021-01-13T00:00:00 2021-01-13T01:00:00
7 2021-01-13T08:00:00 2021-01-13T11:00:00
7 2021-01-14T03:00:00 2021-01-14T08:00:00
7 2021-01-15T00:00:00 2021-01-15T03:00:00
7 2021-01-15T18:22:00 2021-01-15T22:22:00
7 2021-01-16T00:12:00 2021-01-16T01:44:00
7 2021-01-16T02:09:00 2021-01-16T04:15:00
7 2021-01-16T05:09:00 2021-01-16T07:14:00
7 2021-01-16T09:44:00 2021-01-16T11:08:00
7 2021-01-16T23:02:00 2021-01-17T00:16:00
7 2021-01-17T09:00:00 2021-01-17T13:00:00
7 2021-01-17T16:03:00 2021-01-17T17:25:00
7 2021-01-18T08:47:00 2021-01-18T10:08:00
7 2021-01-19T01:23:00 2021-01-19T02:59:00
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7 2021-01-19T03:45:00 2021-01-19T05:11:00
7 2021-01-19T12:39:00 2021-01-19T13:24:00
7 2021-01-19T23:39:00 2021-01-20T07:20:00
7 2021-01-21T13:00:00 2021-01-21T18:00:00
8 2021-04-24T05:00:00 2021-04-24T14:16:00
8 2021-04-26T04:24:00 2021-04-26T06:31:00
8 2021-04-26T11:00:00 2021-04-26T12:48:00
8 2021-04-26T13:22:00 2021-04-26T15:11:00
8 2021-04-26T19:28:00 2021-04-26T21:11:00
8 2021-04-27T15:00:00 2021-04-27T17:00:00
8 2021-04-28T04:23:00 2021-04-28T05:43:00
8 2021-04-28T10:00:00 2021-04-28T12:00:00
8 2021-04-28T13:05:00 2021-04-28T16:45:00
8 2021-04-28T19:00:00 2021-04-28T21:00:00
8 2021-04-29T02:01:00 2021-04-29T03:32:00
8 2021-04-29T06:30:00 2021-04-29T08:09:00
8 2021-04-29T20:35:00 2021-04-30T05:28:00
8 2021-05-01T17:41:00 2021-05-01T22:24:00
8 2021-05-03T04:19:00 2021-05-03T06:42:00
9 2021-08-04T20:00:00 2021-08-05T08:00:00
9 2021-08-05T13:31:00 2021-08-05T16:54:00
9 2021-08-06T09:31:00 2021-08-06T11:58:00
9 2021-08-07T14:16:00 2021-08-08T02:49:00
9 2021-08-08T10:53:00 2021-08-08T11:54:00
9 2021-08-08T17:20:00 2021-08-08T18:43:00
9 2021-08-08T21:07:00 2021-08-08T22:46:00
9 2021-08-09T09:16:00 2021-08-09T10:01:00
9 2021-08-09T16:52:00 2021-08-09T19:56:00
9 2021-08-09T21:03:00 2021-08-10T00:27:00
9 2021-08-10T08:42:00 2021-08-10T10:36:00
9 2021-08-10T11:37:00 2021-08-10T12:29:00
9 2021-08-10T18:54:00 2021-08-11T01:03:00
9 2021-08-11T11:00:00 2021-08-11T14:00:00
9 2021-08-11T18:00:00 2021-08-11T19:00:00
9 2021-08-11T20:36:00 2021-08-11T22:21:00
9 2021-08-11T23:59:00 2021-08-12T01:19:00
9 2021-08-12T05:39:00 2021-08-12T06:45:00
9 2021-08-12T19:05:00 2021-08-12T20:02:00
9 2021-08-14T03:00:00 2021-08-14T06:00:00
9 2021-08-14T22:59:00 2021-08-15T00:15:00
9 2021-08-15T01:58:00 2021-08-15T03:34:00

Table A.1. Timetable of calm solar wind intervals manually selected
over encounters 1, 2, 4, 5, 6, 7, 8 and 9 (see section 3)

Appendix B: Discarded intervals

We give in the following table the list of intervals that were dis-
carded in our study during the different encounters. They corre-
spond to either heliospheric current sheet (HCS) crossings, he-
liospheric plasma sheets (HPS) crossings, coronal mass ejections
(CME) or flux ropes, and periods of strahl drop out where mag-
netic field lines are most likely disconnected from the Sun . All
of these intervals are identified visually while scanning through
the data. Intervals from encounters 1 to 5 were previously iden-
tified in Fargette et al. (2021).

Enc Start time End time Tag
1 2018-10-31T04:00 10-31T12:20 CME
1 2018-11-11T17:00 11-12T12:00 CME
4 2020-01-30T13:15 01-30T17:10 HPS
4 2020-01-31T19:50 02-01T00:05 HPS
4 2020-02-01T03:55 02-01T04:15 HCS
5 2020-05-31T12:21 06-01T03:40 Flux ropes

5 2020-06-01T10:00 06-01T16:10 Strahl inversion
5 2020-06-01T19:35 06-01T21:35 Flux rope
5 2020-06-02T06:50 06-02T09:10 HPS
5 2020-06-04T03:25 06-04T06:05 HPS
5 2020-06-07T11:10 06-07T12:40 HPS
5 2020-06-07T20:20 06-07T21:10 HPS
5 2020-06-08T00:40 06-08T12:30 HCS
5 2020-06-08T15:30 06-09T01:40 HCS
5 2020-06-12T01:00 06-12T08:00 Flux rope

or CME
6 2020-09-20T11:00 09-22T08:00 multiple HCS
6 2020-09-25T08:40 09-25T19:22 HCS
6 2020-09-25T08:40 09-25T19:22 HCS
6 2020-09-30T09:00 09-30T18:00 probable HCS
7 2021-01-17T13:00 01-17T15:00 HCS
7 2021-01-19T13:24 01-19T23:50 HCS
7 2021-01-20T07:20 01-20T14:00 compressible

structure
7 2021-01-22T21:00 01-24T12:30 HCS
8 2021-04-23T22:20 04-24T04:00 HCS
8 2021-04-24T15:57 04-24T16:18 HCS
8 2021-04-29T00:30 04-29T02:01 HCS
8 2021-04-29T07:40 04-29T10:59 HCS
8 2021-04-29T13:38 04-29T14:00 HCS
9 2021-08-10T00:27 08-10T01:54 HCS
9 2021-08-10T10:34 08-10T12:06 HCS
9 2021-08-10T13:50 08-10T18:54 HCS

Table B.1. Timetable of discarded intervals manually selected over en-
counters 1, 2, 4, 5, 6, 7, 8 and 9

Appendix C: Fitting results

In section 4, we sample the parameter space using the emcee2

python library (Foreman-Mackey et al. 2019) which is based on
a Monte-Carlo Markov chain algorithm. We use 32 walkers and
2000 iterations, and use the Chain Consumer 3 library to visu-
alise the fitting results.In Figure C.1 we display the convergence
of the fitting algorithm on 2000 iterations. After 1000 steps the
results are stable, and so we display the probability distribution
function of walker positions in Figure C.2, discarding the first
1000 iterations. 4 The fitting results for all encounters are avail-
able in table C.1

2 https://emcee.readthedocs.io/en/stable/
3 https://samreay.github.io/ChainConsumer/chain_api.html
4 The associated python code is available here : fit_double_gaussian.py
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Fig. C.1. Walker path in the parameter space over 2000 iterations

Fig. C.2. 9D probability distribution function of walker positions, discarding the first 1000 iterations.
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Table C.1. Most probable (maximum a-posteriori) parameter vectors P, obtained after fitting the double Gaussian model described in the text to
the data for all the encounters

Enc µ0φ µ0θ σ0φ σ0θ µφ µθ σφ σθ γ

1 0.04+0.16
−0.20 1.17+0.14

−0.16 12.39+0.30
−0.38 10.53 ± 0.24 −5.37+0.54

−0.38 −0.06+0.28
−0.34 34.77+0.66

−0.59 25.01+0.41
−0.38 0.755+0.01

−0.002

2 1.61+0.28
−0.15 1.82+0.12

−0.13 11.37+0.30
−0.28 7.44+0.19

−0.15 −5.69+0.40
−0.45 1.71+0.27

−0.29 31.73+0.45
−0.39 22.13 ± 0.34 0.797+0.009

−0.01

4 0.69+0.16
−0.14 1.711+0.109

−0.099 14.04+0.26
−0.17 10.75+0.14

−0.15 −0.89 ± 0.50 0.24+0.39
−0.44 34.51+0.70

−0.69 24.62+0.50
−0.46 0.598+0.012

−0.017

5 3.85+0.18
−0.17 2.60+0.11

−0.12 14.23+0.20
−0.18 10.19+0.16

−0.15 −7.59+0.86
−0.63 −1.33+0.44

−0.63 33.37+0.64
−0.66 26.42+0.50

−0.45 0.603 ± 0.012

6 2.11+0.15
−0.14 1.642+0.096

−0.090 12.46+0.22
−0.23 7.99+0.15

−0.13 1.79+0.37
−0.38 1.46+0.25

−0.22 27.80+0.47
−0.51 18.50+0.41

−0.30 0.660 ± 0.016

7 0.51+0.14
−0.19 2.778+0.098

−0.068 14.22+0.16
−0.21 7.56+0.14

−0.12 −7.46 ± 0.49 −2.81+0.38
−0.40 33.83+0.56

−0.48 24.71+0.40
−0.32 0.688+0.0074

−0.0094

8 −5.15+0.15
−0.13 1.161+0.093

−0.078 10.91+0.16
−0.17 6.886+0.097

−0.124 −11.98+0.49
−0.56 −1.76+0.30

−0.43 37.35+0.57
−0.50 26.71+0.46

−0.34 0.760+0.0055
−0.0057

9 −6.57+0.16
−0.18 −0.73+0.11

−0.10 9.93+0.26
−0.24 7.31+0.16

−0.18 −9.67+0.40
−0.45 −2.75+0.32

−0.37 25.29+0.58
−0.47 19.66+0.41

−0.45 0.707 ± 0.015
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