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Résumé

Les observations récentes de la sonde Parker Solar Probe (PSP), lancée en 2018, ap-
portent des données inédites sur l’origine du vent solaire. L’objectif scientifique de la
mission est de révéler les mécanismes physiques au plus proche du Soleil qui seraient
reliés à deux questions fondamentales, le problème du chauffage et de l’accélération
du vent solaire. La mission a révélé l’omniprésence de déflexions soudaines du champ
magnétique du vent solaire, les « switchbacks ». Ces structures, qui se propagent à la
vitesse d’Alfvén, pourraient être à la source de transferts d’énergie qui répondraient à
ces questions. À ce jour, leur origine ainsi que leur capacité à survivre dans le vent
solaire restent à élucider.

Je vais présenter le travail accompli durant cette thèse dans le but de comprendre
l’origine et l’évolution des switchbacks à partir de mesures in situ du champ magnétique
ainsi que des observations par télédétection. Dans un premier temps, je me concen-
tre sur la nature des frontières des switchbacks, qui sont l’intervalle pendant lequel se
produit la majeure partie de la déviation du champ magnétique. En raison de la com-
plexité de la structure 3D de ces frontières, leur analyse nécessite la définition d’une
nouvelle méthodologie. Je montre que leur nature correspond à des structures fermées.
Ce nouveau résultat suggère que l’érosion des switchbacks est plus faible que prévu.
Cela pourrait expliquer leur présence à de grandes distances du Soleil. Ce résultat est
aussi compatible avec une origine des switchbacks dans la basse atmosphère du Soleil,
ce qui motive la seconde partie de ma thèse, qui se concentre sur l’origine des switch-
backs. Il existe plusieurs hypothèses non-exclusives quant à leur origine. Cependant,
il y a actuellement un consensus sur le rôle joué par de petits événements de reconnex-
ion dans la basse couronne du Soleil dans la création des conditions nécessaires à la
génération des switchbacks. Cette hypothèse n’a pas encore été confirmée, en raison de
la difficulté de connecter les événements transitoires dans la couronne aux structures se
propageant dans le vent solaire. L’objectif de cette étude est d’établir, statistiquement
et à partir d’observations, si des jets de points brillants coronaux localisés dans des
trous coronaux peuvent être des précurseurs des switchbacks observés in situ par le
satellite. Bien que cette étude soit la plus détaillée à ce jour, les résultats ne mon-
trent pas de corrélation claire. Différentes raisons sont envisagées pour l’expliquer. Les
modèles établis ne seraient pas suffisamment précis pour étudier les petits évènements
éruptifs ce qui nécessiterait une analyse plus fine de la configuration magnétique dans
la basse couronne. Les résultats pourraient aussi être influencés par notre compréhen-
sion limitée des processus évolutifs qui se sont déroulés au cours de la propagation
du vent solaire. L’étude d’un éventail plus large d’événements éruptifs et non limité
aux jets pourrait aussi être nécessaire pour identifier les événements précurseurs des
switchbacks.
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Abstract

Recent observations by the Parker Solar Probe (PSP) mission, launched in 2018, provide
new clues on the origin of the solar wind. The scientific goal of the mission is to reveal
the physical mechanisms closest to the Sun that are linked to two fundamental and
unresolved questions, the problem of heating and acceleration of the solar wind. The
mission revealed the ubiquity of sudden deflections of the solar wind’s magnetic field,
known as switchbacks. These structures, which propagate at the Alfvén speed, could
be the source of energy transfers that answer these questions. Their origin and their
ability to survive in the solar wind have yet to be elucidated.

The work carried out in this thesis aims to understand the origin and evolution
of switchbacks based on both in situ magnetic field measurements and remote sensing
observations. First, I focus on the nature of switchback boundaries, the intervals that
include most of the magnetic field deflection. Due to the complex 3D structure of these
boundaries, their analysis requires the definition of a new methodology. I show that
the nature of the boundaries corresponds to closed structures, which is a new result.
This has an implication on the propagation of switchbacks, as the results suggest that
their erosion may be much slower than expected. This, in turn, may explain why
we observe switchbacks far from the Sun. The results are also compatible with an
origin of switchbacks that is rooted in the lower solar atmosphere, which motivates
the second part of my thesis. There are various non-exclusive hypotheses as to the
origin of switchbacks, including an origin in the Sun’s lower atmosphere. Nevertheless,
there is currently a consensus on the role that small reconnection events play in the
Sun’s lower corona in creating conditions for generating switchbacks through magnetic
reconnection. This hypothesis has yet to be verified due to the difficulty of relating
transient events in the corona with structures propagating in the solar wind. The
aim of this study is to establish, statistically and through observations, whether jets
from coronal bright points located in coronal holes can be precursors of switchbacks.
Although this study is the most detailed approach to date, the results show no clear
correlation. Different reasons are considered. The implemented models would not be
precise enough to study the small-scale eruptive events, that would require a finer
analysis of the magnetic topology in the lower corona. Evolutionary changes during
solar wind propagation could affect our findings. It could also mean that a wider range
of eruptive events, not just jets, might be the precursors of switchbacks.
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1.1.1 The Solar Atmosphere

This journey begins with the Sun, the star of the Solar system, in which many planets
orbit. From the Earth’s ground, we mainly observe its ’surface’, called the photosphere,



2 Chapter 1. Introduction

Figure 1.1: Eclipse image combining different filters, observed in Mitchell, Oregon, on
August 21, 2017. Published in Habbal et al. [2021].

which emits the light we receive. This layer also comprises the lowest layer of the solar
atmosphere. Although the photosphere is observable most of the time, observations of
the upper atmosphere are more complex. They become possible during a solar eclipse
when the moon hides the bright solar surface. This enables the observation of dimmer
structures beyond the surface. Figure 1.1 reveals the corona with its complexity dur-
ing a solar eclipse. The structures we observe are composed of plasma and a guiding
magnetic field. In fact, the field lines and the particles are forced to move together, re-
specting the “frozen-in” theorem. The question that directly arises from that statement
is to determine which of the plasma or the field is frozen in the other.

The discussion of the frozen-in theorem is usually done by means of the ratio of the
thermal to magnetic pressure, which can help determine which of the plasma or the
field dominates over the other. The ratio, called plasma β, is defined as:

β =
nkBT

( B2

2µ0
),

(1.1)

where T is the temperature, n the particle density and B the magnetic field.
When β ≫ 1, the plasma motion forces the magnetic field movement. In contrast,

- 2 -



1.1. Global context and Fundamental questions 3

when β ≪ 1, the magnetic field drives the plasma motion so that the particles follow the
field lines. In the solar corona, the magnetic field dominates, as observed in Figure 1.2,
with β < 1. In the description of the image that will follow, the lines mentioned always
refer to the emission from the frozen-in plasma that follows the field lines and not to
the observation of the magnetic field itself. The first conclusion is that low plasma β

leads to the complex structures observed in Figure 1.1. The apparent lines that are
observed in the image highlight the magnetized nature of the body.

The magnetic topology impacts not only the close environment of the Sun but also
the full heliosphere. Indeed, the Sun’s magnetic activity expands in the interplanetary
space up to distances about 100 au. The solar system planets are then surrounded by
electromagnetic fields originating from the Sun. The combination of the electromag-
netic field and particles frozen in the field forms the so-called solar wind, which I will
introduce next. The subject of solar wind origin, acceleration, and properties has a
number of open questions that are still intensively investigated.

The discussion on the solar wind mysteries will come soon, but first, let us dive
into the substructures of the corona, as observed in Figure 1.1. One type of structure
observed in the image of Figure 1.1 is closed loops, seen mainly in green. The plasma
frozen in the field lines of these loops shows that the lines appear connected to the
surface. One can clearly observe that the topology of the solar upper atmosphere, the
corona, is complex, with overlying loops that reach different altitudes. Interestingly,
the outermost part of the loop regions is composed of field lines that extend beyond the
limit of the image, which gives the appearance of open field lines that extend into the
interplanetary space. This open field allows particles to escape the solar atmosphere.
The most striking observation of the open field is close to the poles, seen in red in the
image. The field lines in these polar regions are all open to the interplanetary space,
with a relatively simpler magnetic topology. The polar regions are dominated by open
field lines, whereas the other latitudes are composed of a mix of open and closed field
lines.

The complexity of the Sun lies not only in its magnetic topology but also in its
atmospheric temperature profile. The primary origin of the Sun’s thermal energy is
located within its core and is due to a fusion process where hydrogen nuclei combine to
form helium nuclei. Although several solar interior processes are necessary to bring the
heat to the surface, I will not describe them here and will focus on the solar atmosphere
hereafter. The bottom layer, the photosphere, has a temperature of about 5800K.
Knowing that the second law of thermodynamics states that the temperature should
decrease as moving away from the heat source, one would logically expect to observe
a decrease in the temperature with increasing altitude over the surface. In the solar
context, the temperature profile of the solar atmosphere, presented in Figure 1.3, shows
an abrupt temperature increase in the atmosphere, with multiple orders of magnitude
over the photospheric temperature. The temperature in the corona reaches extreme
temperatures of the order of 106K. This is a surprising observation. The increase occurs
in the region of the solar atmosphere called the transition region, which separates the
cooler chromosphere from the hotter corona. The chromosphere is the layer of the
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Figure 1.2: Plasma β in the different layers of the solar atmosphere, displayed as a
function of height. Reproduced from Gary [2001].
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Sun with the lowest temperature. This unexpected temperature increase in the solar
atmosphere has been under intense investigation for several decades and has been the
main scientific objective of numerous space missions and subsequent studies.

The consensus within the scientific community is that all mechanisms capable of
heating the corona are linked to the convective movements occurring in the photosphere
[e.g., Arregui and Van Doorsselaere, 2024]. The mechanisms are typically classified
based on their timescales compared to the time taken by the fastest waves to cross a
coronal structure, the Alfvén transit time τA. When the timescale is longer than τA, the
driver is associated with magnetic structures and is called a DC heating mechanism.
When the timescale is shorter than τA, the driver is associated with waves and is called
an AC heating mechanism. The DC mechanisms are mainly based on the driving of
magnetic field lines by the photospheric convection. The field is disturbed but always
tends to return to its initial potential form. This creates a build-up of currents and
a braiding of the field lines [Parker, 1972]. The currents may dissipate the magnetic
energy, but the timescales are too small to explain the heating of the corona. That will
require additional processes, such as reconnection between braided field lines [Arregui
and Van Doorsselaere, 2024]. The AC mechanisms occur when the timescales are short
so that the photospheric convection motions generate waves. Waves can transmit the
energy generated at the photosphere to the corona, where it can be converted to heat.
Secondary mechanisms are necessary to transport the wave energy to shorter scales, as
the initial dissipation scale would not explain the heating of the corona [Arregui and
Van Doorsselaere, 2024].

The study of the solar atmosphere and, more particularly, the corona is challenging,
with multiple obstacles. The main issues are the short time scales and small spatial
scales of the phenomena occurring in the solar corona. These scales are challenging to
capture in the observations but also add difficulties in modeling the coronal heating. As
discussed before, there is also a wide range of temperatures to cover for fully resolving
the coronal plasma. Thus, it would require instruments that can resolve the spatial
and temporal scales of the heating mechanisms at different temperatures.

1.1.2 The Solar wind

Historically, the first observation of the solar wind was from the observations of comet
tails, geomagnetic storms, and auroras. Figure 1.4 presents an image of a comet that
came close to the Earth in 1997. Two features are observed in the image. First, the
bright white tail is composed of dust and volatile material vaporized and released when
the comet approaches the Sun. A second tail, fainter, in blue on the image, has a
different origin. The tail is sharper and is always oriented anti-sunward [Biermann,
1963]. This suggested to early astronomers a likely connection to the Sun. The tail
is the result of the ionization of the comet particles due to the interactions with the
solar-emitted particles.

Although comet tail observations were possible from Earth, in situ measurements
were only possible following the space race during the Cold War. For the purpose of
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Figure 1.3: Temperature and density profiles in the solar atmosphere as a function of
height. Reproduced from Aschwanden [2005].

ensuring human safety on the Moon, an uncharted territory, it was imperative to deploy
instruments that could measure the lunar environment. That is the historical context
in which the solar wind was first measured in situ. The Luna 1 probe provided the
first solar wind measurements in the interplanetary space [Gringauz et al., 1962]. This
achievement, however, was the result of an error. The mission was initially intended
to crash-land on the Moon. After an orbital error, it orbited the Sun and provided
in situ measurements of the solar wind outside the Earth’s magnetosphere [Gringauz,
1963]. The instrumentation was limited, but it opened the way for future studies of
the solar wind, which also led to the present work. The solar wind journey continued
with measurements of Mariner 2.

Neugebauer and Snyder [1966] reported the first in situ measurements of the solar
wind and its properties. They detected continuous streams of plasma with high activity
following low activity intervals for a duration of 104 days. The velocity varied between
400 km s−1 and 700 km s−1, and sometimes reached 1250 km s−1. The numerous mea-
surements allowed us to gain increasing knowledge of the solar wind. If we consider the
discoveries during that period, the observations were almost made at the same time as
the development of the theory. Indeed, in 1958, a few years before the Luna 1 mis-
sion, Eugene Parker theorized that the hot corona could not be in static equilibrium.
It must continually expand into the interplanetary space, as the interstellar pressure
is too low to contain a static corona. Using the steady state hyddrodynamic equa-
tions and neglecting the electromotive forces except for gravity while considering an
isothermal expansion and radial symmetry, the only feasible solution of the model was
a function of the radius [Parker, 1958]. That solution is illustrated in Figure 1.5, with
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Figure 1.4: Image of comet C/1995 O1, Hale-Bopp. Courtesy E. Kolmhofer, H. Raab;
Johannes-Kepler-Observatory, Linz, Austria
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Figure 1.5: Sketch of the Parker isothermal solutions. It shows different types of winds.
Type IV corresponds to the solar wind solution. Adapted from Priest [1982].

solution IV. Indeed, Eugene Parker predicted that it would generate a flow that would
become supersonic at a distance of a few solar radii from the Sun, named the sonic
point.

The solar wind is a stream of particles continuously emitted from the Sun that
is intrinsically related to the magnetic field, so both should be studied coordinately.
The wind is an ionized plasma that blows in interplanetary space and extends beyond
the Earth’s orbit to the interstellar space [Baumjohann and Treumann, 2012]. It is
mainly composed of ionized hydrogen and electrons, with fewer ionized helium nuclei
and heavier ions.

The typical velocity of the solar wind ranges between 300 and 1400 km s−1, with a
most probable value of 500 km s−1. Originally, the streams were divided into two classes:
the slow solar wind with velocities of less than 400 km s−1 and the fast solar wind with
velocities higher than 600 km s−1 [Baumjohann and Treumann, 2012]. However, this
distinction is a simplified picture of the solar wind and is currently being challenged
with more complex winds, such as slow Alfvénic winds [Perrone et al., 2020]. Initially,
the duality of the types of wind was associated with distinct solar source regions. The
current understanding in the community leads to the interpretation that the source
region plays a role in the type of wind, but the release processes, as well as how
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Figure 1.6: Cartoon presenting the different solar source regions of the solar wind. The
three categories are CHs, ARs, and the QS. The streamer can be composed of plasma
from QS only or could be mixed with plasma from AR. Reproduced from Viall and
Borovsky [2020].

the plasma is accelerated, shape the wind and give different types of wind [Viall and
Borovsky, 2020]. I will first discuss the source regions from which the solar wind
originates.

1.1.3 Solar wind origin

The origin of the solar wind is one of the fundamental questions of the solar and solar
wind physics. Indeed, the solar wind has been studied extensively, but surprisingly, the
locations from which the slow solar wind originates are still unknown [Abbo et al., 2016].
The first certitude is that the solar wind, and thus all types of wind, originates from
the solar atmosphere. Then, the substructures of the atmosphere should be introduced
to set the context for the solar wind origin. There are three main categories of source
regions, illustrated in Figure 1.6: the quiet Sun (QS), the coronal hole (CH), and the
active region (AR). Each shows distinct properties in the Extreme Ultra Violet (EUV)
emission that allow for classification. I will introduce each region using an EUV image
for context, presented in 1.7.

First, a CH is a type of region that is observed throughout the solar cycle. In the
context image, the CHs correspond to the dark areas when observed in EUV. CHs are
usually found at the poles, but some CHs also exist closer to the equator. A CH is
cooler and less dense, producing less EUV emission than the rest of the corona. That
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Figure 1.7: Solar image taken in the EUV band at 193Å on the September 25, 2011 by
Solar Dynamics Observatory (SDO)/Atmospheric Imaging Assembly (AIA). Credits:
NASA/JSOC http://jsoc.stanford.edu/.
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explains their darker appearance on the EUV image. On the contrary, ARs have high
temperature and electron density and appear the brightest in EUV emission. They
correspond to the bright features on the EUV context image, located at intermediate
latitudes in both hemispheres. These regions are the source of large eruptions, called
solar flares and Coronal Mass Ejection (CME)s. The third category, the QS, is in the
middle range between the two other categories. The EUV context image presents large
areas of intermediate intensities, that is, the QS. The terminology can be misleading,
as the QS is, in reality, highly active. Indeed, the QS is filled with small-scale loop
systems, known as coronal bright points [Madjarska, 2019] that produce numerous
eruptive events [Shibata et al., 1992; Raouafi et al., 2016]. The main difference with
AR is that the scales are smaller in the QS, as seen in the numerous small brightenings
in Figure 1.7.

Now that the solar context is set, let us dive into the connection between the source
region and the type of solar wind. The Ulysses mission revealed the link between
coronal structures and the velocity of the solar wind. Figure 1.8 shows the solar wind
velocity during three orbits of Ulysses [Balogh et al., 1999], with an EUV image in the
background to allow for comparison. The left panel shows that, at solar minimum, fast
solar wind originates from high-latitude regions in the CHs. In contrast, a slower wind
is observed at lower latitudes, correlated with coronal streamers. The streamers are
hotter, denser, and brighter than other coronal regions. They have a cusp-like shape
and connect regions of the Sun with different polarities, as illustrated in Figure 1.6.

Ulysses was a solar mission that aimed to study the Sun at different latitudes,
contrary to previous missions that stayed in the Earth’s ecliptic plane. A gravity
assist was performed, using Jupiter as an ideal planet to launch a spacecraft out of
the ecliptic. It was then on a path to orbit around the North and South poles of the
Sun. Interestingly, this mission provided striking measurements that allowed for a new
consideration of the solar wind and its origin. The three orbits covered part of the
solar cycle, with more than 11 years to observe a solar minimum and a solar maximum
with the same instruments. The first orbit showed the latitudinal variations of the
wind velocity. What becomes interesting about this apparent duality of slow and fast
wind related to coronal structures is that it depends on the solar cycle. The picture
I described previously prevails at solar minimum, whereas it becomes more complex
at solar maximum. This complexity is observed in the middle panel of Figure 1.8. At
solar maximum, slow and fast winds are not separated easily with the latitude and
appear to emanate for all latitudes. As the Sun is at its maximum activity, the solar
surface shows more ARs. That reveals the complexity of the origin of the solar wind,
especially the slow solar wind, which is not always collocated with streamers.

Several challenges still have to be overcome to solve the slow solar wind origin.
First, as the corona is structured by the magnetic field, it is necessary to understand
the magnetic processes occurring in this region. What is challenging about the coronal
magnetic field is that there are no direct observations of the magnetic field, because
the magnetic field is too weak to be retrieved as it is for the photospheric field. The
information we obtain about the field lines is due to the plasma trapped or frozen

- 11 -



12 Chapter 1. Introduction

Figure 1.8: Evolution of the solar wind speed at solar minimum and maximum. Re-
produced from McComas et al. [2008].

along the magnetic field lines, as mentioned above. Then, as they are observable with
specific instruments, with intensity varying with the square of the electron density, we
can probe the structure of the magnetic field. A second challenge is that the plasma is
not as dense in the corona as it is close to the surface, as observed in Figure 1.3, so it is
difficult to detect most of the plasma structures and, thus, field lines at larger distances.
To overcome those difficulties, coronagraphs were sent to space, with an occulting disk
covering the solar disk. That allows direct remote images of the coronal structures.
This can also be done on rare occasions from the Earth’s ground during total solar
eclipses. One can compare the maximum and minimum stages of the solar cycle as
in Figure 1.9. To allow for direct comparison, the full circle image is unwrapped and
mapped into polar coordinates, so the limb is, in fact, the middle line. The top panel
shows the structure of the solar corona taken during a solar maximum eclipse, while
the bottom panel shows the corona during a solar minimal eclipse. One can observe
the apparent simplicity of the corona during the solar minimum with the equatorial
streamers and the coronal holes at the poles. On the contrary, the solar maximum
shows numerous complex structures and more high-latitude streamers.

1.1.4 Solar wind release

The question of the source regions is only the first step on the path towards under-
standing the formation of the solar wind. The next step is to consider the phenomena
that can release the solar wind. Three phenomena are generally considered: open fields,
interchange reconnection, and closed-flux reconnection. The release mechanisms that
are investigated are studied for their ability to produce changes in the magnetic field
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Figure 1.9: Composite images taken during two total solar eclipses, with a mapping
in polar coordinates. The full circle image is unwrapped to get the limb as the line in
the middle. The top panel is from the 2023 solar eclipse, and the bottom panel is from
the 2017 solar eclipse. The two eclipses occurred during different stages of the solar
cycle, with the 2017 eclipse close to the minimum and the 2023 one closer to the solar
maximum. The figure also presents a schematic of the three possible mechanisms that
can release the solar wind: Open field configuration (a), interchange reconnection in
(b) and pinch-off reconnection in (c). Adapted from Peter Ward eclipse image (Barden
Ridge Observatory).
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topology and plasma properties that are schematized in Figure 1.6 [Viall and Borovsky,
2020; Cranmer et al., 2017]. I will now detail each of them, illustrated by the schematic
overlapping in Figure 1.9, which reveals the release mechanisms in the context of a solar
eclipse.

The first possibility is that the field lines are open to the interplanetary space,
as observed in schematic (a) in Figure 1.9, so the plasma is released through open
flux. That would require the field to remain open for longer timescales, which is the
time the plasma takes to accelerate in the corona. The distinction between fast and
slow wind could then be the result of different expansion factors. In the open flux
context, flux tubes in the orientation of the magnetic field would have an expansion
factor anticorrelated with the wind speed [Wang and Sheeley, 1990]. In a certain
configuration, if the magnetic field diverges rapidly with heights, the energy would be
deposited in the low corona [Wang et al., 2009]. That energy would be directly related
to the local magnitude of the field, which is smaller at the boundary of CHs than in
their cores. The boundaries of CHs are then considered to be a probable source of the
slow solar wind.

A second possibility is based on magnetic reconnection between open and closed field
lines, called interchange reconnection [Crooker et al., 2002], as observed in the schematic
(b) in Figure 1.9. Magnetic reconnection refers to the breaking and reconnecting of
oppositely directed magnetic field lines that change the local topology of the field. In
the specific context of interchange reconnection, an open field line would reconnect
with a closed loop, which leads to a new open field line, located at the footpoint of the
original loop. The new loop system is then formed with the initial open field line and
the second loop footpoint. Interchange reconnection can occur at the boundaries of
CHs, where the open field is surrounded by closed field lines. Interchange reconnection
can also appear in structures with complex topology, the pseudo-streamers [Titov et al.,
2012]. Their shape is similar to the streamers that I discussed before, but they differ
by the unipolar magnetic field in which they are embedded. These pseudo-streamers
are also investigated for their possible link with the slow solar wind [Pellegrin-Frachon
et al., 2023]. On smaller scales, interchange reconnection events occur in small-scale
loops present in the QS, the coronal bright points, but is not limited to the presence
of coronal bright points as it can occur at any open-closed field boundary, with the
presence of null points. The interchange reconnection events are shaped as eruptive
events, ejecting collimated flows, i.e. jets, that are omnipresent in the lower corona.
The interest in these small-scale eruptive events is that, as for larger scale structures,
they can allow mass and energy to be injected into the solar wind [Raouafi et al., 2016].

Reconnection can also occur in closed-field configurations, such as the top of the
streamers, and is then referred to as pinch-off reconnection [Higginson and Lynch, 2018],
as observed in the schematic (c) in Figure 1.9. This type of reconnection produces
plasma that is disconnected from the Sun. The reconnection event can produce flux
ropes at the top of the streamer that could then account for the variability observed
in the slow solar wind [Viall and Vourlidas, 2015]. However, these events are usually
observed at equatorial latitudes. This would not explain the observation of slow winds
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Figure 1.10: Solar wind (proton) velocity measurements from Helios and Parker Solar
Probe (PSP) plotted as a function of the radial distance to the Sun. Reproduced from
Dakeyo et al. [2022].

at higher latitudes.
The complexity of resolving the solar wind release question is due to the small scales

at which reconnection occurs that they have not yet been resolved in the solar corona
with remote sensing instruments.

1.1.5 Solar wind acceleration

At this stage, the solar wind, originating from a certain region, is formed and expelled
out of the solar corona. The Parker solution I presented previously theorizes that
the heated corona produces a supersonic solar wind [Parker, 1958]. Thus, the solar
wind is accelerated due to the high-temperature corona. Both open questions are then
related, and the acceleration of the solar wind answer may reside in the phenomena
responsible for the coronal heating. The wind continues to accelerate as the plasma
travels in the interplanetary space to reach super-Alfvénic speeds. This is observed in
the proton bulk speed measured by space missions (see Figure 1.10). Interestingly, the
limitations of the duality of the solar wind velocity are then highlighted. The slow solar
wind category shows sub-populations of wind with different slopes, and thus different
acceleration profiles [Dakeyo et al., 2022].

The acceleration of the solar wind requires an additional energy deposition through
certain mechanisms: closed-flux reconnection, interchange reconnection, component
reconnection, and waves. Reconnection events could bring energy to the solar wind,
but the exact amount of energy brought by reconnection to accelerate the solar wind
is still unknown. These events would be different from the events that allowed the
solar wind to be released [Viall and Borovsky, 2020]. Component reconnection has not
been investigated as a possible mechanism that can release plasma because it occurs
between two open field lines. However, this reconnection, observed in the open fields
of CHs [Tenerani et al., 2016], can however accelerate the solar wind. Other promising
phenomena are Alfvén waves, which would be produced in the solar atmosphere and
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propagate along an open magnetic field [Cranmer et al., 2015]. The wave would deposit
energy, and depending on the sonic transition point, it will be converted into heat
or flow energy. That theory would be associated with the expansion factor theory
introduced previously. The Alfvén waves appear to accelerate the fast solar wind that
escapes through open field lines in CHs, as they provide significant momentum [Ofman,
2010]. In contrast, the thermal pressure alone is sufficient to accelerate the slow solar
wind to the observed velocities, as shown by Parker [1958]. The possible influence
of Magnetohydrodynamics (MHD) waves in the acceleration of the slow solar wind is
still not resolved. Alfvén waves could also be launched at higher altitudes through
small-scale interchange reconnection/eruptive events [Raouafi et al., 2016].

Although the measurements show clear acceleration profiles, it is highly difficult to
develop good models that would fit the observations. A correct acceleration profiles
would be of interest for space weather predictions, for example and I will further discuss
this in Chapter 3, as I will require estimation of the solar wind velocity profile. The main
issue with the determination of the solar wind acceleration models is to obtain reliable
measurements of the wind velocity in the region in which most of the acceleration is
carried out, in the low corona between 1 and 10 R⊙ [Bemporad, 2017]. In fact, in
situ measurements inside the lower corona are still not possible although spacecrafts
that probe the solar wind as closely as possible may help determine the mechanisms at
stake.

1.2 Magnetic switchbacks

1.2.1 Switchbacks first measurements

I first introduced the current context of solar wind physics. The numerous questions
that remain unanswered led to the development of spacecraft missions to orbit the Sun.
As I discussed previously, a great improvement could be made by sending a probe to
close distances to the Sun, where the mechanisms that heat and accelerate the wind
may just have occurred. That is one of the reasons that led National Aeronautics and
Space Administration (NASA) to send a spacecraft, Parker Solar Probe (PSP), to be
the closest spacecraft mission to the Sun [Fox et al., 2016]. It was launched in August
2018 by NASA. Its nominal duration is seven years, which will possibly be extended.
The minimum distance to the Sun will be reached by the end of 2024. In December
this year, PSP will be as close as 9.85 solar radii to the Sun center.

PSP has three main science goals. It aims to determine the structure and dynamics
of the Sun’s coronal magnetic field, improve our understanding of the solar corona
and solar wind heating and acceleration, and establish the processes that accelerate
energetic particles. Different instrument suites compose the payload on board PSP,
presented in Figure 1.11, that aim to bring new measurements to reach the scientific
goals. The instruments used in my studies are the FIELDS suite [Bale et al., 2016],
which measures the electric and magnetic fields of the solar wind and the Solar Wind
Electrons Alphas and Protons (SWEAP) suite [Kasper et al., 2016], which measures
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Figure 1.11: Payload on board PSP. Reproduced from sweap.cfa.harvard.edu.

the solar wind plasma. FIELDS is an instrument suite that is composed of various
instruments: two triaxial flux-gate magnetometers MAG, a search-coil magnetometer
Search Coil Magnetometer (SCM) [Jannet et al., 2021], both of them mounted on the
boom, and five electric field antennas. Four antennas are almost in the plane of the
spacecraft’s heat shield, while the fifth one is located on the boom. The heat shield is
the thermal protection that allows to shadow the spacecraft instruments and provide
30 ◦C while the outside face temperatures up to 1400 ◦C. It is composed of a carbon-
carbon composite/carbon foam sandwich [Fox et al., 2016]. The difference between the
two types of magnetometers is the frequency range of fluctuations they cover. The MAG
instruments measure the low-frequency range, from DC to approximately 100Hz. The
SCM instrument measures higher frequency, from 3Hz to 50 kHz in one band. One of
the antennae of the instrument allows it to cover a larger band, from 10 kHz to 1MHz.
A detailed description of the MAG instrument will be given in the next chapter. The
other instruments of the two suites were not used for my study and are not included
here. PSP carries two additional instrument suites, which are not relevant to this
thesis and thus, will not be detailed in this discussion. A white light imager [WISPR,
Vourlidas et al., 2016] is located on the side of the spacecraft so that it images the
solar wind, and a second instrument suite measures solar energetic particles [IS⊙IS,
McComas et al., 2016].

The first solar encounter of PSP revealed in the inner heliosphere a highly structured
solar wind with the puzzling presence of sudden discontinuities. Figure 1.12 presents the
magnetic fluctuations in the radial direction measured by PSP during its first encounter
with the Sun (E01). From the previous in situ measurements and the theory of the
solar wind, it was expected to observe small fluctuations, compared to the magnitude
of the field, with a bulk direction centered around the radial Parker spiral. That ideal
solar wind is illustrated by the constant black line in the figure. In that case, the
polarity of the field is negative. The magnitude is proportional to the squared distance
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Figure 1.12: Magnetic fluctuations in the radial direction measured by PSP during its
first encounter with the Sun. The constant line corresponds to the expected evolution
of the magnitude of the field with the 1/r2 law. The perihelion is located around the
maximum magnitude on November 06, 2018, at 03:27.

to the Sun, which explains the shape, with a larger magnitude close to the Sun. What
was unexpected to be seen in this figure is the amount of large deflections, of the order
of the field magnitude, that can lead to a complete reversal of the field. They are
omnipresent in the measurements of PSP [Bale et al., 2019; Kasper et al., 2019].

Although PSP shows the omnipresence of these deflections that led to their ex-
tensive studies, it is not the first mission to observe the magnetic deflections that are
the main subject of this thesis. The first observations of abrupt changes in the mag-
netic field direction were reported in in situ measurements from Mariner 2 [McCracken
and Ness, 1966]. These deflections were interpreted as filament structures in the in-
terplanetary magnetic field. Figure 1.13 shows the measurements of the magnetic field
direction, with abrupt reversals. The cartoon on the right is similar to those that have
been produced in recent years for the interpretation of the PSP data.

Horbury et al. [2018] likewise has revealed the existence of sharp velocity spikes
observed by Helios when it was close to the Sun (0.29 au). These velocity increases,
on a short timescale, are not observed at 1 au. They are correlated with magnetic
fluctuations and have sharp boundaries and constant magnitude of the field. In con-
trast, a visible reversal of the field is observed in the radial direction, as presented in
Figure 1.14. It is interesting to note here that they were first detected from measure-
ments in the velocity field and not as reversals in the magnetic field. The complexity of
the interpretation arises from the limited time resolution of the plasma measurements,
highly limiting the number of events investigated. Magnetic reversals are also observed
in Ulysses measurements at more than 1 au [Balogh et al., 1999].

The first mention of the term “switchback” is found in Yamauchi et al. [2004], to
describe magnetic reversals that appear to fold back on themselves. That is one of the
questions that should directly arise when such conclusions are based on single-point
measurements. Indeed, the time-series from a single spacecraft alone cannot provide a
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Figure 1.13: Abrupt changes in the magnetic field direction observed by Mariner 2.
These were theorized as interplanetary filament structures. Reproduced from Mc-
Cracken and Ness [1966].

Figure 1.14: Velocity spike observed by Helios 2 at 0.29 au in 1976. It is associated
with a magnetic field reversal in the radial direction. Reproduced from Horbury et al.
[2018].
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Figure 1.15: Schematic view of the electron velocity distribution. It shows the three
subgroups: core, halo, and strahl. Reproduced from Graham et al. [2017].

full 3D understanding of the structure. A similar magnetic signature could be observed
if the spacecraft is crossing multiple field lines with opposite polarity. This question
can be addressed through the population of energetic electrons called strahl electrons.

1.2.2 A topology indication through strahl electrons

The velocity distribution function of the electrons is composed of 3 sub-populations:
the core, the halo, and the strahl electrons, illustrated in Figure 1.15. Here, we are
interested in the high-energy electrons. The strahl consists of suprathermal electrons
with high energies that form a beam that follows the magnetic field lines and always
propagates in the anti-sunward direction [Feldman et al., 1975]. This property is then
a tracer of the magnetic field topology, indicating the connectivity to the solar surface.
This can be considered as a near-instantaneous topology indication, as the strahl elec-
trons travel faster than the bulk plasma flow. The pitch angle of the electrons is a
parameter that allows us to probe the angle between the particle velocity vector and
the ambient magnetic field vector.

Four different configurations are presented in Figure 1.16. The simple cases are
shown in (a) and (c) when there is a single connection with the surface, representing
the open magnetic flux. Thus, a single population of strahl electrons is observed. Then,
the parallel or antiparallel strahl represents the polarity of the footpoint. At (a), the
polarity is inward, so the strahl is antiparallel. We see the opposite case with parallel
strahl at (c). A second configuration is observed at (b), with a closed loop connected
on both sides to the surface. Thus, two populations of strahl are observed, as the loop
presents two polarities while the strahl propagates outward. The last case is when the
field line is not connected to the solar surface, so no strahl is observed, as seen in (d).

If one tries to connect the theoretical configurations presented above with the mea-
surements of the magnetic field direction, we could imagine that the spacecraft crosses
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Figure 1.16: A schematic representation of the magnetic topology that can be inferred
by the strahl electrons. Left panel: View of the ecliptic plane, with the magnetic field
direction represented by the black arrows and the strahl electron flux by the red arrows.
Right panel: Strahl electron pitch angle as seen by an in situ probe for the different
field line configurations. An antiparallel strahl in (a) is the result of the inward polarity
of the field line. The opposite polarity of configuration (c) shows a parallel strahl. A
closed loop with both sides connected to the surface, as (b), results in both parallel and
antiparallel strahl. No strahl is observed for the line without solar connection, showed
in (d). Reproduced from Owens and Forsyth [2013].

a succession of field lines with different polarities. That would be observed in the
time-series in the case of an Heliospheric Current Sheet (HCS) crossing. One would
successively observe a pitch angle measured as (a), then (c), and back to (a) as the
polarity changes between the lines. However, the pitch angle of the strahl electrons
does not change during the crossing of the structures, observed by PSP, revealing that
these are not HCS crossings. As the pitch angle does not change but the apparent
polarity changes, it can only correspond to bendings of the magnetic field away from
the Parker spiral and sometimes back to the Sun [Kasper et al., 2019; Whittlesey et al.,
2020].

1.2.3 Current definition of a switchback

A switchback is defined as a sharp deflection of the magnetic field vector away from the
ambient direction and back. The sharpness refers to the short boundaries compared to
the duration of the deflection. Switchbacks are now known to be self-similar [Dudok de
Wit et al., 2020; Bizien et al., 2023]. That implies that there is no characteristic
deflection angle. Although there is no definite threshold for the minimal angle of
deflection to be considered a switchback, it should at least be higher than the local
level of fluctuations. That corresponds to a few tens of degrees. Most switchbacks
present small deflections of less than 90◦. However, some are full reversals of the
magnetic field, which gave the name to these structures. Ongoing simulations of these
deflections aim to reach an inversion of the polarity, with a deflection angle above
90◦ in order to understand their formation and evolution. Lower deflection angles are
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Figure 1.17: Schematic view of the solar ecliptic plane steady-state magnetic field.
Reproduced from Owens and Forsyth [2013].

more easily produced in these simulations, but it becomes highly challenging to reach
a complete reversal.

1.2.4 Deflections from the background field: the Parker spiral

As I discuss deflections of the magnetic field, it is necessary to define a reference to
which it is deflecting. The natural reference is the Parker spiral, which can be defined
as follows. We first assume a steady-state ideal solar wind with a purely radial wind
at constant speed. We assume no dependence on the radial or latitudinal position. We
consider idealized field lines with footpoints anchored in the photosphere, and thus we
only consider the solar rotation. The magnetic field is frozen in the coronal plasma
and is thus carried out into the interplanetary space by the solar wind. As the plasma
β is greater than 1,beyond the sonic point, the solar rotation forces the field lines to
become twisted in the form of an Archimedean spiral, observed in the equatorial plane.
This spiral, illustrated in Figure 1.17, was predicted by Parker [1958], and is usually
called the Parker spiral. For my studies, I estimate the Parker spiral from the solar
wind measurements, with the methodology I will present in the next Chapter.

1.3 Switchback properties

In this section, I discuss the main properties of the switchbacks that have been discov-
ered and discussed so far. It does not mean to be exhaustive but is intended to provide
the reader with a global understanding of the switchbacks.
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Figure 1.18: Frame from a NASA animation showing the crossing of a switchback
by a probe. This is an assumption, as it just shows a simple picture of the complex
structures. Credit: NASA/GSFC/CIL/Adriana Manrique Gutierrez

1.3.1 Geometry

A complete understanding of the 3D geometry of the switchbacks is difficult, as we
are limited by the single-point measurements of PSP. In fact, we can only cross the
structure at one specific location. That allows us to discuss the reversal, but the
full picture seems to be out of reach. However, many cartoons have been proposed
to explain the possible 3D structure of switchbacks. Most of them only show a 2D
representation of the structure and miss the full picture (see Figure 1.18). These are
also limited. For instance, a single field line can undergo multiple reversals. As we
measure switchbacks at all distances, one could imagine a field line or a bundle of
field lines reversing at multiple solar distances. Moreover, the simplest images of S-
shaped structures presented in many publications as well as for the public are therefore
misleading. Another challenge in understanding the geometry of the structures is in the
variety of characteristics observed, from their different deflection angles and duration
to the numerous substructures embedded in the switchbacks. A cartoon that may be
closer to reality is presented in Figure 1.19. Indeed, here, the field lines show different
deflection angles, with multiple deflections on the same field line.

If we move into the closer picture, focusing on a single switchback, it appears as an
elongated structure, as illustrated in Figure 1.20. Horbury et al. [2020] determine the
structures to be long and thin, with a high aspect ratio in the radial direction. The
structures are tens of thousands of kilometers across. In situ measurements are highly
dependent on the crossing of the structure by the spacecraft. In fact, if one considers
the elongated structures presented in Figure 1.20, the signature in the time-series would
differ for the two cases presented. In fact, an apparent long-duration crossing of the
structure may indicate a crossing almost parallel to the radial direction, as in panel
B. In that case, one could overestimate the size of the structure. The orientation of
the switchback related to the radial direction should then be estimated. Thus, it was
necessary to determine the velocity through which the spacecraft crosses the structure
[Horbury et al., 2020]. For a larger set of switchbacks from different encounters, Laker
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Figure 1.19: Artistic impression of the switchbacks in the solar wind. Credit:
NASA/Johns Hopkins APL/Ben Smith
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Figure 1.20: Illustration of the influence of the crossing of the switchback on the ap-
parent duration in the time-series. Two magnetic configurations are shown, with a
switchback aligned with the radial direction and a second with a tilt from the radial
direction. The probe trajectory is represented by the blue arrow. Two different tra-
jectories are presented for each case. Then, for each case, the crossing section of the
structure is highlighted in orange. For case A, the crossing angle of the spacecraft does
not influence the duration in the time-series. Case B shows the influence of the crossing
angle, with a longer duration, if the crossing occurs along the main dimension of the
switchback. Reproduced from Laker et al. [2021].

et al. [2021] estimated the width to be approximately of 50 000 km and an aspect ratio
of the order of 10.

Moreover, switchbacks appear to have a preferential orientation in the clockwise
tangential direction with respect to the Parker spiral [Fargette et al., 2022; Laker et al.,
2022]. That is theorized to be a possible link with their solar origin.

1.3.2 Switchbacks: Alfvénic structures

The correlation of fluctuations of the magnetic field with positive velocity spikes ob-
served in the solar wind is a signature of Alfvénic structures propagating in the solar
wind in the anti-sunward direction [Matteini et al., 2014]. Switchbacks are similar to
Alfvén waves because their magnetic intensity is nearly constant across their boundary.
In addition, changes in magnetic field and velocity field are correlated [Kasper et al.,
2019], as observed in Figure 1.21. However, they are not purely Alfvénic, as they are
also weakly compressible, and dropouts of |B| have been observed at their boundary
[Farrell et al., 2020; Larosa et al., 2021]. For that reason, they are sometimes referred
to as near Alfvénic. Moreover, some velocity spikes are associated with an increase in
the proton density, which is a signature of a non-Alfvénic component [Kasper et al.,
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2019].
This property is crucial for the first work that I will present in Chapter 2. Indeed,

the magnetic field direction changes during the crossing of the switchback and, more
particularly, during the crossing of its boundaries. The deflection is constrained by the
Alfvénicity, as the field magnitude is constant. That forces the tip of the field vector to
rotate on the surface of a sphere. That geometric property will show its importance in
the analysis of the boundaries which, in turn, are one of the keys towards understanding
the origin of the switchbacks.

1.3.3 Switchback patches

Individual switchback properties show complexity that is not yet completely resolved.
However, they appear to have a global behavior. Indeed, switchbacks tend to appear
in patches. The patches are the intervals in which we observe several large deflections
that could last several hours. They have a size scale about the same order as the solar
supergranulation scale [Bale et al., 2021; Fargette et al., 2021].

However, we should be clear about the patches and their meaning. If we consider
the number of large deflections, we see an apparent regular fluctuation with many
deflections and quieter intervals with very few deflections. In contrast, if one considers
all the deflections above the noise level, the number of switchbacks is almost constant.
Thus, the modulation is not about the number of switchbacks but about the magnitude
of the deflection [Dudok De Wit et al., 2024].

The switchback patches observed in the time-series are also due to temporal varia-
tions. In fact, during the corotating interval of Encounters 01 and 10, Shi et al. [2022]
showed a temporal scale that cannot result from a link to the supergranulation. During
corotating intervals, the footpoints of the magnetic field lines on the Sun move by only
a few Carrington degrees at most. For example, during the relatively long interval of
42 h of the corotation of E10, the footpoint only moves about 3.5◦ in longitude. The
supergranular cell sizes range from 1.6◦ to 6.2◦ at source surface [Fargette et al., 2021].
Their typical lifetime is about 41 h [Rincon and Rieutord, 2018]. In that situation, the
observation of multiple patches should be linked to temporal fluctuations and not to
the crossing of solar wind from multiple supergranular cells.

1.3.4 Switchback occurrence

The switchbacks are outstanding for their high occurrence rate in the PSP observations.
However, the study of the evolution of occurrence rate could bring more understanding
to these large reversals, with hints of their origin. A comparison of occurrence analyses
is problematic, as the lower value of the angle of deflection included in the studies
may vary. The studies may also include different parameters to count the structures
(minimal deflection angle, correlated velocity, an identified source region, etc.) or
to be used as a reference (the background field or the Parker spiral). Mozer et al.
[2021a] shows that a large deflection (over 90◦) occurrence rate is not dependent on
the radial distance. However, these conclusions are based on hourly averaged numbers,
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Figure 1.21: Solar wind parameters measured during the first encounter of PSP, with
a typical switchback (interval in gray). The magnetic reversals are associated with
positive velocity spikes, as shown on panel a. The velocity jets are about 100 km s−1

above the bulk solar wind velocity. The last three panels show the correlated velocity
and magnetic field fluctuations in the three components. Reproduced from Kasper
et al. [2019].
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which do not take into account the type of wind and, more particularly, the different
velocities. Normalization then greatly impacts the results and should be done carefully
when interpreting the occurrence rate. Normalization could be performed with respect
to the solar wind velocity as well as the time spent at a certain distance from the
Sun by the spacecraft during its numerous orbits Jagarlamudi et al. [2023] shows that
the number of large deflections increases with the distance to the Sun, whereas the
number of smaller deflections decreases. They also found a connection between the
solar wind velocity and the occurrence rate of switchback. When the wind is faster,
they observe more switchbacks. Tenerani et al. [2021] shows that the occurrence rate is
scale-dependent, and the probability of finding longer-duration switchbacks increases
with the radial distance, while it decreases for shorter-duration switchbacks. Pecora
et al. [2022] shows that the occurrence rate varies with the distance to the Sun, with
a clear difference inside the Alfvén critical zone, where it is lower. This zone refers to
the region in which the Alfvén speed is much higher than the wind speed. Outside this
zone, the solar wind is strongly super-Alfvénic, with a speed that exceeds the Alfvén
speed.

The issues with such studies are the definition of a proper rate of switchbacks
under different conditions. In fact, one could focus on the background wind properties
to classify switchbacks and then compare the occurrence rate. In theory, the evolution
of the occurrence rate with the radial distance can be used to estimate the origin of
the switchbacks. As one would observe an increasing number of deflections as the
distance to the Sun increases, it could mean that some in situ generation processes
are required to increase this number. However, we consider single-point measurements
at different stages of the orbit. Thus, it is risky to compare the numbers. Observing
more switchbacks at a certain distance on a certain orbit would not mean that there
is an increasing number of switchbacks as the spacecraft measures further away from
the Sun. A tentative extrapolation of the trend observed in the occurrence back to
the Sun could be implemented to find the start of the switchback generation. Pecora
et al. [2022] found this distance to be around 20 solar radii. This would emphasize
a generation in situ, with no switchbacks below that distance. However, switchbacks
have been observed at distances closer than 20R⊙, which contradicts this hypothesis.

All of these occurrence studies focused on the switchback rate. However, the distri-
bution of angles also varies with distance. That gives more information on the possible
in situ generation or the growth of small deflection with the solar wind expansion,
for example. This is attempted in Jagarlamudi et al. [2023] and in Dudok De Wit
et al. [2024]. The difficulties in comparing both studies are directly related to the ini-
tial problem, that is, the proper definition of a switchback rate and the implemented
normalization.

1.4 Switchback generation theories

While switchback omnipresence allows for extensive statistical studies of their in situ
properties, one major unknown remains, namely their origin and formation mecha-
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nisms. Several theories are proposed, but no agreement has yet been found. The first
theories were debated after the first orbits, when PSP was still at large distances from
the Sun, around 35 R⊙. Switchbacks are measured at distances as far as Earth’s or-
bit so that we can, in theory, follow their evolution and propagation. However, we
need measurements closer to their origin site to resolve their formation. Indeed, during
their propagation, various processes could operate within the solar wind and hide the
markers of their origin.

We can separate the formation theories into two categories. The first argues that
switchbacks are structures formed in situ in the solar wind, depending on specific
plasma conditions. The second category supports the origin of switchbacks as pertur-
bations originating from the low solar atmosphere. These theories are mainly based
on interchange reconnection, defined as the magnetic reconnection between closed and
open fields [Crooker et al., 2002]. I present here a non-exhaustive list of theories that
represent the most discussed phenomena that could be precursors of switchbacks.

First, let us discuss the in situ formation theories. Squire et al. [2020] developed the
theory that switchbacks are the result of the evolution of Alfvén waves propagating in
the solar wind. Their model simulates the expansion of Alfvénic fluctuations with the
constraints of constant |B| and radial magnetic field. This results in similar features as
observed by PSP, including the steepening of the waves to form strong discontinuities.
The suggested explanation is based on large variations of δB/B, due to a faster decrease
of the magnetic field compared to the fluctuations, which is balanced by a constant |B|.
Ruffolo et al. [2020] argued about the combination of shear flow and non-linear Kelvin
Helmholtz instabilities to generate switchbacks locally in the solar wind. Firehose
instabilities can also produce highly kinked field lines in the condition of high-beta
plasma [Tenerani and Velli, 2018]. Indeed, in such conditions, simulations show that
circularly polarized Alfvén waves would evolve to form magnetic field reversals. This
theory is supported by observations in Krasnoselskikh et al. [2020], who theorized that
reversals could be the result of this type of instability. Toth et al. [2023] proposed that
switchbacks originate within Alfvénic turbulence due to the large-scale transverse shear
in the radial wave velocity, consistent with findings from idealized simulations.

The second category argues for the generation of a perturbation in the low corona
that directly produces a reversal or gives birth to seeds that would propagate and grow
to become switchbacks. Fisk and Kasper [2020] developed the hypothesis of interchange
reconnection between open and closed field lines that would generate the reversals of
the field lines. Interestingly, this seems to be observed in the simulations of Zank et al.
[2020]. However, this hypothesis is assuming that the magnetic tension would not
straighten the field lines directly after they are deflected. In the basic setup described in
the theory, it seems to be a significant assumption to allow the deflection to persist. The
current modeling focuses on a certain level of complexity to act against the magnetic
tension. Drake et al. [2021] theorized the origin of switchbacks with flux ropes emerging
due to interchange reconnection. These flux ropes are the reversals observed in the solar
wind. Coronal jets, which are the result of interchange reconnection, may also produce
switchbacks [Sterling and Moore, 2020]. Schwadron and McComas [2021] stated that
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the movements of the magnetic footpoints would generate interchange reconnection
that creates a super Parker spiral arm. The combination of a super-Parker and sub-
Parker spiral creates shear flows that then generate switchbacks. Bale et al. [2021]
claimed that the interchange reconnection occurring above the funnels can produce
switchback patches. Funnels are magnetic structures rooted in the photosphere with a
narrow width that then expand in the corona [Tu et al., 2005].

Currently, no studies are able to prove that one theory is prevalent on the others.
There is also no proof of a unique possibility. The conditions for creating a switchback
can be divided into two stages. First, we should focus on the generation mechanisms
that would allow a perturbation of the magnetic field produced in the solar corona or
below to propagate away from the Sun without being immediately damped. The second
aspect is directly related to the propagation of these perturbations. One hypothesis
could be that the initial precursor event could grow and be amplified to reach the
structure with the properties measured at PSP.

The propagation stage highly impacts the possible conclusions on the origin. What
should be investigated are the different properties at different heliospheric distances
and if different populations can be identified. However, variations could be observed
as the result of different solar origins of the streams and would not be an indicator of
solar origin or in situ formation. If no variations are observed, it could also indicate
that all switchbacks have a solar origin, but their properties and evolution were shaped
below the closest distance observed by PSP, such as below the Alfvénic radius. This
would lead to a uniform population of switchbacks.

1.5 Evolution of switchbacks

1.5.1 Current limitations

To understand the evolution of switchbacks, one would need to follow the same transient
event from its origin to its decay. However, with the added limitations of single-
point measurements, we can only measure transient events at specific locations around
the Sun. Coordination campaigns are attempted using the fleet of spacecraft probing
the solar wind around the Sun [Rivera et al., 2024b]. Specific configurations may
allow probing the same plasma parcel from PSP to Solar Orbiter and spacecraft. at
the Earth’s orbit. That is a challenge and is close to my objectives in the second
investigation of this thesis, which I will present in Chapter 3.

1.5.2 Dissipation

Switchbacks seem to disappear and mix with the local solar wind. While it is still un-
clear about the trend of the evolution of the occurrence rate, as this is an observation
highly dependent on the population of switchbacks studied, the occurrence rate appears
to vary with the radial distance. Various mechanisms may play a role in the dissipation
of some of the switchbacks. That is of interest because it may be directly related to the
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heating and acceleration of the solar wind. Waves at the boundary of switchbacks could
erode the structure and lead to their mixing with the solar wind [Krasnoselskikh et al.,
2020]. Reconnection is also investigated, as it could change the local configuration of
the magnetic field and erode the structure. Some cases have been reported in [Froment
et al., 2021; Suen et al., 2023]. A discussion on the timescale at which these phenom-
ena would erode the structures is necessary, as we still observe switchbacks at larger
distances. Suen et al. [2023] reported the estimation of the timescales of switchback
erosion, which are lower than the timescales and spatial scales of the expanding solar
wind. It would suggest that reconnection is a fast mechanism that can erode switch-
backs. Tenerani et al. [2021] suggested that the switchbacks observed at any time could
be a mix of different structures, some that are remnant of solar origin phenomena that
would slowly decay as they propagate, but the total number of switchbacks would stay
relatively high with an in situ generation.

1.6 Motivation

I have now introduced the global context of the magnetic reversal structures observed
by PSP in the solar wind. Although switchbacks are not unique in themselves, what
explains the great attention paid to them since PSP has been operating is their ubiquity
in the inner heliosphere and their possible connection to the mechanisms that could
heat the corona and the solar wind, as well as the solar wind acceleration. With that
perspective, it is necessary to study the phenomena that could allow some structures to
survive to large distances from the Sun. If the switchbacks are associated with heating
and acceleration mechanisms, they should allow for transfer of energy. That transfer of
energy can occur at the boundary of the switchbacks, which are not completely charac-
terized yet. The origin of the reversals is also crucial as it could provide insight about
the origin of the solar wind. Indeed, this study would require a comprehensive analysis
between in situ measurements of local magnetic reversals and remote observations of
the release mechanisms.

1.6.1 Outline of the thesis

First, I focused on the boundaries of the switchbacks, the interval that contains the
sharp rotation of the magnetic field. Indeed, they should give direct insight into the
origin of the structures as well as into the dynamics of the switchback propagation
in the solar wind. This analysis is presented in Chapter 2. The purpose was first to
perform a statistical analysis of multiple PSP encounters, to follow the work of Larosa
et al. [2021]. The 3D nature of the boundaries revealed a larger complexity than
other types of plasma discontinuities. That required a new approach to resolve their
nature. Interestingly, I found results in stark contrast with all previous analyses on the
switchback boundaries. That brings more constraints to the generation mechanisms.
The results also raise new questions about the propagation of the switchbacks in the
solar wind. These results have been published in Bizien et al. [2023].
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I performed a second analysis reported in Chapter 3, which is focused on the origin
of the switchbacks. One of the conclusions of my first work is that it is consistent
with the solar origin of the switchbacks. The study does not exclude additional in
situ generation. There is still no proof of a switchback generation in the lower corona,
but there is a growing consensus that switchback precursors could be related to the
numerous small-scale energetic events that originate in the lower corona. The absence
of proof lies in the difficulties of connecting in situ measurements from a spacecraft to
their solar source region. The higher difficulty level is directly related to the transient
nature of the switchbacks, which occur on timescales too short for the connectivity
methodology. I will present the most rigorous methodology so far, including most of
the uncertainties that are possible to resolve. These results have been submitted for
publication as an A&A Letter.

In Chapter 4, I will briefly summarize the main results of the thesis and describe
the perspectives for future work.

1.6.2 On the inherent difficulties to work within two communities

After three years working on this PhD thesis, while first starting on in situ solar wind
measurements and then moving slowly to the solar physics measurements, I realized
that there is a gap between the two communities. On the one hand, the solar physics
scientific community is working on understanding solar phenomena, their origins, and
their temporal and thermal properties and composition. They have their specific termi-
nology for solar events. These terminologies sometimes depend on the instrumentation
and the temporal, spatial, and spectral resolution of the data. This leads to multiple
names given to the same phenomenon. Considering the complexity and variety of so-
lar eruptive events, that adds a certain difficulty to understanding the global picture.
However, the solar wind plasma physics community is working on in situ measure-
ments of the solar wind at the spacecraft’s position. That is mainly done by the use of
time-series of different plasma parameters.

What was clear from my literature review is that the two communities lack from
more interactions and discussions. Many theories about the origin of switchbacks are
based on inconceivable events that would be directly highlighted by the solar physics
community. The connectivity between both physics is usually observed in space weather
predictions. That is done for large eruptions that may encounter the Earth’s magnetic
field and is thus of interest. Here, I focus on small-scale energetic transient events.
They are fainter events, which increase the difficulty of tracking their path in remote
observations.

- 32 -



Chapter 2

Switchback boundaries

Contents
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

2.1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

2.1.2 MHD plasma discontinuities . . . . . . . . . . . . . . . . . . . . . 35

2.2 In situ measurements of Switchbacks by PSP instruments . . . 37

2.2.1 A typical switchback . . . . . . . . . . . . . . . . . . . . . . . . . 37

2.2.2 Magnetic field measurements . . . . . . . . . . . . . . . . . . . . 38

2.2.3 Determination of the Parker spiral . . . . . . . . . . . . . . . . . 40

2.2.4 Solar wind particles measurements . . . . . . . . . . . . . . . . . 43

2.2.5 Selection of switchback boundaries . . . . . . . . . . . . . . . . . 44

2.3 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

2.3.1 Normal vector definition . . . . . . . . . . . . . . . . . . . . . . . 45

2.3.2 3D representation of the discontinuity . . . . . . . . . . . . . . . 46

2.3.3 Methods to detect boundaries normal: the Minimum Variance
Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

2.3.4 A switchback boundary analyzed with the MVA . . . . . . . . . 50

2.3.5 Deficiencies in the MVA implementation for switchback boundaries 53

2.3.6 General issues of the MVA . . . . . . . . . . . . . . . . . . . . . 54

2.3.7 A different technique for plane fitting . . . . . . . . . . . . . . . 56

2.3.8 Geometrical property to determine the nature of the boundary . 57

2.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

2.4.1 Orientation of the normal . . . . . . . . . . . . . . . . . . . . . . 59

2.4.2 Velocity field constraints . . . . . . . . . . . . . . . . . . . . . . . 62

2.4.3 Classical boundary classification . . . . . . . . . . . . . . . . . . 63

2.4.4 Earlier switchback boundary studies . . . . . . . . . . . . . . . . 67

2.4.5 Critical comparison . . . . . . . . . . . . . . . . . . . . . . . . . 67

2.4.6 Multiple encounters comparison . . . . . . . . . . . . . . . . . . . 70

2.4.7 Self-similar properties . . . . . . . . . . . . . . . . . . . . . . . . 71

2.4.8 Thickness of the boundaries . . . . . . . . . . . . . . . . . . . . . 72

2.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

2.5.1 3D nature of the boundary . . . . . . . . . . . . . . . . . . . . . 76

2.5.2 Alfvénicity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78



34 Chapter 2. Switchback boundaries

2.5.3 Impact of closed boundaries . . . . . . . . . . . . . . . . . . . . . 78

2.5.4 Propagation behavior . . . . . . . . . . . . . . . . . . . . . . . . 79

2.5.5 Reconnection at the boundary . . . . . . . . . . . . . . . . . . . 79

2.5.6 Boundary waves and instabilities . . . . . . . . . . . . . . . . . . 80

2.5.7 Any insight on the origin? . . . . . . . . . . . . . . . . . . . . . . 80

2.6 Chapter conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . 81

2.1 Introduction

2.1.1 Motivation

In Chapter 1, we saw that switchbacks are sudden deflections of the solar wind whose
ubiquity in the inner heliosphere has attracted considerable attention. Switchback
boundaries correspond to the sharp transition intervals between a quiet background
magnetic field and the field inside the structure. They are one of the striking properties
of the switchbacks. Interestingly, they can be studied from the perspective of a global
understanding of the switchback’s interaction with the ambient solar wind. The exact
nature of the switchback boundaries is still unknown. However, it should provide some
insight into the evolution of switchbacks in the solar wind as they propagate away
from the Sun. Are they open boundaries with a possible plasma flow across, or do
they prevent any plasma flow, acting as closed boundaries? Their nature could also
keep a signature of the origin of the structure and add constraints on the generation
mechanisms.

In this chapter, I propose comparing two methods, one of which is frequently used
in such analyses, to determine the nature of the boundary. This will be directly related
to the specificities of the switchback boundaries compared to the different structures
in the solar wind.

The aim of this chapter is to answer the following open questions:

• What is the nature of switchback boundaries?

• How are the properties of the switchback boundaries linked to their dynamical
evolution in the solar wind?

The nature of the boundary is of relative importance for a certain number of ques-
tions about the switchbacks. First, their nature is directly related to the propagation
of the switchbacks in the solar wind. Ultimately, this will impact the survival of the
switchbacks, which is directly linked to the nature of the boundary. If they are open
structures that allow for exchanges of mass and energy, they can be eroded faster dur-
ing their propagation. When one links this question to the presence of switchbacks
at larger distances from the Sun, a first theory may imply an in situ generation of
a sub-population of switchbacks or even of all switchbacks. Then, the nature of the
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switchback boundaries can bring constraints on the generation of the structures. A
second theory is that only certain types of switchback survive until larger distances,
and these should then have different properties. The previous reasoning is not directly
related to the boundaries as is discusses is the propagation and possible survival of
the switchbacks. However, in that perspective, mechanisms that can destroy the struc-
tures should be investigated. These mechanisms may occur directly at the boundary.
The signatures of erosion are still rare in the measurements. This could be linked to
the nature of switchbacks, as we detect a certain type of boundary that may prevent
the erosion mechanisms. This Chapter includes the original results published in Bizien
et al. [2023], and more in-depth interpretation of the results to understand the behavior
of switchbacks.

2.1.2 MHD plasma discontinuities

Let us introduce the terminology and parameters that will be used in this analysis to
determine the nature of the switchback boundaries. The boundaries of switchbacks
are characterized by an abrupt change in the magnetic field, a plasma discontinuity.
A discontinuity is defined as a separation between two plasma regions with different
properties. In the MHD approximation, such discontinuities in the solar wind are
routinely described by means of the Rankine-Hugoniot relations, introduced here.

The notation [X] = X2−X1 corresponds to the difference of the quantity X between
the two sides of the discontinuity. We take that the surface of the discontinuity has a
normal n and moves at a relative speed U. The t subscript then denotes the component
tangential to the surface. We then assume that the surface is an infinite plane, so U ·n
is the only component of U that has physical significance. We finally assume time
stationarity in the discontinuity rest frame and that the spatial variations occur in the
normal direction.

The plasma densities ρ1 and ρ2, the bulk velocities v1 and v2, the magnetic fields
B1 and B2 and the plasma pressure p∥ and p⊥ are known.

The conservation of mass, momentum, energy, as well as the tangential component
of the electric field and the normal component of the magnetic field gives the following
jump conditions at the discontinuity [Hudson, 1970]:

[Bn] = 0, (2.1)

[ρ(v −U) · n] = 0, (2.2)

Bn[v] = G[B/ρ], (2.3)[
p⊥ +

B2

2µ0
+

G2

ρ
− B2

n

µ0

(
1−

(
p∥ − p⊥

)
µ0

B2

)]
= 0, (2.4)[

Gvt −
BnBt

µ0

(
1−

(
p∥ − p⊥

)
µ0

B2

)]
= 0. (2.5)

where G ≡ ρ1 (v1 −U) · n = ρ2 (v2 −U) · n is the mass flux normal to the discon-
tinuity. These equations are the necessary conditions for any jump in the plasma.
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The main distinction between the discontinuities depends on the value of G, which
is then related to the dynamic of the discontinuities relative to the ambient plasma. The
discontinuity can be stationary (G = 0), i.e. it does not propagate in the plasma. In this
category fall the Contact Discontinuity (CD) and the Tangential Discontinuity (TD).
On the other hand, the discontinuity with G ̸= 0 can be propagating, which corresponds
to a fast shock, slow shock, or Rotational Discontinuity (RD) [Hudson, 1970].

In the following work, I do not consider the CD, nor the shocks. CD are structures
with relatively few observations. The hypothesis is that CD do not conserve the sharp
transition due to the rapid diffusion of plasma along the magnetic field lines across its
surface. Then CD would rapidly disappear [Hudson, 1970]. Moreover, there is no jump
in the magnitude of the magnetic field in the switchback boundaries, so the switchback
boundaries are not shocks.

TDs are convected structures. The magnetic field component is tangential to the
structure Bn = 0. The jump conditions are simplified as vn = 0. The last non-trivial
condition to satisfy is: [

p⊥ +
B2

2µ0

]
= 0. (2.6)

The total pressure is conserved for TDs. Any other change is arbitrary. An example
of how the magnetic field can change for a TD is shown in Figure 2.1. As the field is
tangential, the discontinuity separates two plasmas that are not magnetically connected
and thus can be of different composition. They also do not allow for particle transport
across the discontinuity. The non-propagating properties imply that U = U ·n = v ·n.

On the contrary, RDs propagate with the Alfvén velocity VA. They are isentropic,
and they have a non-zero normal component of the magnetic field Bn ̸= 0. They allow
for particle transport, with a finite mass flow across the discontinuity ρvn ̸= 0 and a
continuous normal flow velocity [vn] = 0. They have different conditions depending on
the anisotropy of the plasma, defined by the firehose factor: A = 1− (p∥ − p⊥)µ0/B

2.
For an isotropic plasma (A = 1) the conditions are then [Baumjohann and Treumann,
2012]:

[B] = 0, [Bn] = 0, [ρ] = 0, [p] = 0, [vt] = ±[Bt]/
√
µ0ρ . (2.7)

The last condition is often called the Walén relation [Walén, 1944].
As the derived properties of TDs and RDs are numerous, there are a variety of

possibilities to distinguish the two types of discontinuities. For an isotropic wind, the
RDs conserve B and ρ. However, the solar wind is not always isotropic. About the
TDs, there is no constraint on the magnitude of the jumps in magnetic field and density,
which can then be small. The requirement on the jump is on the total pressure that
should be constant. A method to distinguish an RD from a TD could be to test the
Walén relation, which is characteristic of RDs. However, it is not a sufficient condition
to distinguish RDs from TDs, as some TDs could satisfy this condition.

The optimal method is to find a large magnetic field normal component Bn, which
would prevent the discontinuity from being tangential. This is the strategy that I will
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Figure 2.1: Illustration of a TD (left) and a RD (right). The discontinuity is represented
by the shaded plane, with its normal n. Reproduced from Tsurutani et al. [2018].

implement in this chapter, applied to the switchback boundaries. Let us first present
the measurements of the switchbacks that will allow characterizing the boundaries
intervals.

2.2 In situ measurements of Switchbacks by PSP instru-
ments

2.2.1 A typical switchback

This first section defines a typical switchback measured by PSP, which will serve as an
example for our discontinuity analysis. In Figure 2.2, I present a typical switchback
with well-defined boundaries. The boundaries are sharp and do not contain embedded
substructures. The field moves from a quiet region (before) to another region (during)
forming a sharp transition, which we define as the switchback boundary. Then, the field
returns to another quiet region (after) with another sharp boundary. The evolution of
the proton velocity shows a high correlation with the magnetic field, which is typical for
Alfvénic structures and has been observed for many switchbacks [Kasper et al., 2019;
Horbury et al., 2020]. In this example, the maximum deflection with respect to the
Parker spiral is approximately 66◦.

Throughout the analysis, I use the RTN coordinate frame: the radial R vector
is along the Sun-spacecraft direction, taken anti-sunward; the T component is the
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Figure 2.2: Example of a typical switchback. The leading and trailing boundaries are
located between the pairs of vertical lines. (a) MAG magnetic field data in the RTN
frame; (b) proton velocity from Solar Probe Cup (SPC), also in the RTN frame. The
average value of the radial velocity has been removed to facilitate visualization; (c)
normalized deflection z. Reproduced from Bizien et al. [2023].

tangential vector, the result of the cross product of the solar rotation vector with R;
and the normal N component, which completes the right-handed triad.

As I call it a typical switchback, I want to argue that there is no typical switchback.
Most of the switchbacks measured by PSP are complex structures and move away from
the simple square shape. The sharp deflection is a recurrent property, but they may
include some substructures or waves. Similarly, the "inside" of the structures may be
complex with inside discontinuities. Figure 2.3 presents other examples of switchbacks
that show more complexity than the ’typical’ switchback. The first panel shows a
small deflection with a relatively smoother transition region. The second panel shows
a complex structure with wave-like oscillations at the leading boundary. The trailing
boundary appears to have substructures. The third panel shows a switchback with
numerous substructures and discontinuities embedded in the overall structure.

2.2.2 Magnetic field measurements

The magnetic field measurements of this work are taken from the Fluxgate magne-
tometer MAG part of the FIELDS suite [Bale et al., 2016] on board PSP. In the first
chapter, I introduced the suite that is composed of multiple instruments. Now, I will
introduce the characteristics of the instrument. The MAG instrument is located on a
4-meter boom at the rear of the spacecraft. It is protected by the heat shield. The
MAG instrument is composed of two instruments, MAGi and MAGo. The redundancy
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Figure 2.3: Examples of switchbacks observed in the MAG magnetic field data in the
RTN frame. The first panel shows a small deflection with smoother rotation. The
second panel shows a complex structures with waves at the boundary. The trailing
boundary appears to present substructures. The third panel shows a switchback with
numerous substructures and discontinuities embedded in the overall structure.
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is necessary to determine the magnetic fluctuations that are generated by the space-
craft itself. They are built by NASA/GSFC, with heritage from previous missions (e.g.
Solar TErrestrial RElations Observatory (STEREO)) [Bale et al., 2016]. The principle
of a fluxgate magnetometer is based on the measurement of the local magnetic field
through the electromagnetic force induced by the change of the magnetic flux direction
[Acuña, 2002; Miles et al., 2018]. First, a highly permeable core concentrates the am-
bient magnetic field. The field is channeled through the core and produces a high flux
due to the high permeability. When the core is saturated, the permeability falls so that
the flux collapses. The orientation of the core is governed by an external excitation core
that periodically alternates direction. Then, the core saturates in opposite directions.
The flux from the ambient field is always in the same direction. This net flux induces
a voltage, according to Faraday’s law. The fluxgate magnetometer only measures the
low-frequency magnetic field fluctuations in the range from DC to about 100Hz.

The nominal cadence of the instrument is 293Hz, but the cadence can be lowered to
reduce the size of the data, for telemetry reasons. Thus, I resampled the measurements
to 293Hz for the full duration of the encounter.

2.2.3 Determination of the Parker spiral

There are many different possibilities to define the switchback angle. The angle of
the deflection depends on the reference taken for the measurements. Some studies are
taking the background field B0 determined in the data [Dudok de Wit et al., 2020;
Bale et al., 2019]. The idea is to extract the measurements of the Parker spiral out
of the fluctuations through statistical computations such as mean, median, or mode.
Some other studies compute the theoretical model of a Parker spiral [Horbury et al.,
2020; Fargette et al., 2021] or assume an ideal radial magnetic field [Larosa et al.,
2021]. Both types of method show some limitations. Indeed, the identification of the
measurements of the Parker spiral from the data may be more difficult, because of the
switchbacks themselves. That would highly depend on the amount of relatively quiet
intervals without deflections. On the other hand, models are also approximating the
background direction, as the ideal Parker spiral equation may not represent closely the
actual background field direction.

The decision for this work is to work with an estimation of the Parker spiral from
the data. This follows the work in Dudok de Wit et al. [2020], which led to the creation
of a catalog that will be used in this chapter. Then, I will obtain the closest estimation
of the deflection angle of switchbacks as the one provided in the catalog. The catalog
is introduced in a later section (see Section 2.2.5).

In this work, I implement an estimation of the magnetic field background, close to a
Parker spiral radial field, starting with the quiet intervals when there is no switchback
found in the solar wind measurements. To identify these periods, I first computed the
magnitude of the magnetic field over the full encounter and removed the intervals with
variations of more than 15% of the median value of the magnitude over a day. The first
intention is to remove points that could correspond to structures in the solar wind, and
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Figure 2.4: Radial magnetic field in blue, measured for one day during E01. In black
is the magnitude of the magnetic field whose median magnitude used for the selection
of quiet intervals determination is shown with the red line. The red crosses correspond
to all the measurements which respect the criterion of almost constant field.

secondly, as I normalize later the components to this value, I will not create artificial
peaks in the data. Figure 2.4 shows the selection of points that correspond to the above
criterion on one day of Encounter 01.

Then, I remove the intervals when BR/|B| is less than 0.85 and BT /|B|, BN/|B|
greater than 0.15. This should keep the radial field only and remove the intervals with
fluctuations in the TN plane. The parameters were selected to conserve a maximum
number of points for the estimation of the spiral without including potential small
deflections. Figure 2.5 shows the measurement points that correspond to the above
criterion, including the subselection with the field magnitude.

Taking into account the points included in the selection, I compute a median mag-
netic field per hour. Then I fitted a curve through these hourly values, which I then
considered to be the Parker spiral direction. Figure 2.6 shows the slope and the median
points for the radial component of the magnetic field. Different fits are shown, linear
interpolation, polynomial fit, and median spline. I decide to use a linear interpolation
which I smooth using Gaussian over 3h. The edge effects observed on the figures are
taken into account and removed.

I then use a normalized deflection from the Parker spiral [Dudok de Wit et al.,
2020] to manually identify each switchback boundary in MAG data:

z =
1

2
(1− cos α), (2.8)
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Figure 2.5: Radial magnetic field in blue, measured for one day during E01. The
component is normalized to the magnitude of the magnetic field vector. The red crosses
correspond to measurements which respect all the criterion on the constant magnitude
and almost purely radial field.

Figure 2.6: Illustration of the determination of the Parker spiral direction. In green
are the median estimation per hour. Then different fits are computed to determine the
best interpolation.
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where α is the deflection angle between the measured magnetic field vector and the
direction of the Parker spiral, identified previously. This will be used in the selection
of the switchbacks in Section 2.2.5.

2.2.4 Solar wind particles measurements

While magnetic field measurements are, in theory, easier to produce, the solar wind
particle measurements are a bit more complex. In this work, I am mostly interested in
the proton velocity. I will also use the proton density measurements for an estimation
of the local Alfvén velocity. Onboard PSP, there is the SWEAP suite [Kasper et al.,
2016], which contains several instruments that measure the velocity and density of ions
and electrons. One of them, SPC, is a Faraday cup instrument [Case et al., 2020]. It
measures ion and electron fluxes and flow angles as a function of energy. The proton
velocity is derived for the ion distribution function measured by SPC.

Other velocity measurements are based on a second instrument Solar Probe ANa-
lyzers—Ions (SPAN-I) [Livi et al., 2022], part of the SWEAP suite. It is an electrostatic
analyzer. Reconstructed proton velocity data products are provided from the velocity
distribution functions.

What differs between the two instruments, apart from their general construct, is
their location on the spacecraft. SPAN-I is located on the ram side of the spacecraft,
protected by the heat shield, while SPC measures electrons and ions directly without
interaction with the spacecraft. Thus, SPAN-I is highly dependent on the Field Of
View (FOV) of the instrument. That needs to be investigated before using the SPAN-I
data. A diagnostic of the peak of the velocity distribution function should be performed
to ensure that the FOV is capturing more than half of the velocity distribution function
[Jaye L. Verniero, private communications, March 19, 2024].

Some interpretations of the velocity measurements should be taken with caution.
Several concerns may be flagged, but this does not necessarily indicate that the mea-
surements are unreliable. I primarily use data without flagged concerns, which results
in periods with gaps in the measurements. This, in turn, reduces the number of cases
that can be investigated.

As presented in Chapter 1, the pitch angle of strahl electrons provides a convenient
topology indication, which is necessary to distinguish switchbacks from any HCS cross-
ing. The distribution of the strahl electron pitch angle comes from the Solar Probe
ANalyzers—Electrons (SPAN-E) instrument [Whittlesey et al., 2020]. SPAN-E instru-
ment is an electrostatic analyzer. The publicly available data has a low cadence, with
bins of 30 seconds. As I am interested in short-duration intervals, this may be limiting
in the interpretation of the switchback topology and remove the apparent reversal in
the magnetic field measurements from the database. An example of strahl pitch angle
measurements during the crossing of a switchback is presented in Figure 2.7. It shows
the constant pitch angle at 180◦, indicating the field lines’ bending.
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Figure 2.7: Same example of a typical switchback boundary as shown in Figure 2.2.
It shows the measurements of the pitch angle of strahl electrons during the crossing of
the structure.

2.2.5 Selection of switchback boundaries

Two possible way can be implemented to study the switchback boundaries and to
identify them in the data, either using an automatic detection method or based on a
manual identification. As they are numerous, one can be tempted to find an automatic
detection of the boundary interval. First, one would need to find a threshold for the
deflection duration and sharpness compared to other timescales. Then, a constant or
adaptive interval around the sharp deflection can be selected. However, that would still
need to be checked manually, or that would prevent the study of complex boundaries.
Most boundaries are more complex than the example shown in Figure 2.2. Automatic
detection can also be critical as there would be a real bias in the normal [Liu et al.,
2022b]. This will be discussed in Section 2.3.5. I suggest manually selecting each
boundary to reduce the risk of incorrect identification of the normal to the plane of the
boundary. A comparative work on the influence of the manual selection by different
users was carried out with the supervision of the internship of Ghadir Ollaic (M1) and
co-supervision of Tristan Vergé (M2), master students at the University of Orléans. I
also performed an analysis using different lengths of interval around the discontinuity.
That is discussed in Section 2.4.6.

The selection of the switchbacks that will be analyzed in this work is based on a
catalog of switchbacks [Dudok De Wit et al., 2024]. The catalog is filled with deflections
detected automatically in the time-series. The method is based on a multiscale pulse
shape identification applied to the deflection of the magnetic field from the Parker spiral.
The catalog is then based on the z parameter introduced previously, with an estimation
of the Parker spiral as a reference. The strahl electron pitch angle is checked to remove
polarity inversions. The catalog does not provide an identification of the boundaries
intervals. Figure 2.8 shows four switchbacks identified in the PSP time-series, with the
rectangular shape as the ideal reference.
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Figure 2.8: Example of a switchbacks interval with the illustration of their identifica-
tion using rectangular shapes in black. The top panel is the FIELDS/MAG magnetic
field data in the R direction, and the proton velocity from SWEAP/SPAN-I is also in
the R direction. The bottom panel is the normalized deflection z with the overlapped
rectangular shapes representing the structures included in this analysis that are sud-
den/sharp deflections. Reproduced from Bizien et al. [2025].

I developed a tool to manually select the switchback boundary interval. First, a
selection in the catalog is performed, removing the short deflections, as well as those
with a small rotation angle below the noise threshold. The switchback minimal pa-
rameter z is then set to 0.1, which corresponds to the angle above 36◦, as discussed
in Chapter 1. The switchback minimal duration should be set to 3 seconds as shorter
deflections could be something other than a switchback. I keep only the deflections
with sufficient quality from the given quality in the catalog. The best quality shows
the deflections close to perfect square deflections, with sharp boundaries. Some switch-
backs are discarded when their boundary is too complex to define a boundary interval.
In the end, I got 125 switchbacks for this analysis, during the first encounter of PSP,
between November 01, 2018, and November 10, 2018. During that interval, the cata-
log gave 1029 switchbacks. The 125 switchbacks have both boundaries respecting the
conditions for the selection.

2.3 Methods

2.3.1 Normal vector definition

In the simple theory presented by Sonnerup and Cahill Jr. [1967], the divergence-free
magnetic induction field forces the normal component of the magnetic field to be con-
tinuous across an interface with finite thickness, with the condition of the thickness to
be smaller than the radius of curvature of the interface. Thus, only three magnetic field
measurements are needed to fully resolve the normal vector to a plasma discontinuity:
two field vector measurements on each side of the layer and one inside the layer. They
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are referred to as Bb for the measurement before the crossing, Ba for the measure-
ment after the crossing, and Bd for the measurement during the crossing of the layer
[Sonnerup and Cahill Jr., 1967].

Bb · n = Ba · n = Bd · n, (2.9)

We can then obtain the normal n by using the cross product of two vectors that are
tangential to the discontinuity

n = ±(Bb −Ba)× (Bb −Bd). (2.10)

2.3.2 3D representation of the discontinuity

As a way to understand the complex nature of the discontinuity, it is useful to use
a 3D representation, namely hodograms. It corresponds to a curve in space that is
obtained from the field vector drawn from the origin. Their direction and lengths
are the measurements of B during the complete discontinuity interval. Then, the
hodogram shows only the line that connects the tips of the vectors, following the
sequence at which they are measured. Then they are usually shown in two orthogonal
planes. However, the complexity of the switchback boundaries is better retrieved with
a 3D representation. Figure 2.9 reveals an example of a switchback boundary captured
during Encounter 01 of PSP.

The switchback boundaries show a specific feature of alfvénic structures that distin-
guishes them from most other plasma discontinuities. The magnitude of the magnetic
field is conserved in the structures, showing small variations (less than 20% in the
observations) [Larosa et al., 2021]. This is verified during the boundary interval for
this specific example. However, some structures present dips at their boundaries, with
decrease of the magnitude [Farrell et al., 2020]. The tip of the field vector rotates on
the surface of a sphere, as observed in Figure 2.9. The radius of the sphere is the mag-
nitude of the field. Moreover, another constraint is added for this rotation. It does not
correspond to any random walk on the surface of the sphere, but it is also contained
in a plane.

The combination of the two constraints gives a specific structure that is found in the
literature as arc-polarized waves [Tsurutani et al., 1997]. The discussion arises from
the difference between planar and spherical waves, for which the field magnitude is
conserved. This is visible in Figure 2.10. The linear polarization is of interest here. For
planar waves, the field magnitude is not constrained, so the vector is always contained
in the plane. However, when the magnitude of the field is constant, the constraint forces
the tip of the vector to be on the surface of the sphere, with the linear polarization
becoming an arc polarization with a clear 3D structure.

From the visual inspection of 250 switchback boundaries that I selected during the
first encounter of PSP, I observe that all behave as arc-polarized structures, which
rotate on a sphere of constant |B| while also belonging to a plane that intersects this
sphere. These structures are reminiscent of arc-polarized structures that have been
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Figure 2.9: Example of a typical switchback boundary. The event was detected on
2018 November 2 at 18:33:33, lasting for 2 s. The deflection from the Parker spiral
is about 90◦. The black line corresponds to the measurements of the magnetic field
during the selected boundary interval. The orange sphere, of radius |B |, represents the
(mostly) constant magnitude during the transition interval. The three components of
the magnetic field are expressed in nT.

observed in the solar wind near 1 au, and which are spherical in nature [Tsurutani
et al., 1997]. Because the boundaries are confined to a plane, their normal is well-
defined and can be estimated using Equation 2.10.

The 2D nature of these boundaries represents a strong topological constraint, whose
origin has remained elusive so far, as in the case of arc-polarized structures that were
observed in the solar wind [Tsurutani et al., 2018]. I will discuss this constraint in
Section 2.5.

A second aspect that will have a significant impact on the boundary estimation
is the presence of waves at the boundary, as introduced in 1.5.2. Multiple types of
waves have been identified [e.g., Krasnoselskikh et al., 2020; Malaspina et al., 2022].
These waves are best detected in the measurements made by SCM, which covers higher
frequencies than the MAG measurements used for the boundary analysis. One could
be tempted to apply wavelet filtering on the data to remove fluctuations that are
not the discontinuity rotation that I want to study [Haaland and Paschmann, 2001].
However, that would also assume that the substructures of the discontinuity are not
part of the discontinuity properties that I want to investigate. Using wavelet analyses,
many substructures are detected, which may be of different origin. An example will
be presented in Section 2.3.4. These waves could also play a role in the erosion of the
structures and will be discussed in Section 2.5.6.

The combination of specificities of the switchback boundaries prevents the use of
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Figure 2.10: Illustration of the polarization differences between planar and spherical
waves. Reproduced from Tsurutani and Ho [1999].
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Equation 2.10 alone to determine the normal to the boundary. Indeed, the fluctuations
would complexify the selection of the three vectors. This explains the necessity to
implement more rigorous methods, such as the one presented in the following.

2.3.3 Methods to detect boundaries normal: the Minimum Variance
Analysis

Various techniques can be implemented to determine the normal to the discontinuity.
It varies with the number of spacecraft measurements and the type of measures. The
best characterization of the normal is provided by multi-spacecraft measurements, at
least 4, providing a triangulation of the normal. This would still need to assume that
the discontinuity is planar and that the velocity is constant between the spacecraft.
Constellations with small distances between spacecraft, such as Cluster, may overcome
these issues.

When a single spacecraft is available, the normal determination depends then on the
type of measurements available. The most commonly used methodology is Minimum
Variance Analysis (MVA), which relies on magnetic field measurements. I will imple-
ment this method, which is presented in the following section.

The MVA was designed to establish the normal to a transition layer in the plasma,
approximated as a one-dimension structure. Here, the application to magnetic field
measurements is discussed, but it can also be applied to electric field measurements
[Sonnerup and Scheible, 1998]. The method determines the direction in space in which
the variance of B (i) · n is minimal, for B (i) the N measurements of the field during
the crossing. The normal corresponds then to the direction with a smaller variance,
defined by:

σ2 =
1

N

N∑
i=1

| (B (i) − ⟨B⟩ · n |2 (2.11)

The average vector ⟨B⟩ is defined as ⟨B⟩ = 1
N

∑N
i=1 B

(i), correspond to the mean
vector over the N measurements [Sonnerup and Cahill Jr., 1967].

This is equivalent to solving an eigenvalue problem, using a Lagrangian multiplier
λ and a normalization constraint | n |2= 1. The equation can be formulated as:

MBn = λn , (2.12)

with the covariance matrix in the eigenvector basis (x1,x2,x3):

MB
ii = ⟨B iB i⟩ − ⟨B⟩⟨B⟩. (2.13)

Then, the allowed λ are the eigenvalues of the covariance matrix, with λ1 ≥ λ2 ≥
λ3. The covariance matrix is symmetric, which gives real eigenvalues and orthogonal
eigenvectors. Then, the direction of maximum, intermediate, and minimum variance
of the magnetic field components are given along the three eigenvectors, while the
corresponding eigenvalues represent the variance in the components.
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Figure 2.11: The variance ellipsoid. The three eigenvectors x1,x2,x3 are the principal
axes of the 3D ellipsoid, whose semi-major axis are respectively

√
λ1,

√
λ2,

√
λ3. Re-

produced from Rosa Oliveira et al. [2020].

In the variance space, defined by the three eigenvectors, the field vector coordinates
are defined by

√
λi. This gives an ellipsoid of equation:

σ2
1

λ1
+

σ2
2

λ2
+

σ2
3

λ3
= 1, (2.14)

which is presented in Figure 2.11.
The MVA can, therefore, be understood from a geometrical perspective. It approx-

imates the orbit of B by an ellipsoid.
The relative magnitudes of λi lead to different shapes of the ellipsoid. There are

three major types of degeneracies of the variance ellipsoid: λ1 ≈ λ2; λ2 ≈ λ3; and
λ1 ≈ λ2 ≈ λ3 [Sonnerup and Scheible, 1998]. The second and last degeneracies prevent
any conclusion about the direction of the normal to the discontinuity. An interesting
case arises when there is a λ1 ≥ λ2 ≫ λ3 degeneracy, which is still valid when λ1 ≈ λ2,
as this corresponds to a 2D or 1D distribution of the orbit of B. This is typical for
plane-polarized waves but also occurs with some types of discontinuities. In such cir-
cumstances, the third principal axis x3, along which the variance is smallest, is usually
interpreted as the direction of the normal to the 2D structure [Sonnerup and Scheible,
1998], while the two other eigenvectors x1 and x2 are tangential to the discontinuity.
This is indeed the case for most of the discontinuities discussed in this chapter, includ-
ing the switchback boundaries. However, that 3D configuration is difficult to retrieve
with this technique, even if the conditions appear to be met.

2.3.4 A switchback boundary analyzed with the MVA

The MVA is a widely used method to identify the normal to the discontinuity plane. It
is relatively easy to implement, but it shows numerous deficiencies. My study focuses on
switchback boundaries, which differ from the discontinuities mostly investigated with
the use of MVA. However, most of the studies do not focus on switchback boundaries.
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Figure 2.12: Schematic view of an arc-polarized switchback boundary. The three vec-
tors are from Equation (2.10). The blue plane represents the discontinuity plane in
which the tips of the field vector rotate, with its normal n in green. This is a par-
ticular event for which the plane includes the origin. The orange sphere, of radius
|B|, represents the constant magnitude during the transition interval. A more general
arc-polarized boundary is shown, with the identified plane in red. Both planes have
the same normal. It should be noted that the two cases are ideal boundaries. Mea-
sured switchback boundaries would not have (B/|B|) · n = 0 exactly, mainly because
of fluctuations. Reproduced from Bizien et al. [2023].

This section includes my analysis of switchback boundaries but also a discussion of the
MVA applied to general discontinuities in the solar wind.

As discussed previously, the boundaries of switchbacks are arc-shaped structures
with a clear rotation of the magnetic field. However, boundaries are, in general, more
complex because they include superimposed waves. Such an arc-shaped structure can
be defined as the intersection between the sphere of constant radius |B | and a plane
that cuts it, as illustrated in Figure 2.12. From Equation 2.10, the boundary normal n
is perpendicular to this plane, i.e., essentially perpendicular to B . In the figure, both
planes share the same arc-configuration and the same normal. Logically, one would
expect the MVA to detect this plane because it is the only one that contains the orbit.
I will now present the investigation of a switchback boundary. Figure 2.13a) shows the
orbit of the magnetic field for the leading edge of a switchback identified in the magnetic
field waveforms, as obtained by MAG. For this particular case, I find λ1/λ2 = 11.4 and
λ2/λ3 = 2.1. I will discuss the criteria about the ratios in the following section.

Given the observed ratios, which satisfy most of the criteria required for MVA
reliability, one might be tempted to conclude that the orbit is reasonably close to 2D
and therefore the normal should coincide with the third principal axis. As it turns out,
this conclusion is completely misleading.

I find a completely different result: the MVA detects a plane that is tangential to
the surface of the sphere, shown in red in Figure 2.13a. The boundary normal given

- 51 -



52 Chapter 2. Switchback boundaries

BR
40 20 0 20 40 BT40 20 0 20 40

B N

40

20

0

20

40

(a)

B R

40
20

0
20

40
BT

40 20 0 20 40

B
N

40

20

0

20

40

(b)

B(t) n1 MVA n2 SVD

Figure 2.13: Example of a typical switchback boundary in the RTN frame on November
7, 2018, at 20:53:15, which lasts 3s. The maximal deflection from the Parker spiral is
about 104◦. The black line corresponds to the measurements of the magnetic field
during the selected boundary interval. The orange sphere, of radius |B|, represents
the (mostly) constant magnitude during the transition interval. The view is rotated
between the two panels. Panel (a) shows in red the discontinuity plane identified
by the MVA, with its normal n1 in red. Panel (b) shows in blue the discontinuity
plane identified with the alternative method (Singular Value Decomposition (SVD),
see Section 2.3.7), with its normal n2 in blue. Reproduced from Bizien et al. [2023].
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by the MVA points in the radial direction and therefore tends to be aligned with the
magnetic field. This situation prevails for most of the 125 switchbacks that I have
analyzed.

2.3.5 Deficiencies in the MVA implementation for switchback bound-
aries

2.3.5.1 Fluctuations

The ill-determination of the boundary normal has to do with fluctuations. Such fluctu-
ations cause the orbit to deviate from a regular arc to a structure with fluctuations on
a sphere. Because of the high Alfvénicity, the trajectory tends to remain on the surface
of the sphere. When the deflection is small, this orbit defines a band-like structure,
which the MVA tends to identify as the plane of the discontinuity, especially when the
arc-shaped orbit is difficult to disentangle from fluctuations. In fact, if the plane of po-
larization of the wave is perpendicular to the discontinuity, the MVA, by construction,
will identify the plane that includes these variations and not the transition plane. The
plane of polarization refers to the plane that includes the direction of propagation of
the wave as well as the direction of the magnetic field.

These issues were revealed in previous studies of discontinuities with substructures,
but also in the specific case of arc-polarized structures. Haaland et al. [2012] analyzed
discontinuities with wavelet analysis and determined that when 2D or 3D structures
are observed inside the discontinuity, as well as a large value of (B/|B|) · n, the MVA
provides a poor estimate of the normal. Tsurutani and Ho [1999] discussed the use of
MVA for arc-polarized structures. They argue that most of the variance will be in the
maximum direction and very little in the intermediate direction. Then the ratio λ2/λ3

is close to 1, which means a larger uncertainty in the estimation of the normal.

2.3.5.2 Estimation of the mean value of the magnetic field

Regarding discontinuity analysis, a major limitation of the MVA comes from the math-
ematical definition of the principal axes and λi. Both are obtained by diagonalizing
the covariance matrix of the magnetic field, which requires the prior subtraction of the
mean of each of the components of B . For most switchbacks, this mean is strongly
dependent on the choice of the time interval around the discontinuity from which the
mean is estimated [Hausman et al., 2004]. This arbitrariness, in turn, affects the value
of the mean and the orientation of the normal. Hausman et al. [2004] show that the
errors are due to the difference between the normal given by the MVA and the ex-
pected normal. And the reason is that MVA calculation is not derived from equation
2.10. Moreover, Barnes [1976] states that there are no plane-polarized large-amplitude
Alfvén waves, in which B lies in one plane at all points of the disturbance, and that
Alfvén waves with no well-defined minimum direction can be found in principle. This
is consistent with the Alfvénic properties of the waves, as the field vector is constrained
to rotate on the surface of a sphere. The controversial minimum variance direction
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provided by the MVA is even considered to only be a result of the random variations
of the field vector on a sphere around the mean magnetic field direction. There is no
influence of the planarity or non-planarity of the structure [Barnes, 1981].

2.3.5.3 Complexity of automation

I want to add some critical concerns that can significantly affect the study of switchback
boundaries using the MVA. They all relate to the selection of the boundary interval,
which is crucial. Usually, the transition section is not clear, and the superposition
of waves or other substructures is observed in the time-series, as highlighted in the
examples presented in Figure 2.3. Including sections before and after the transition
that have a high impact on the normal determination, and the MVA can give wrong
plane identification. The speed of the transition is a relevant factor, causing the normal
to be ill-determined. For slow transitions, which can last several seconds to minutes,
the section corresponding to the transition represents about a third of the total interval
selected for the MVA. Thus, the transition has the same weight in the calculation, and
it is usually better estimated by the analysis. For example, this situation is found in the
switchback presented in the top panels of Figure 2.3. However, when the transition is
sharp, which is the case for numerous switchbacks, the transition part is less weighted
compared to the before and after sections. The trailing boundary of the switchback in
the third panel of Figure 2.3 is an example. Thus, if these “outside” sections correspond
to a different plane than the transition, the MVA will identify this plane and not the
plane of the discontinuity intended.

This error was diagnosed from the first analysis of a discontinuity by the MVA
[Sonnerup and Scheible, 1998]. They show that the eigenvectors x2 and x3 can be
interchanged by removing only a single point at each end of the interval. That was
more important in their data, as the cadence was lower than in our study. Their
example included only 15 data points. In our analysis, with the high sampling rate of
MAG, we are not limited by the number of measurements during the crossing of the
discontinuity. However, some intervals are short, with only 25 points, which is still
above the example of Sonnerup and Scheible [1998]. Out of the sample of boundaries
analyzed in this chapter, 12 present less than 50 measurement points.

In conclusion, the automated application of the MVA can easily produce boundary
normals that are completely different from those obtained by visual inspection, leading
to erroneous conclusions.

2.3.6 General issues of the MVA

Although the MVA already appears to be limiting in the study of the arc-polarized
switchback boundaries, I want to highlight that these issues are mostly and usually
only discussed by the mean of the eigenvalue ratios. However, this focuses only on
technical aspects that can be overlooked compared to the actual construction problem
of the MVA when applied to such structures, as previously stated. A criterion on the
eigenvalue ratio λ2/λ3 is commonly used to investigate the reliability of the estimation
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of the normal by the MVA. In fact, when the ratio is small, the uncertainty in the
normal estimation is large as it can correspond to any direction in the (x2,x3) plane,
which is equivalent to an 90◦ error [Sonnerup and Scheible, 1998].

The classical selection criterion for normal identification is λ2/λ3 ≥ 2 [Lepping and
Behannon, 1980]. They noticed that the ratio of the intermediate to minimum eigen-
value has to be greater or equal to 2 to prevent inaccurate normal identification. Any
discontinuity that satisfies this criterion is considered as being correctly estimated by
the MVA. There are a consequent number of publications that discuss these eigenvalue
ratios for the interpretation of the results and the conclusion on the nature of the dis-
continuity. This criterion has been criticized as it is not sufficient to be certain about
the normal and plane identification. Some authors recommend using a more stringent
criterion λ2/λ3 ≥ 10, to be consistent with triangulation methods using Cluster data
[Knetter et al., 2004]. This is a highly restrictive criterion, as very few discontinuities
strictly respect this value. It would prevent the statistical conclusions aimed at in
my study. A new criterion was introduced by Lepping and Behannon [1980], using a
combination of eigenvalues ratio, Λ = λ3/λ1+λ3/λ2. In most cases, Λ ≃ λ3/λ2, but it
should allow detecting cases where the degeneracy λ1 ≫ λ2 no longer holds.

The discussion of the eigenvalue ratio is sometimes associated with the deflection
angle. In fact, Lepping and Behannon [1980] suggests only including deviations from the
Parker spiral with an angle above 40◦ to avoid misinterpretation of the discontinuities.
That condition is approximately respected in my analysis, as I only consider deflections
above 36◦. Horbury et al. [2001] discussed the minimal deflection angle and noticed
that if it is smaller than 30◦, then the MVA normal is systematically parallel to the
mean field and not to the normal retrieved by multi-spacecraft methods. They find
that the eigenvalue ratio is usually small but still higher than 2. The exact value is not
provided. This discussion is not sufficient as larger deflections still present issues with
the MVA.

Techniques can be implemented to detect these errors such as the bootstrap [Kawano
and Higuchi, 1995] or analytical methods based on the eigenvalues [Khrabrov and Son-
nerup, 1998]. They may be biased as they rely only upon the eigenvalues ratios.

While the debate appears shifted towards specific criteria that may not represent
a physical constraint, multi-spacecraft missions provide a means to verify the validity
of the MVA, without focusing on the eigenvalues ratio. Indeed, with three or more
spacecraft, a triangulation method is applied by timing the discontinuity arrival at
each spacecraft, which provides a better estimation of the 3D structure and, thus, the
normal of the discontinuity. Horbury et al. [2001] analyzed discontinuities identified by
three spacecraft, Geotail, Wind and IMP 8. They find that 57% of the discontinuities
are RDs with the use of MVA. However, 70% of the discontinuities are TDs with the
more precise triangulation method. Using the normals estimated from the 3 spacecraft
timings, the normal component of the magnetic field is small, closer to the properties
of TDs. They conclude that the discrepancy they find compared to the number of RDs
found in previous studies is mainly based on the methodology used and not on the
influence of the dataset. The comparison of normals provided by the MVA and from

- 55 -



56 Chapter 2. Switchback boundaries

timings of multiple spacecraft shows the limitations of the arguments on the eigenvalues
ratio to conclude on the validity of the MVA’s normal. In fact, they find that with
λ2/λ3 above 5, the difference between the two normals is still about 50◦.

For these reasons, I will not discuss the eigenvalues λi in the following analysis,
as one would normally do, and instead focus on the geometric representation of the
magnetic field vector. One of the main warnings I could give for future normal de-
termination is to investigate the raw observations of switchback boundaries with 3D
representation and not rely only on generic eigenvalues ratio.

Now, I will define a more robust method for determining the plane to which the
orbit belongs. This is a novel strategy that is well suited for arc-polarized structures
and does not imply the use of threshold on eigenvalues ratio nor the use of filtering,
which requires some assumptions on the discontinuity.

2.3.7 A different technique for plane fitting

The problem of plane fitting in a high-dimensional space has received considerable
attention for over a century [Pearson, 1901] and is routinely solved by means of the
SVD [Golub and Loan, 2013]. The starting point for these is a rectangular matrix
that contains the three components of the magnetic field. The SVD decomposes such
a matrix into a product of three matrices: the first one contains the projection of the
magnetic field on each of the three axes of the ellipsoid, the second one contains the
values of

√
λi and the third matrix contains the principal axes of the ellipsoid, one of

which is n.
The MVA is conceptually identical to the SVD. The only difference is related to

the mean value of each component of the magnetic field. For the SVD, the mean value
is conserved, so the decomposition is applied to the raw magnetic components. For
the MVA, the mean value is subtracted before applying the same decomposition as the
SVD.

As discussed in the previous section, for switchback boundaries, the MVA tends to
find planes that are tangential to the sphere, as in Figure 2.13(a). If we do not subtract
the mean and thus apply the SVD, then the plane is forced to include the origin, that
is, the center of the sphere B = 0, see Figure 2.13(b).

Therefore, by applying the SVD to the raw data without first subtracting the mean,
we force the plane to include the orbit of the magnetic field that describes an arc, shown
in blue for an ideal boundary in Figure 2.12 and in Figure 2.13(b) for a switchback
boundary. This is a special arc because the plane includes the origin, thus cutting
the sphere in half. This arc defines the shortest path on the sphere between its two
endpoints, similar to a geodesic. In that case, we have (B/|B|) · n = 0.

However, for some structures, the boundary plane clearly does not include the
origin, as shown in red for an ideal boundary in Figure 2.12, in which case we have
(B/|B|) · n ̸= 0. In such conditions, as the SVD plane does always include the origin,
it will not capture the orbit of B.

For larger deflections, when it is visually easier to identify the arc structures out of
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Figure 2.14: Same as Figure 2.13 but for a boundary misidentified by the SVD (blue
plane) but correctly identified by the MVA (red plane). The event was detected on
November 2, 2018, at 18:33:33, lasting for 2 s. The deflection from the Parker spiral is
about 90◦. Reproduced from Bizien et al. [2023].

the fluctuations level, the MVA solution becomes unstable. Indeed, it is then highly
dependent on the choice of the time interval that corresponds to the computation of
the magnetic field mean. Then, for some deflections, mostly large deflections that
typically exceed 90◦, the MVA switches solutions. It does not detect the plane tangent
to the sphere and clearly shows the true plane of polarization, as is the case for the
example shown in Figure 2.14. In similar cases, the SVD would not provide the correct
estimation of the normal, while the MVA does provide the normal to the boundary.

2.3.8 Geometrical property to determine the nature of the boundary

In conclusion, the nature of switchback boundaries is closely related to a simple but
specific geometric property: if the plane containing the discontinuity also contains the
origin, then B and n are perpendicular, and the boundary is a TD. If it does not
include the origin, then B and n are not perpendicular and the boundary is a RD. In
this sense, determining how close the plane is to the origin is equivalent to specifying
the nature of the boundary. This property is emphasized by the two ideal boundaries,
thus without fluctuations, which are represented in Figure 2.12.

The new methodology I propose to determine the nature of the boundary is as
follows:

• First, I perform a careful inspection of the orbit in 3D.

• I compute both the MVA and SVD to obtain the two planes.
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• Then, I visually identify the best estimate of the plane. This includes a rotation
of the structure in 3D to get the best representative view of the hodograms. I
consider the boundary normal to be well determined when at least one method
gives a plane that includes the arc.

• Sometimes, both methods agree and the two planes overlap. In that situation,
the following steps are performed using the SVD plane. This is usually the case
for switchbacks with large deflections. However, in most cases, the methods do
not agree.

• If the plane is too difficult to identify, then I discard the event for lack of clear
evidence.

• When the plane of the discontinuity is clearly identified, I then consider if it
includes the origin to determine the nature of the boundary.

• When the plane containing the arc-shaped structure contains the origin, I rely
only on the SVD method. Its solution does not necessarily give a normal that is
exactly perpendicular to B because of the wave activity.

• On the other hand, if the plane does not include the origin, then I estimate the
normal using MVA and check the result visually.

I now have a combination of tools that gives a better insight into the topological
properties of the orbit and should allow one to correctly determine the normal to the
switchback boundaries.

The geometric properties and the visual identification are strong constraints in the
identification of the plane. Thus, as they do not rely on the eigenvalues ratio nor the
time interval used for the mean magnetic field determination, there is no need to discuss
these values to interpret the results. This procedure, as such, cannot be automated
because it requires human supervision.

2.4 Results

This section presents the main results of this work. Some were presented in the peer-
reviewed article Bizien et al. [2023], which includes mainly the boundary nature and its
thickness. I include a follow-up study of the boundary orientation and velocity jump.
A second set of boundaries is studied here from a subsequent encounter.

Three distinct parts are presented here to analyze the nature of the switchback
boundaries and should be distinguished from each other. A first discussion of the re-
sults based on the direction of the normal retrieved from the methodology is presented
in Section 2.4.1. That corresponds to the geometrical identification of the nature of
the boundary. The nature of the boundaries is also distinguished by their properties in
the velocity field, which allows validation of the newly implemented methodology. As
I present a new geometrical consideration, it is necessary to consider all aspects of the
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boundary and investigate the velocity field of the switchback boundaries, presented in
Section 2.4.2. The next step is to compare these results to earlier switchback bound-
aries studies. This is usually performed in the literature using a classification scheme
presented in Sections 2.4.3 and 2.4.4. This scheme is then discussed in Section 2.4.5,
as, by construction, most discontinuities fall into the unclassified category. The nature
of the boundaries is then related to the open questions about the switchbacks, with
the consideration of the boundaries properties that could highlight the mechanisms
responsible for their evolution (Sections 2.4.7 and 2.4.8).

2.4.1 Orientation of the normal

Out of the 250 boundaries included in this study, 186 (74 %) are correctly classified
by the methodology that I introduced previously. 179 switchback boundaries (71 %)
are located in a plane that includes the origin of the sphere of constant |B|. These
correspond to TDs. In contrast, seven boundaries (3%) have a plane that clearly does
not include the origin, which are then classified as RDs. The remaining 64 (26 %)
are in between. The latter generally corresponds to switchbacks with small deflections
whose boundary is blurred by wave activity and turbulence. In that case, neither of
the two implemented techniques finds the plane of discontinuity.

A comparison between the two sides of the switchbacks is performed when both sides
are correctly identified by my method. 78 switchbacks are studied (I then excluded 30
boundaries from the numbers stated before) and presented the analysis in Fig. 2.15.
For most of the switchbacks, the leading and trailing rotations occur in the same plane.
For a few events, the two planes are not parallel but present a significant angle between
their relative normals. These cases correspond to smaller deflections from the Parker
spiral, less than 90◦.

One could investigate a potential preferential direction for the boundary plane com-
pared to the Parker spiral. Figure 2.16 presents the investigation on the boundaries
included in this study, with the angle between the Parker spiral and the boundary
normal. A maximum angle is observed around 100◦ for the TD boundaries, which
corresponds to a boundary plane almost parallel to the Parker spiral. This would be
in adequation with the idea of switchbacks as a flux tube aligned with the Parker
spiral [Laker et al., 2021]. The number of RDs is too small to interpret a statistical
analysis. There is no clear dependence on the magnitude of the deflection from the
Parker spiral. It would indicate that the general geometry is preserved for all angles
of deflections. That should constrain the models that simulate the propagation of per-
turbations with boundaries that always preserve the orientation to the Parker spiral.
Although the switchbacks appear to have a preferential deflection direction in the +T
direction (from the RTN frame) [Fargette et al., 2022], the boundary plane is parallel
to the Parker spiral direction. That gives more constraint to the understanding of the
3D geometry of switchbacks. These constraints will be discussed in Chapter 4.
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Figure 2.15: Scalar product between the leading and trailing normal as a function of
the magnitude of the deflection from the Parker spiral.
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Figure 2.16: Angle α between the boundary normal and the Parker spiral direction as
a function of the magnitude of the deflection from the Parker spiral.
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Figure 2.17: Illustration of the normal and tangential component of the magnetic
field and velocity across a TD (left) and RD (right). Adapted from Baumjohann and
Treumann [2012].

2.4.2 Velocity field constraints

As discussed in Section 2.1, the main properties to distinguish TD from RD are based
on magnetic field measurements. However, the RDs also present some properties in the
velocity field, and more precisely on the velocity jumps at the boundary. A necessary
condition for having RDs is a large value of the ratio RV B between the change across
the boundary in the tangential component of the velocity vt and that of the magnetic
field Bt [Baumjohann and Treumann, 2012].

RVB =
√
µ0ρ

[vt]

[Bt]
, (2.15)

where ρ is the proton density at the discontinuity. The closer the ratio is to 1, the
more likely a RD is identified, showing the correlated changes between the tangential
components of the velocity and the magnetic field. In contrast, the ratio can have any
value for TDs, which is expected to be closer to 0. An illustration of the geometry is
shown in Figure 2.17, with the normal and tangential component of the magnetic field
and velocity vector for an ideal TD and an ideal RD.

I calculate this ratio on a subset of 42 discontinuities identified as TD with the
implemented methodology, which presents enough and good velocity measurements.
This results in a broad distribution of ratios, presented in Figure 2.18, with 85% of the
ratios with values lower than 0.2, thus clearly excluding the possibility of having RDs.
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Figure 2.18: Histogram of the ratio RV B between the change across the boundary in
the tangential component of the velocity vt and that of the magnetic field Bt.

In addition, the Alfvénicity can be investigated at the boundary, with the jump of
vt, normalized with the local VA and the jump in Bt, normalized by the magnetic field
magnitude |B|. Figure 2.19 shows the two parameters computed for 42 boundaries with
sufficient velocity measurements to estimate the jump. The dataset is smaller than the
total number of boundaries studied but covers the full range of deflection angles. There
is no correlation, with a Pearson’s coefficient of 0.18, not significant. That contradicts
the hypotheses of a RD as we would expect a high correlation for RDs.

However, this figure allows us to discuss the relation between the propagation ve-
locity of the switchbacks and the deflection angle. In this case, Pearson’s correlation
coefficient between ∆vt/VA and z is 0.72, statistically significant. The boundaries ap-
pear to validate the relation presented in Matteini et al. [2014], stating that the jump
in the velocity field is limited by the Alfvén velocity. That is due to the Alfvénicity
of the structures that constrains the maximal magnetic fluctuation in the tangential
direction to 2|B|. That would be the situation encountered for full reversals, in which
case the velocity jump would be of 2VA.

Taken together, these different results all point to the tangential rather than rota-
tional nature of the discontinuities. Let us now compare these results to those obtained
in other studies. For that purpose, we introduce a classification scheme that is widely
used in the classification of plasma discontinuities and is not only limited to switchback
boundaries.

2.4.3 Classical boundary classification

First, I would like to state that this section refers to discontinuities that are not switch-
back boundaries. It is necessary to step aside this thesis context to introduce a classical
scheme, and I will not then compare the numbers presented here with the classifica-
tion I obtained previously. Now, I investigate the nature of each boundary by using
the classical single-spacecraft classification scheme for boundaries [Smith, 1973]. This
scheme relies on two quantities: the degree of collinearity (B/|B|) · n, and the change
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Figure 2.19: Jump in the tangential velocity vt normalized to the local VA compared
to the jump in the tangential magnetic field component Bt normalized to the magnetic
field magnitude |B|. 35 boundaries were selected with sufficient velocity measurements
to estimate the jump. The color code represents the normalized magnitude z of the
deflection from the Parker spiral (Equation 2.8).
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Figure 2.20: Classification of discontinuities, the relative jump in magnetic field mag-
nitude with the normal component of the field. Reproduced from Smith [1973].

in field magnitude across the boundary ∆|B|/|B|. Smith [1973] used a phase diagram
to distinguish the two types of discontinuity, relying on the in situ measurements of
discontinuities measured by Mariner 5. They find that a limit of 0.4 for (B/|B|) ·n and
0.22 for ∆|B|/|B| are classifying the TDs and RDs in their database. The limits for the
parameters are based on empirical conditions with the best fit to their measurements.
However, that excludes a certain number of discontinuities from being identified. In
fact, in the discontinuity phase diagram presented in Figure 2.20, a certain number of
discontinuities do not correspond to the classified discontinuities. They do not present
the properties that allow us to distinguish clear TD from clear RD in the lower left side
of the diagram.

Neugebauer et al. [1984] adopted a threshold value of 0.4 for the normal component
of the magnetic field and 0.2 for the jump of magnetic field magnitude to clearly distin-
guish TDs from RDs. They also define two other categories, the Neithers (NDs), which
are inconsistent with MHD discontinuities, and the Either Discontinuity (ED)s, which
are not possible to be distinguished from TD or RD. The thresholds are summarized
as:

Rotational(RDs) : (B/|B|) · n ≥ 0.4; ∆|B|/|B| < 0.2

Tangential(TDs) : (B/|B|) · n < 0.4; ∆|B|/|B| ≥ 0.2

“Either”(EDs) : (B/|B|) · n < 0.4; ∆|B|/|B| < 0.2

“Neither”(NDs) : (B/|B|) · n ≥ 0.4; ∆|B|/|B| ≥ 0.2

These criteria are still widely used today in the literature [Tsurutani et al., 1996;
Horbury et al., 2001]. Note that a high collinearity between B and n would provide
unambiguous evidence for an RD whereas small values can imply either TDs or RDs
[Knetter, 2005].

- 65 -



66 Chapter 2. Switchback boundaries

0.0 0.2 0.4 0.6 0.8 1.0
B. n/|B|

0.0

0.2

0.4

0.6

0.8

1.0
|B

|/|
B|

Tangential
 (Neugebauer et al.
1984 classification)

Rotational
(Neugebauer et al.
1984 classification)

0.0

0.2

0.4

0.6

0.8

1.0

De
fle

cti
on

 fr
om

 th
e 

Pa
rk

er
 sp

ira
l

Figure 2.21: Boundary analysis using the classical classification scheme by Neuge-
bauer et al. [1984]. The normalized projection of the magnetic field along the normal
(B/|B|) · n is plotted against the variation of the magnetic field magnitude across
the discontinuity ∆|B|/|B|. The dashed lines divide the plane into four quadrants:
TDs occur in the upper left quadrant and RDs in the lower right one. The remaining
quadrants correspond to unclassified events. The color code represents the normalized
magnitude z of the deflection from the Parker spiral (Equation 2.8). 186 boundaries
are shown, excluding the 64 ambiguous cases. Reproduced from Bizien et al. [2023].

Now, let us move back to my switchback analysis and characterize the boundaries by
means of this scheme. Figure 2.21 shows how the switchback boundaries are distributed,
using the two-parameter classification scheme of Neugebauer et al. [1984]. I only show
those boundaries for which the normal can be clearly identified with the methodology,
i.e., 186 cases out of 250.

I find that few boundaries would qualify as pure TDs or RDs. In the scheme
introduced in this section, most boundaries belong to the so-called limit category with
(B/|B|) · n → 0, for which TDs and RDs cannot be distinguished based only on
magnetic field data. I previously examined the necessary conditions for having perfect
RDs or TDs. For classical TDs, we expect an arbitrarily large jump in the magnitude
of the magnetic field. However, this is not a necessary condition in our context: when
the structures are Alfvénic, and the change in the magnetic field at their boundary
is modest, the jump can be arbitrarily small, while the discontinuity still remains a
TD. This is precisely the case for switchbacks, which are known to be highly Alfvénic
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[Kasper et al., 2019; Laker et al., 2022]. The boundaries located in the lower left
corner of Figure 2.21 are therefore more likely to be TDs because of the small value
of (B/|B|) · n, although the relative change in |B| is smaller than what is usually
encountered with (mostly non-Alfvénic) discontinuities. Only multipoint measurements
could help us fully resolve this ambiguity. The velocity measurements introduced in
Section 2.4.2 allowed us to provide more constraints on these boundaries, confirming
their TD nature.

2.4.4 Earlier switchback boundary studies

Although this work proposes a new methodology, it is not the first to focus on the
nature of switchback boundaries. Previous studies present a statistical analysis of the
boundaries, mostly on the first encounter of PSP. That encourages comparison of the
results, as the population of switchback boundaries investigated should be similar in
properties. Larosa et al. [2021] shows that there is no typical nature of the subset of
switchbacks that they studied during the first PSP encounter. In fact, they found that
RDs are slightly more common than TDs, but there is no definite tendency for one
category. Akhavan-Tafti et al. [2021] argued that 78% of the boundaries are RDs by
repeating exactly the same analysis on the same encounter. Figure 2.22 clearly shows
that both studies find numerous boundaries in the ED section. Interestingly, they
find few boundaries in the Neither Discontinuity (ND) section, which are not possible
in theory. Both studies show that there are more strict RDs than strict TDs at the
boundary of the switchbacks, without taking into consideration the ED. Akhavan-Tafti
et al. [2021] find that there is no clear influence of the distance of the switchback to
the Sun, visible with the colored dots in Figure 2.22.

However, Akhavan-Tafti et al. [2022] extend the switchbacks study to the first eight
encounters and find that the ratio RD-to-TD seems to decay with the radial distance
to the Sun. They propose that the RD may relax into TD as they propagate away from
the Sun and potentially cause the heating and/or acceleration of the solar corona.

I argue that we should step back from their conclusions. In fact, the three an-
alyzes used the same method to identify the normal, namely the MVA. The num-
ber of misidentified normals should be consequent, with a large overestimation of the
collinearity of the magnetic field with the normal. That results in the conclusion of the
omnipresence of RD observed in their results.

2.4.5 Critical comparison

We now know that these earlier studies most likely overestimated the number of RDs
because of the automatic application of the MVA. However, they focused on events
that appear to be correctly identified by the MVA, if one considers only the eigenvalues
criterion. It is difficult to state that all the boundaries they classified were misinter-
preted. Their results may include normal correctly identified by the MVA. That still
does not validate the use of MVA only for such analysis. One could be tempted to say
that the cases that were correctly identified are the one classified as ED by previous
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Figure 2.22: Classification scheme of switchback boundaries from E01, using the cri-
terion from Neugebauer et al. [1984]. While both panels use different notations, the
parameters are the same. Left: Reproduced from Larosa et al. [2021]. Right: The
dependence on the distance to the Sun is color-coded. Reproduced from Akhavan-Tafti
et al. [2021].
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Figure 2.23: Histogram of the normalized deflection parameter z of the boundaries
addressed in this study.

studies. In fact, for the cases identified by the MVA, which are also identified by the
SVD, the plane includes the origin and the (B/|B|) · n is small. As these situations
were found for some of the boundaries that I studied, it is likely that some of the ED
in Figure 2.22 are correctly identified. However, it would be difficult here to find the
real RDs.

Another critical aspect would be the database of switchbacks included in the dif-
ferent works. Larosa et al. [2021] identified manually switchbacks in the data, while
Akhavan-Tafti et al. [2021] applied an automatic detection based on the shape of the
structures, which excluded small deflections. It may result in different conclusions than
the one presented in this chapter. However, in my analysis, the range of deflections
starts from small angles about 36◦ to large deflections, as presented in Figure 2.23 the
distribution of the deflections included in this analysis. The largest deflections, with
angles above 90◦, would definitely be included in the previous studies. These deflec-
tions are categorized as TDs in my analysis. Thus, the database is representative and
cannot explain the differences between the results of this chapter and previous studies.
Moreover, the analysis of the influence of the deflection does not show any correlation
between the nature and the deflection angle, as observed in Figure 2.21. This will be
discussed further in Section 2.4.7.
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I show that most discontinuities are then much closer to tangential, and therefore
the switchback boundary is more impermeable to plasma flow than expected. This has
important implications for the rate at which switchbacks can erode in the solar wind,
as I will discuss in the following section.

The results I find show similar tendencies as the estimation from triangulation of
discontinuities in the solar wind. Most (B/|B|) · n are small [Horbury et al., 2001].
Using three spacecraft, mostly TD and ED are found [Burlaga and Ness, 1969; Horbury
et al., 2001]. Knetter et al. [2003, 2004] used 4 point measurements with Cluster. They
statistically compared the result of the triangulation with the MVA applied at each
spacecraft. They found that all the discontinuities identified as RDs with the MVA
should be identified as EDs when identified with the triangulation normal. One could
wonder if the structures they investigated are Alfvénic structures that could be similar
in properties to the switchback boundaries. They did not include a velocity analysis
so we cannot conclude on the correlated fluctuations. However, the magnitude of the
field was conserved, which could indicate an Alfvénic nature.

2.4.6 Multiple encounters comparison

Until now, the study presented mostly focuses on the results presented in the publi-
cation Bizien et al. [2023]. However, the work should be extended to boundaries from
other PSP encounters. That would indeed allow us to study the evolution of the nature
of the boundaries with radial distance to the Sun. That was the objective of a side
project performed with a master student of the University of Orléans, Tristan Vergé.
He worked on the first encounter first to train on the boundary estimation. He analyzed
the same dataset of switchbacks than the one I have investigated. That allowed me to
estimate the impact of a different selection of the interval on the results. Interestingly,
he analyzed a second population of boundaries, from a latter encounter, closer to the
Sun at 13 R⊙. He selected 52 boundaries from E10, using the tool I developed, which
is convenient for allowing multiple users to perform the analysis. We discussed the
greater difficulty in identifying boundaries compared to E01. In fact, the boundaries
are less defined, as the deflection is less sharp. They also included more substructures.
Applying the same methodology to the boundaries, I found that most are TDs, about
71%, few are RDs, about 6%, and a large portion are not classified, about 23%. To
allow for comparison, I show the boundaries in the classical classification scheme in Fig-
ure 2.24. I can draw similar conclusions as for the previous results, as most boundaries
are in the ED section.

These results still challenge the work of Akhavan-Tafti et al. [2022], about the
evolution of boundaries at different distances to the Sun. Here, I find that even at
closer distances to the Sun, most boundaries are TD. The question of the representative
aspect of these results arises. In fact, only 26 switchbacks were considered here. They
are spread on radial distances from 15 to 40 R⊙, which covers a large interval to allow
to conclude on the radial evolution. However, this data set of boundaries, combined
with the cases of E01, does not allow to conclude on the existence of the few RD. A

- 70 -



2.4. Results 71

Figure 2.24: Same as Figure 2.21 but for 52 boundaries identified in E10 data.

larger dataset of boundaries from different encounters with different plasma conditions
could be necessary to investigate the low occurrence of RDs.

2.4.7 Self-similar properties

The nature of the boundaries is important for the survival and propagation of the
structures. It is also clear that switchbacks show a large range of deflection angles,
which appear to have an influence on the modulation we observe in the time-series. In
fact, the time-series that cover a full encounter show an interval with larger deflections
and intervals with smaller deflections, which are referred to as patches in the literature
[Bale et al., 2021]. It is then of interest to consider the influence of the magnitude
of the deflection on the nature of the boundary. Figure 2.21 includes deflections of
all magnitudes, including full reversal switchbacks (for which z > 0.5). Interestingly,
the type of discontinuity does not depend on the magnitude of the deflection: small
deflections behave similarly to large deflections. This confirms earlier observations by
Dudok de Wit et al. [2020] that these deflections are self-similar, with no characteristic
cut-off beyond which they behave differently. This is true down to a value of approxi-
mately z = 0.1, below which it becomes increasingly difficult to distinguish switchback
boundaries from random fluctuations. These results suggest that small deflections are
unlikely to be the result of an erosion of large reversal structures. The opposite sce-
nario is more difficult to analyze. In fact, large deflections can be the result of the
expansion of small deflections. This hypothesis appears to be the theory implemented
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in simulations that produce switchbacks [e.g., Wyper et al., 2022].

2.4.8 Thickness of the boundaries

A property that could highlight the mechanisms responsible for their evolution is the
thickness of the boundary. One could imagine that they are the markers of evolution
and would keep a signature of the possible erosion mechanisms. In theory, the thickness
of the boundary is a property that can only be determined if one retrieves the normal to
the boundary. In fact, the apparent duration in the time-series is not directly related to
the physical dimension of the structures. It depends heavily on the angle of the crossing
of the structure by the spacecraft and also on the spacecraft velocity, as presented in
Chapter 1 for the full structure. However, it is possible to correct the estimation of the
thickness from the influence of the crossing angle, using the orientation of the normals.

The above results show that we now have more realistic estimates of the switchback
boundary normals. The thickness of the boundaries can then be inferred from the
normal velocity of the protons and the duration of the boundaries in the MAG time-
series. For some events, the proton velocity could not be used, so our sample contains
165 events out of the 186 classified boundaries. The classified boundaries correspond
to those identified by the methodology.

I determine the thickness of each boundary from

D = (td − tb) · (⟨Vpl⟩ − VSC) , (2.16)

where D is the thickness of the boundary, tb and td the time in seconds of the beginning
and end of the boundaries in the time-series, respectively; ⟨Vpl⟩ is the mean plasma
velocity outside the switchback and VSC is the spacecraft velocity. Both velocities are
in the RTN frame projected in the normal direction.

Theoretically, the propagation velocity of the discontinuity with respect to the
spacecraft should be included in the calculation. Indeed, the plasma velocity con-
sidered in the computation is the bulk solar wind. However, the switchbacks have a
relative velocity with the plasma frame. However, we cannot determine it with a single
spacecraft, and so the estimation of the thickness relies on the assumption of the nature
of the discontinuity to include or not the Alfvén velocity, for TDs and RDs, respectively
[Knetter, 2005].

Figure 2.25 shows the thickness of the 165 boundaries as a function of the magnitude
of the deflection from the Parker spiral. First, I find that most of the discontinuities
have a thickness of about one order of magnitude over the local proton inertial length.
The mean inertial length of the ion during the first encounter of PSP is 16km. The
thickness ranges from the order of the local proton inertial length to two orders of
magnitude higher. Secondly, I note that the distribution of thicknesses is a factor of 3-
10 smaller than those found by Larosa et al. [2021]. This difference was to be expected
because I provide better estimates of the normals, which are more perpendicular to
B than the ones found by Larosa et al. [2021]. The number of RDs is too small to
interpret a statistical analysis.
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Figure 2.25: Boundary thickness as a function of the magnitude of their deflection from
the Parker spiral. The thickness is expressed in units of the local proton inertial length.
The mean proton inertial length over the first encounter of PSP is 16km. The TD are
presented in blue, the RD in red.

The thickness of the boundaries can now be compared with the characteristic length
of the local plasma. Interestingly, most of the thicknesses exceed the proton inertial
length, so the boundaries can be considered as MHD discontinuities. I also find that
the magnitude of the deflection has no effect on the thickness of the boundary. In
fact, there is no dependence between the angle of deflection and the thickness of the
boundary, with a Pearson’s correlation coefficient of 0,34 (statistically significant). No
correlation is apparent, but there is, however, a region of exclusion, as large deflections
do not have a thin boundary. One could expect that larger deflections would have
thicker boundaries. This supports the self-similar geometry that I alluded to earlier,
where all switchbacks belong to the same population of structures, regardless of the
magnitude of their deflection. Interestingly, this also pleads for a common origin of all
switchbacks.

Another result is that there is no clear correlation between the thickness and the
type of boundary. However, the limited amount of RDs may not allow us to conclude
on the statistical properties here.

Previous studies have shown that there is an asymmetry in the properties of the
boundaries between the leading and trailing edges [Huang et al., 2023a]. In fact, in
our study, there appears to be a difference in thickness between the leading and trail-
ing edges when considering the same structures. There is no tendency for half of the
structures to have a leading boundary larger than the trailing boundary. That dis-
cussion should, however, be linked to the position of the switchback on the orbit. No
clear asymmetry is observed in the structures depending on their position during the
first encounter, such as corotation times (in red on the figure) or longitudinal sweep,
as illustrated in Figure 2.26. The position of each identified switchback is plotted on
the spacecraft trajectory. The color-coded dots show the ratio of the leading boundary
thickness to the trailing boundary thickness. One could expect that the leading bound-
ary could be more compressed than the trailing boundary due to the propagation of
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Figure 2.26: Evolution of the ratio between the leading boundary thickness to the
trailing boundary thickness, depending on the position on the orbit. The red intervals
correspond to the two corotating intervals of E01. 65 switchbacks are presented here
with both boundary normals identified by the methodology.

the switchback in the slower background solar wind. This compression with a higher
density at the leading edge is found in Liu et al. [2022a]. This is, however, not observed
in the boundaries of this study.

Figure 2.27 shows the investigation of a relation between the thickness of the bound-
aries as a function of their radial distance to the Sun. There is no clear relation between
the thickness and the radial distance to the Sun, with a Pearson’s correlation coefficient
of 0.07 (statistically not significant). However, there is a region of exclusion, as thin
boundaries are not observed at large distances. The interpretation of the absence of
relation means that there is no apparent erosion of the boundary as the switchback
propagates. However, this is a statistical interpretation, and I cannot contradict the
hypothesis of an erosion of the structures.
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Figure 2.27: Thickness of the boundary, expressed in units of the local proton inertial
length, as a function of its radial distance to the Sun, expressed in units of Solar radius.
The colorbar indicates the normalized deflection angle. The RDs are presented with
cross markers and the TDs with round markers.
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2.5 Discussion

This work leads directly to a certain number of questions about the structures and the
implications of the solar wind open questions:

• Nature of the boundary

– What is the impact of the 3D geometry of the boundaries?

– How can we relate the closed nature of the boundary with the Alfvénic
properties of switchbacks?

– Is there an influence on the magnitude of the deflection?

– Does the deflection exhibit distinct types with unique properties, or is it a
continuous spectrum of events?

• Propagation and evolution

– Do switchbacks evolve during their propagation away from the Sun, and
how?

– Is the boundary subject to erosion, and is there a energy transfer?

– Do these structures increase in magnitude as they propagate, or is their size
predetermined at the point of origin?

• Origins of switchbacks

– Where do they originate?

– Can we reject certain origin theories based on these results?

The following sections attempt to answer these questions with the results presented
above.

2.5.1 3D nature of the boundary

Most of the methodology and interpretation of the results applied in this work rely on
the assumption that we work with planar structures, or at least structures that can
be approximated as planes. However, one of the first discoveries of this work, which
led to the new proposed methodology, is that the switchback boundaries are not like
any type of discontinuities found in the solar wind. Indeed, they are Alfvénic, in the
sense that they conserve the magnetic field magnitude. Thus, the rotation of the field
vector during the boundary interval is located on the surface of a sphere. This enlarges
the definition of the boundary, as we exit the domain of the planar waves and move to
the spherical waves physics. This was already discussed in Tsurutani et al. [1997] and
subsequent reviews [Tsurutani and Ho, 1999; Tsurutani et al., 2018].

However, it appears that, indeed, even in the context of spherical waves, a pla-
nar structure can always be identified. These structures, the so-called arc-polarized
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Figure 2.28: Illustration of the curvature of the boundary and its effect on the normal
estimation. Reproduced from Dunlop and Woodward [1998].

waves, are well known and are studied in the solar wind by multiple missions, including
multispacecraft missions (e.g., Cluster).

One could imagine that the boundaries are curved structures, and thus, any inter-
pretation from single-point measurements should be considered carefully. Figure 2.28
shows the influence of the curvature of the discontinuity as well as the angle of the
crossing and the location of this crossing compared to the curvature axis.

Despite consideration of the planarity of the boundary, the boundary is not nec-
essarily completely flat. That cannot be identified by single spacecraft measurements,
but one could consider the idea of a rippled front as presented in Hanson et al. [2019].
This was performed with Magnetospheric Multiscale (MMS) on shocks.

Discussion arose from the complex 3D nature of the boundaries, in the idea of
developing new tools to interpret the nature of the boundary without restricting to
their planar nature. This is still in development, but some ideas rely on the use of
the Möbius transform [Brosius et al., 2024]. The method is less constrained than
the MVA and the SVD and allow retrieving the polarization through an ensemble of
transformations from variations in parameter values.
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2.5.2 Alfvénicity

In theory, RD are Alfvénic structures, with [v] parallel to [B/ρ], while this alignment
is not required for TD. However, such an alignment may be observed in the case of
the superposition of Alfvénic fluctuations on a boundary that is a TD. I analyzed the
ratio RV B for most boundaries. In the case of ideal RD, it is close to 1 and arbitrary
for TD. However, in the solar wind, for most discontinuities as well as Alfvén waves,
it is constantly less than 1 [Neugebauer, 2006]. This is also what I observed in the
switchback boundaries that I analyzed in Section 2.4.2.

One could imagine that the Alfvénicity is lost at the boundary, while the complete
structure remains mostly Alfvénic. This is observed for some boundaries with com-
pressibility. Larosa et al. [2021] finds that 27% of their 70 cases show a deviation from
the Alfvénicity with compression. That work is performed by comparing the magni-
tude of the field inside the structure with the magnitude of the ambient magnetic field.
Magnetic field dropouts are also detected at the boundary so that the magnitude is not
conserved [Farrell et al., 2020]. The field magnitude drops by approximately 8% for 33
switchbacks.

It could also be the signature of the merging of switchbacks [Agapitov et al., 2022].
The Alfvénicity may increase after subsequent merging until reaching a maximum.
When the maximum is reached, the reconnection that allows the merging of switchbacks
is blocked, and the merging stops. In that case, we may observe an evolution of the
Alfvénicity with the evolution of the switchbacks.

2.5.3 Impact of closed boundaries

Our study clearly shows that the boundaries of switchbacks are closed. That prevails
for most boundaries studied, without dependence on the deflection angle, the distance
to the Sun, or the position on the orbit. That emphasizes the self-similar properties
of the switchbacks. This is also directly related to the observations of switchbacks at
larger distances. In fact, it suggests that stable boundaries prevent the structures from
disappearing. The following discussion is related to the open questions about the heat-
ing and acceleration of the solar wind. In that case, the interpretation becomes more
complex. How do stable structures that prevent plasma exchange heat and accelerate
the solar wind? One hypothesis could be that I observe the most stable structures that
are able to survive, propagating in the solar wind. Then, switchbacks with different
properties, which may not be stable enough, would quickly disappear and mix in the
solar wind. The dissipation of this population of unstable switchbacks could bring the
energy to heat and accelerate the solar wind. However, there is no evidence of this
hypothesis yet. The reasoning would lead to the interpretation that the few observed
open boundaries would be a convenient candidate for the subpopulation of switchbacks
that would disappear.
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2.5.4 Propagation behavior

One striking question that could directly challenge our results is about the evolution
of the structures in the solar wind. I state that the structures are TDs. However,
TDs are advected by the solar wind, and they do not have relative velocity to the
background plasma, as discussed in Section 2.1.2. In contrast, switchbacks and their
boundaries are Alfvénic structures. The magnetic field fluctuations are correlated with
the velocity fluctuations through the Alfvén velocity vA. As the maximum δB is 2B0,
the maximum δV is 2vA [Woolley et al., 2020]. Interestingly, the propagation velocity
of the switchbacks is then directly related to the deflection angle [Matteini et al., 2014].

So, we have advected structures at the boundary of propagating structures. One
could imagine that such a situation would rapidly degenerate. This contradicts the
numerous observations of switchbacks. Denskat and Burlaga [1977] mentioned the ex-
istence of static, non-propagating Alfvénic structures. That could be the interpretation
of the boundaries of the switchbacks. The other possibility is that it is possible for the
switchbacks with these properties to propagate. The last possibility is that they are not
closed and stable boundaries, limited by the interpretation of the (B/|B|) · n. These
aspects should be considered in future studies as it is still clear that switchbacks evolve
as they propagate. The stable boundaries could then evolve through other processes,
such as magnetic reconnection.

2.5.5 Reconnection at the boundary

Among the processes that could erode these boundaries is reconnection, which has
been observed in a limited number of boundaries. Froment et al. [2021], for example,
showed three switchbacks examples of boundaries with evidence of reconnection. The
signature of reconnection is observed in an enhancement of velocity and a correlation
of the velocity and magnetic fluctuations followed by an anticorrelation. These criteria
correspond to the ion jets observed in the solar wind [Gosling et al., 2005]. However, we
do not see a causal link between the few identified RDs and the few cases of reconnection
at the switchback boundary. One could expect that RDs are favoring the reconnection
while TDs prevent it. I analyzed the cases presented in Froment et al. [2021]. All of
them were correctly identified by the methodology, with well-defined arcs. Interestingly,
they show a small (B/|B|) · n and would then be identified as TDs.

The number of identified reconnection cases at the boundary remains considerably
low, with about 6 switchbacks (12 boundaries) for many encounters with the Sun of PSP
and Solar Orbiter (SolO) [Froment et al., 2021; Suen et al., 2023]. The PSP reconnection
cases all present the characteristics of TDs. I did not perform the analysis on the SolO
cases. That also deserves some attention, as we would expect the boundaries allowing
for reconnection events to be open boundaries with possible plasma flows.

If we step back from the discussion about the nature of the discontinuity and think
about the impact of the switchback evolution, the question is now: What would be the
implication of the absence of identified reconnection events? One could assume that
the conditions for reconnection to occur are strict and rarely met at the boundaries
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of switchbacks. Some other processes may prevent reconnection from being initiated,
such as the large velocity shear at the boundary [Doss et al., 2016; Peery et al., 2024].
These velocity shears would be directly related to the Alfvénicity of the structures.
Another possibility is that the reconnection occurs closer to the Sun, where it cannot
be probed. However, there are not yet studies on the influence of reconnection on the
switchbacks evolution.

2.5.6 Boundary waves and instabilities

An interesting aspect of the discontinuities is the investigation of their link with the
disappearance of the switchbacks in the solar wind, which could then cause the energy
to accelerate. In fact, this is the objective behind the investigation of the nature
of the boundary. As discussed previously, the small number of reconnection events
prevents drawing conclusions about the possible energy source from switchbacks at close
distances to the Sun. However, other phenomena may play a role at the boundary, such
as waves and instabilities. Waves have been observed at the boundaries of switchbacks.
Malaspina et al. [2022] observed kinetic Alfvén waves, and Mozer et al. [2021b] reported
the presence of ion-acoustic waves. Intense surface waves are reported that have large
angles with respect to the normal to the surface, of more than 60◦ [Krasnoselskikh et al.,
2020]. Larosa et al. [2021] detected an enhanced level of wave activity at the boundary,
with some of them being surface waves. Farrell et al. [2021] reported on ultralow
frequency (ULF) wave activity. It was also observed that bursts of low-frequency
whistler wave packets are collocated with magnetic dips at the boundary of switchbacks,
as the dips favor the production of whistlers [Agapitov et al., 2020]. Are the waves at
the boundary a signature of the switchback erosion? Interestingly, the dips favor the
generation of sunward-directed whistlers [Choi et al., 2024]. Indeed, when they are
not specifically associated with dips at the boundaries of switchbacks, they propagate
anti-sunward.

2.5.7 Any insight on the origin?

The nature of the boundaries brings more understanding of the propagation behavior
of the switchbacks. Interestingly, the nature of the boundaries could also bring insights
into the origin of the switchbacks. As I find more numerous TDs than RDs, the
consequent survival of the structures during their outward propagation is compatible
with an origin that is rooted in the solar atmosphere. Indeed, to survive at large
distances, they need to be stable and less subject to the effects of the waves and
instabilities discussed above. However, our results do not provide a sufficient condition
for excluding the in situ generation of switchbacks. It is possible that they are indeed
stable but can be generated in situ. Interestingly, the nature of the boundary could
give more information about the origin of the structure. In Huang et al. [2023a],
they discussed the formation of TD from the complex topology of the braided closed
field [Janse et al., 2010], while RD would be generated from interchange reconnection
[Lin et al., 2009]. The discussion about the generation of RD through interchange
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reconnection is due to the small value of (B/|B|) · n, which also respects the Walén
relation. Huang et al. [2023a] argued that the switchbacks formed from interchange
reconnection should have a RD on the reconnection side, while the other side would be
a TD. This is not observed in the cases that I have investigated, as both sides have the
same nature. But I cannot exclude that this may be the case for the few RD found in
the statistics. In my analysis, this is not observed.

2.6 Chapter conclusions

In conclusion, I have investigated different methods for studying the boundary of mag-
netic switchbacks as observed by PSP during its first solar encounter. I find that these
boundaries have a very specific geometrical shape since all are arc-polarized structures
whose rotation occurs on a sphere, but it is also contained in a plane. For that reason,
they have a very specific topology as they are 1D structures.

My findings also caution against the routine use of MVA for identifying the nature
of the boundaries of structures that are highly Alfvénic, regardless of the ratio of its
eigenvalues. The presence of fluctuations often causes the method to wrongly identify
boundary normals that are collinear with the magnetic field. Thus, it has a bias
toward boundaries that appear to be rotational. The review of the flaws of MVA has
been extensively done in the literature, while it is still used in new switchback studies.
Thus, a rigorous methodology is proposed to identify the nature of the switchback
boundaries by a better estimation of the normal.

A large majority (71%) of these planes include the origin. This specific geometry
implies that the normal is mostly perpendicular to the magnetic field, which then
implies that they are tangential discontinuities. Very few (3%) of the planes do not
include the origin and thus qualify as rotational discontinuities. The remainder (23%)
is unclassified due to the lack of clear orientation of the normal. These numbers were
obtained during the first encounter of PSP with a relatively large radial distance at
R⊙, but similar proportions are found in a later encounter in which the closest distance
to the Sun is 13.3R⊙. Our analysis further reveals no clear influence of the magnitude
of the deflection from the Parker spiral on the type of boundary nor their thickness,
confirming the self-similar nature of switchbacks.

However, I cannot provide definitive proof of the nature of these discontinuities,
as the structures are too complex to fall into the simple scheme implemented before.
There is considerable evidence to suggest that most of them are not rotational and,
therefore, tangential. This conclusion is in contrast to previous analyzes that found a
predominance of rotational discontinuities highly related to the use of MVA. In turn,
it suggests that the switchback boundaries are more likely to be closed. These con-
clusions raise another aspect that should be considered in future studies. A tangential
discontinuity does not have a velocity relative to the plasma, so it does not propagate
in the solar wind. Thus, the absence of relative velocity of the boundary should not
influence the switchback crossing. This is contradicted by some of the observations
which show noticeable velocity spikes.
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Considering the questions raised by the present analysis, presented in Section 2.5,
some can be discussed with regard to the results presented, and others are still unan-
swered. The last category is, however constrained by the results and opens the path to
future investigations:

• Nature of the boundary

– What is the impact of the 3D geometry of the boundaries? The arc-shaped
structure of the boundary is highly impacting the methodology implemented.
However, it is not clear why such type of structure is bounded to the mag-
netic reversals. It highlights the need for 3D analyses of boundaries that are
not restricted to a planar assumption.

– How can we relate the closed nature of the boundary with the Alfvénic
properties of switchbacks? The Alfvénicity of the switchbacks is observed at
the boundary with the rotation of the field vector on the surface of a sphere
of radius the magnitude of the field. However, the Alfvénicity appears to
be lost at the boundary with the tangential nature of the boundary and the
absence of characteristic correlation in the velocity and magnetic field.

– Is there an influence on the magnitude of the deflection? The switchback
boundaries show similar self-similar properties as the reported properties of
switchbacks.

– Does the deflection exhibit distinct types with unique properties, or is it a
continuous spectrum of events? The boundaries generally show properties
of Tangential Discontinuities, while the origin and existence of Rotational
Discontinuities are unexplained. A hypothesis could be about the different
origins of both types of boundaries but does not prevent the hypothesis of
a Rotational boundary that would evolve into a Tangential boundary.

• Propagation and evolution

– Do switchbacks evolve during their propagation away from the Sun, and
how? The boundary nature does not show an evolution with the radial
distance, but it is not possible to conclude on the evolution as there is no
proof that closer to the Sun, more RD could be observed.

– Is the boundary subject to erosion, and is there a transfer of energy? This
question could be linked to the nature of the boundaries, as the stable TD
are less likely to be eroded. A possible erosion mechanism is magnetic re-
connection at the boundary, but there is only a limited number of studies
on this local phenomenon to understand how reconnection would erode the
boundary.

– Do these structures increase in magnitude as they propagate, or is their size
predetermined at the point of origin? The question can be answered specif-
ically for the boundaries, as there is no apparent increase in the thickness
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of the boundary with the radial distance to the Sun, but there is an area of
exclusion as large deflections do not have a thin boundary.

• Origins of switchbacks

– Where do they originate? The results are compatible with an origin rooted
in the lower solar atmosphere.

– Are we able to reject certain origin theories based on these results? We
cannot exclude the in situ generation from the results obtained in this thesis.
This question would require investigation of a solar source to exclude the
solar origin or to find a physical explanation for all the in situ properties of
switchbacks in the in situ generation theories, such as the self-similarity.

Taken together, the results presented in this chapter challenge the classical picture
of switchbacks and suggest that their erosion could be much slower than expected.
Switchbacks, with their stable boundaries, could survive longer as they propagate out
into the solar wind. This encourages a study of the probable solar origin of the switch-
backs, which will be performed in the following chapter.
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3.1 Introduction

In Chapter 2, we showed that the switchback boundaries behave as tangential disconti-
nuities and are, therefore, closed. This, in turn, suggests that they are stable structures
that can survive during their propagation in the solar wind. These results are also com-
patible with an origin of switchbacks in the lower solar atmosphere, which motivates
the second part of my thesis. In this chapter we aim at providing a new estimation of
the solar precursors of the switchbacks, using in situ measurements and remote sensing
observations of the source region, an approach that remains largely unexplored. This
chapter includes results that are published in Astronomy and Astrophysics. The cases
I considered in the paper are the only ones that showed an unambiguous connection
between the spacecraft and the solar source region and that allowed a clear identifica-
tion of small-scale eruptive events. This chapter provides a more general presentation
of all the cases I considered in the paper and the challenges I encountered during this
complex data analysis. I will also discuss some strategies that could be applied.

3.1.1 Motivation

One of the main open questions about switchbacks is about their origin. The large
majority of studies are solely based on in situ observations. However, their origin is
still subject to major debates as there is no definite proof of any of the theories put
forward. As discussed in Chapter 1, two groups of theories are proposed. The first
one argues for the formation of switchbacks by solar small-scale transient events. The
second supports a formation that takes place further away in the solar wind. Both
theories are supported by models and observations. For example, Tenerani et al. [2020]
used MHD models to study the evolution of large-amplitude Alfvén waves to discuss
the origin of switchbacks in the lower corona and showed that they could survive to
PSP distances in a calm background solar wind. The key ingredient here is the solar
trigger mechanism.

To investigate and provide evidence for the hypothesis of a solar origin, let us now
explore what processes lead to magnetic reversals measured in situ. The initial step is
to investigate the lower solar atmosphere and an initial physical mechanism required
to create a perturbation along an open magnetic field line. This perturbation would
then propagate along the field line in the upper atmosphere towards the interplanetary
space until it encounters the spacecraft. Some issues can be directly spotted as the
perturbation should first survive and then propagate in the solar wind. The processes
that create a perturbation in the magnetic field should counteract the magnetic tension
of the line so that the perturbation can survive over long enough distances. Some

- 86 -



3.1. Introduction 87

processes proposed in the literature may not sustain sufficiently long survival of the
reversals. One of them is the generation of a reversal of a single field line by interchange
reconnection between a small-scale loop and an open field line in the low corona [Fisk
and Kasper, 2020].

Among the processes that could trigger switchbacks, there is a growing consensus
on the key role played by small-scale energetic events caused by magnetic reconnection
in creating conditions for the generation of switchbacks. Indeed, numerous solar studies
show that ubiquitous transient events, like, for instance, jets, are able to eject mass,
twist, and waves out to the interplanetary space [Raouafi et al., 2016]. Wang et al.
[1998] reported that the plasma is ejected with an outflow speed of about 250 km s−1

during polar jets identified in EUV bands. Paraschiv et al. [2012] estimated the average
ejected mass that could contribute to the slow solar wind flux. The estimated mass
is converted to the energy to heat the corona in Paraschiv et al. [2015], with values
around 1% of the total energy required. Lee et al. [2014] simulated jets in an emerging
flux region and showed evidence of the propagation of Alfvén waves in the corona as
the result of an untwisting motion of the structure. These simulations are supported
by observations of jet flows reaching the local Alfvén velocity [e.g., Cirtain et al., 2007].
The waves could evolve to result in the magnetic structures observed at PSP. This
scenario of the generation of switchbacks, however, is not yet proven. The present
analysis aims to thoroughly test the hypothesis of solar precursors of switchbacks,
focusing on the theories of small-scale transient events.

Most studies aimed at investigating the solar origin of the switchbacks have focused
either on their in situ properties or remote sensing ones of their possible solar sources.
The exclusive focus on either switchback measurements or only on solar phenomena
constrains the search for conclusive evidence and may potentially bring a clear bias in
the interpretation of the data. The direct comparison of recurring eruptive phenomena
and switchbacks is very challenging. The lack of conclusive results regarding the origin
of switchbacks is largely due to the difficulties of directly connecting transient events
measured in situ with transient events that occur in the low corona.

The challenges arise from the inherent complexities of studies that compare the
input and output of a complex system involving several physical mechanisms, each
adding another layer of uncertainties. The small transient events that were mentioned
above, which are observed in EUV images above the limb, quickly mix with the back-
ground intensities at large distances in the upper corona as the lower density contrast
results in a low intensity in the images. Currently, there is no imaging instrument
that would allow us to track these eruptive events to the location of PSP, which is,
at best, at 8.8 solar radii from the surface. Additional limitations come from the low
cadence and spatial resolution of the instruments that cover a large distance from the
Sun. The Large Angle and Spectrometric Coronagraph (LASCO)-C2 coronagraph, for
example, provides an image of the corona between 1.5 and 6 solar radii every 20 min-
utes, with a spatial resolution of 23′′ per pixel. The scales of the eruptive events are
below the LASCO-C2 resolving capabilities and, therefore, cannot be detected in the
coronagraph images, not to mention the choice of the proper wavelength. The lack of
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coronagraph data below 1.5R⊙ creates a significant challenge to continuously follow
small-scale transients until they reach in situ instruments. There exist ground corona-
graphs, e.g. MARK IV, observing close to the Sun, but their spatial resolution is not
able to track most of the jets. An EUV instrument, Sun Watcher using Active Pixel
System detector and Image Processing (SWAP) on board PRoject for OnBoard Auton-
omy 2 (PROBA-2) is fitted to fill this gap, with a FOV that could overlap LASCO-C2,
but we find that the spatial resolution is too low to resolve the scales of eruptive events
(see Appendix A).

To bridge the gap between the solar surface and PSP, we then have to rely on
models of the magnetic field to determine the spacecraft’s connectivity with the solar
surface. This modeling approach is a source of additional uncertainty that impacts
the conclusions of the switchback precursors. Some uncertainties can be overcome
and tested in the analysis, which is a clear requirement to explore the hypothesis of a
switchback source in the lower corona. I will now discuss the solar phenomena currently
under investigation as possible precursors of switchbacks.

3.1.2 Possible solar sources

The first evidence for a possible solar origin of switchbacks comes from the occurrence of
switchback patches. These appear to be directly related to the solar supergranulation.
The latter corresponds to a pattern of cellular flows in the photosphere, with a cell
size of 30Mm, which is called a supergranule, and a typical lifetime of about 1.7 days
[Rincon and Rieutord, 2018]. It was first detected through Doppler imaging of the solar
surface, which allows us to retrieve the flow velocity along the line of sight [Leighton
et al., 1962].

Two studies [Bale et al., 2021; Fargette et al., 2021] found spatial scales in switch-
back patches whose characteristics are similar to the known supragranular scales. The
former authors argue that the magnetic field is shaped in the form of funnels that
expand above the supergranules. When PSP crosses structures in situ, the funnels
modulate the in situ properties of the switchbacks, forming patches. They also found a
correspondence between the in situ measurements of the abundance of helium and the
typical ones in the chromosphere. However, these results provide a general perspective,
as they connect a large group of switchbacks to a solar network of supergranulation
but do not explain how singular events are formed.

Multiple solar candidates have been investigated as possible precursors of individual
switchbacks regarding their energy, occurrence rate, and ability to produce perturba-
tions that can escape the corona. We note that sometimes different candidates are gen-
erated by the same physical mechanisms, even though they have been given different
names because they are observed at different wavelengths or with different instruments,
adding confusion to their systematic comparison. Here, I aim to present the variety of
phenomena that can be considered, but I will not discuss the used terminology.

Different layers of the solar atmosphere can be considered to be the birthplace of
switchbacks. The chromosphere presents different types of transient events, such as
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chromospheric swirls [Tziotziou et al., 2023] and spicules [Pontieu et al., 2011]. The
swirls are vortex structures that are created by turbulent subsurface convection flows
of plasma that interact with the magnetic field. They have a similar scale as granules
(about 1Mm). They also have a coronal counterpart with rapidly rotating structures
[Tziotziou et al., 2018]. Spicules are thin and elongated structures observed in the
chromosphere. They are investigated as a possible way to bring plasma from the pho-
tosphere to the coronal heights, with the observation of a UV and EUV signature that
could indicate heating of the plasma to coronal temperatures [Tian et al., 2014]. How-
ever, the possibility of a perturbation created at chromospheric heights to propagate
to coronal heights and then in the solar wind has not been proven. Most of the energy
produced in the chromosphere is known to remain trapped there, and only a small
fraction can escape into the corona [Carlsson et al., 2019]. These arguments explain
why chromospheric features are excluded from our analysis.

Regions that are more likely to produce events that could escape the solar atmo-
sphere originate in the low corona. It has been investigated by many as it produces
various scales of events that could survive into the solar wind, from the largest struc-
tures that appear as narrow-Coronal Mass Ejection (CME) in coronagraph images
[Wang et al., 1998] to the smallest events that are detectable by current instrumenta-
tion [Chitta et al., 2023]. The largest size of transient events that are investigated as
possible switchback precursors are solar jets [e.g. Shibata et al., 1992; Raouafi et al.,
2016], with an occurrence rate (approximately 1200 per day in all CH regions in EUV
coronal images in Huang et al. [2023b]) that could match or at least exceed the oc-
currence rate of switchbacks (on average 100-600 per hour depending on the threshold
of their deflections). Most jets originate from clusters of small-scale loops known as
coronal bright point (CBP) [Madjarska, 2019]. Some studies estimated the occurrence
rate of CBPs to 570 CBP per day on the disk [Alipour and Safari, 2015]. CBPs are
found in all regions of the solar atmosphere, including the QS, CH, and near AR, as
seen in Figure 3.1.

Smaller eruptive events are also considered, such as jetlets, which represent smaller-
size jets, typically observed at the base of plumes [Raouafi et al., 2023]. Plumes are
bright ray-like features embedded in coronal holes, as the base of the plume is often
associated with a cluster of small-scale loops. The origin of the plumes is still under
debate, but it is suggested to be due to jets, which appear to precede the formation of
plumes [Raouafi et al., 2008].

Let us now introduce a classification of jets based on the energy they can propel
out of the Sun. However, the classification is still in development because there is no
consensus on the existence of these subcategories. Nanojets are produced by nanoflares
in closed-loop systems, that are transverse to the magnetic field direction, which have
an energy that is about nine orders of magnitude smaller than a flare [Antolin et al.,
2021]. They are then not considered further in this analysis. Picojets follow the same
reasoning, with their association with the picoflare energy range [Chitta et al., 2023].
Then, another category of low coronal events that could be considered is small-scale
brightenings called “campfires” [Panesar et al., 2021]. Campfires are an enhancement of
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intensity in the corona detected in the highest-resolution images taken by SolO/EUI,
which can result from various transient events, including small-scale jets, but also from
any other type of events that would create an intensity increase in EUV images.

The size of the eruptive events appears to be inversely proportional to their num-
bers [Shibata, 1998]. Thus, the smaller eruptive events are more numerous than the
relatively large ones. This property, which is shared by most of these events, shows
how important it is to specify the size threshold when determining average properties,
such as their occurrence rate. Switchbacks are omnipresent in the Alfvénic solar wind,
and thus the events that produce the conditions for their generation should be equally
numerous or more frequent. They should also be generated throughout the solar cy-
cle in the absence of active regions and large coronal holes. This is a very important
condition.

There is then a wide range of energies in jet-like activity that could be investigated,
from about 1022erg for the smallest (picojets) [Chitta et al., 2023] to 1029erg for jets in
AR [Raouafi et al., 2016]. They appear to be the consequence of reconnection events in
the corona, mostly between open and closed magnetic fields, which is defined as inter-
change reconnection. All jets, whatever their energy, can potentially be the precursors
for creating Alfvénic fluctuations that would propagate and create the switchbacks ob-
served in situ. However, further investigations are needed to determine the amount of
energy required to create structures that could indeed survive and escape the Sun.

First, it is possible that the numerous smaller and less energetic jets do not escape
the corona. The nanojets are not directly associated to switchbacks in the literature, as
they occur in closed structures, which would prevent the nanojet to escape the corona.
They are mostly investigated for their release of thermal energy in the corona. The
campfires will not be investigated in this study, as there is no definite proof they are
events that can escape the corona. Second, the picojets are a relatively new category,
with observations obtained in the past 2 years [Chitta et al., 2023], which would require
further investigation to confirm their properties and energetics. Finally, the undefined
occurrence rate of the jetlets and their specific location at the plume footpoints still do
not allow one to consider the jetlets as a precursor of switchbacks in this study.

This study will then focus on jets from CBP, with their spatial and temporal
omnipresence, and the fact that they can escape in the upper corona and can create
perturbations that may evolve into switchbacks. This part of the work was performed
in collaboration with Maria S. Madjarska because of her expertise on the CBPs and
small-scale eruptions.

3.1.3 Investigated Solar Phenomena: Coronal Bright Points and Jets

3.1.3.1 Coronal bright points

CBPs are clusters of small-scale loops [Madjarska, 2019]. They are observed in EUV
[e.g., Zhang et al., 2001] and X-rays [e.g., Vaiana et al., 1973]. They can be interpreted
as small-scale ARs. Figure 3.1 shows the full disk in the EUV AIA 193Å band at solar
minimum. Two CBPs are presented in an enlarged field of view, with the loop structure
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Figure 3.1: Full disk AIA 193Å at solar minimum with a zoom in a field-of-view
containing two CBP. Reproduced from Madjarska [2019].

Figure 3.2: Solar and Heliospheric Observatory (SOHO)/MDI magnetic bipole in the
photosphere associated with a CBP. Adapted from Madjarska et al. [2003].

that can be observed. To describe their morphology, the loop system is complex, with
hotter loops that overlay cooler loops [Doschek et al., 2010]. The cool loops connect
opposite polarities. The bipole system corresponds to magnetic flux concentrations in
the network at the boundary between supergranulation cells. An example of a magnetic
bipole associated with a CBP is presented in Figure 3.2.

Let us now introduce the general properties of CBPs. I will first discuss their
morphology, then their lifetime and sizes. Historically, CBPs were first observed in X-
rays, then named X-ray bright point (XBP) [e.g., Vaiana et al., 1973]. They appeared as
point-like intensity enhancements with a brighter core surrounded by diffused emission.
They were linked to regions with opposite magnetic polarities in the photosphere.

Their lifetime is relatively short, about 20 hours [e.g., Mou et al., 2018] indicating
a relationship to the supergranulation [Madjarska, 2019, and references therein]. Inter-
estingly, this allows one to follow the full lifetime of the structures compared to bipolar
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Figure 3.3: Schematic representation of the converging flux model. Reproduced from
Poletto and Suess [2004].

AR, with estimated lifetimes ranging from weeks to months for the largest ones [van
Driel-Gesztelyi and Green, 2015], or CHs that have been observed over 5 to over 10
solar rotations [Heinemann et al., 2020]. For comparison, a full solar rotation is about
27 days. ARs and CHs exist over multiple solar rotations that prevent their continuous
observations over the full lifetime, without gaps.

The size of CBPs (defined as the diameter of the projected area) is typically in the
range of 10 to 60′′, which corresponds to a range from 5 to 40 Mm, while there is no
agreement on the size. Throughout their lifecycle, CBPs evolve in size, often appearing
smaller at the initial stage [Mou et al., 2018], and also decreasing in size toward the
end of their lifespan.

There are two models about the formation of CBPs that are directly linked to the
photospheric magnetic field. One is related to magnetic flux emergence, divergence,
and convergence, and the second is the random movement of field lines because of the
magnetoconvection. The latter is believed to occur when photospheric footpoints of
open or closed field lines converge, leading to magnetic reconnection in the corona and
consequent plasma heating (see the next paragraph for details).

The first model was developed in a model by Priest et al. [1994], where opposite
polarities of equal strength, first separated, are pushed closer due to photospheric flows.
This leads to the formation of a null point, which is pushed to higher coronal heights, as
illustrated in Figure 3.3. The plasma can then escape along the newly reconnected field
line. The null point then moves down towards the photosphere, where it reconnects.
This is the cancellation phase of the model, which corresponds to the full disappearance
of the structure.

The second model aims for the random movement of field lines that would bring
opposite polarities in the same region and allow for the generation of CBPs. The open or
closed magnetic field footpoint motions in the horizontal direction may produce electric
currents in different layers of the atmosphere [Santos et al., 2008]. The currents would
then dissipate at certain specific locations and produce heat. That would be observed
at the same location of CBPs. The most recent benchmarking 3D radiative MHD model
that explains the plasma heating trapped in small-scale magnetic loops (i.e., CBPs) is
by Nóbrega-Siverio et al. [2023].
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Figure 3.4: Jet observed at the polar CH by the EUVI instrument on board STEREO B
in multiple EUV wavelength channels: 195Å, 171Å and 304Å (respectively from left
to right). Reproduced from Patsourakos et al. [2008].

3.1.3.2 Jets from CBPs

The main interest in CBPs resides in the eruptive events they produce, the jets. Jets
from CBPs are dynamic events resulting from magnetic reconnection. They manifest
themselves as collimated plasma flows along open or closed magnetic field lines. Fig-
ure 3.4 shows a jet as observed at the limb, in a polar CH, by the EUVI instrument on
board STEREO-B in multiple EUV wavelength channels.

Although jets are observed in multiple wavelengths, they do not always have a
counterpart in all the wavelengths. As for CBPs, jets were first observed in X-rays and
were called X-ray jets. They were observed as brightness increases by several orders of
magnitude, which occurred on short time scales of a few minutes [Golub et al., 1974].
The first X-ray jets were identified as collimated flows by Shibata et al. [1992]. They
originate from XBPs but also from ARs. CBPs also produce jets observed in white-light
coronagraph images [Paraschiv et al., 2010].

The jets were analyzed with spectral instrumentation in Kamio et al. [2011] and
Madjarska [2011]. They observed that, as for the events with emission in EUV, the
measurements show a first emission peak at high formation temperatures. Several
minutes later, a peak in the cooler emission is observed, which is typical of EUV
observations of cooling [e.g., Viall and Klimchuk, 2012].

A major observation for our investigation is that most CBPs produce at least one
eruption during their lifetime [Mou et al., 2018]. Eruptions from CBPs occur during
the magnetic flux convergence stage rather than during the flux emergence stage. The
eruption usually occurs at the end of the lifetime of the CBP, around 17h after the
first observation of the CBP [Mou et al., 2018]. Repetitive eruptive events during one
jet were reported in Madjarska [2011].

Interestingly, the location of the CBP influences the properties of the eruptive events
[Kamio et al., 2011]. When a CBP is located in a CH, the CBP eruptions are jets. That
is possible because of the predominant open magnetic field configuration. In contrast,
in the QS, CBP eruptions produce dimmings typically associated with (mini) coronal
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mass ejections, where expanding loops remove the overlying corona, which leads to a
region of smaller density that appears as a dimming in EUV images. Occasionally,
the dimming region contains chromospheric plasma associated with eruptive (mini)-
filaments that also appear in absorption.

Jets have speeds often as high as a few hundred kilometers per second. The velocity
varies with wavelengths and with instrument techniques used. X-ray jets with velocities
from 300 to 1000 km s−1 were reported [Strong et al., 1992]. In white-light jets, the
velocity is in the range 180 to 380 km s−1 [Paraschiv et al., 2010]. In EUV, different
measurement techniques based on STEREO observations reported velocities in the
range 250 to 400 km s−1 [Raouafi et al., 2016]. The numbers provided here report
the velocity of the plasma, as faster components, associated with waves, have been
detected (about 800 km s−1, with velocities close to the local Alfvén velocity [Cirtain
et al., 2007]. These velocities are of interest for determining whether the jets could
survive and propagate out of the low corona. This opens up the question of the physical
parameters we should consider. Indeed, the Alfvén waves produced at higher velocities
may be more likely to escape the corona, whereas the bulk plasma may decelerate and
fall back to the surface. We should now discuss the observation of jet propagation.

3.1.3.3 Propagation of the jets

A subpopulation of jets can escape the solar corona, following open magnetic-field lines
[e.g. Wang et al., 1998; Nisticò et al., 2009; Paraschiv et al., 2010]. That is promising,
as I want to investigate whether these jets can be linked to the switchback structures
that are observed in situ. In the absence of proof of the relation between jets and
switchbacks, one should discuss the nature of the perturbations that could be the
switchback precursors.

Hanaoka et al. [2018] discussed the acceleration profile of the bulk plasma of the
jets during their upward movement. Patsourakos et al. [2008] showed the slow initial
ascent of the jet followed by an acceleration that allowed the jet to overcome solar
gravity. The jet decelerates at higher altitudes to reach the background solar wind
speed [Wang et al., 1998]. However, after a few solar radii that can be observed by the
existing instrumentation, there are no remote sensing observations of the events that
could provide information on the physical processes that take place. Then, it is crucial
to find models that could simulate the propagation of jets and waves to distances that
are larger than the radial distance of PSP to the Sun. Roberts et al. [2018] showed in
simulations of the propagation of jets that the plasma jet assimilates into the ambient
plasma, and only the Alfvénic fluctuations survive. Similar simulations are currently
investigated in Touresse et al. [2024] and in Wyper et al, in preparation1, based on
the same code as Roberts et al. [2018]. These studies show that magnetic “untwisting”
waves can survive until they reach PSP and beyond. It then appears that the magnetic
waves produced by jets could potentially lead to deflections of the magnetic field lines

1The work was presented at the 17th European Solar Physics Meeting ESPM-17. Their work is
based on the same code as Touresse et al. [2024].
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at larger distances. However, it is still unclear what processes could generate the full
reversals. That is, while it is easy to generate deflections of less than 90◦, that of larger
deflections is still an open question [E. Pariat, private communications].

3.1.4 Description of the procedure

After introducing the reasons why we focus on jets from CBPs, let us now combine
in situ measurements of switchbacks with remote sensing observations of jets from
CBPs in an effort to investigate a causal connection between them. Switchbacks will
be determined with the in situ measurements presented in Section 3.2.1, as introduced
in Chapters 1 and 2. The remote sensing observations of jets will be based on EUV
images that will be introduced in Section 3.2.2. The procedure will be the following:

1. Determine the periods of interest in the encounters of PSP with the Sun;

2. Determine the connectivity of PSP with the Sun to locate the source region of
the wind measured by the spacecraft;

3. Determine the number of jets occurring in the source region determined by the
previous steps;

4. Compare the in situ time-series of switchbacks with the time-series of the number
of jets.

In doing so, I aim to consider the main sources of uncertainty that we can account for.
Clearly, some limitations cannot be solved yet and will require further studies. I focus
on cases with clear connectivity that occurred during synchronous solar and solar wind
observations so that I can make a co-temporal analysis of remotely detected eruptive
events and in situ switchbacks. That highly limits the number of cases I can study
with relative trust. I then aim to estimate precisely the propagation time that allows
one to overlap the in situ time-series with the time-series of the eruptive events. Any
significant correlation between the two may then potentially be seen as a signature of
a causal connection.

Although this study is the most detailed approach to date, the results show no
clear correlation. Different reasons will be considered. They are mostly related to
the scales involved in this study, as well as the transient nature of the phenomena
investigated compared to the modeling techniques that have to be applied and the lack
of understanding about the propagation behavior of the jets in the solar wind.

3.2 Data

Let us now consider what type of in situ observations will be used, followed by the
remote sensing ones.
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3.2.1 In situ measurements of switchbacks

The in situ data I use in this analysis were presented in Chapter 2. At this stage of the
work, I also use the catalog of switchbacks presented in Section 2.2.5, with an extended
version that covers more Encounters from E01 to E17. The extended version of the
catalog was not available at the time of the study presented in Chapter 2, but was
fully validated for the study presented in this chapter. It allows me to investigate most
of the past PSP encounters with a larger set of different solar and plasma conditions.
The main goal is to ensure that it would not be the limiting factor in this study, with
no limitation in the cases I can investigate. The magnetic field measurements are from
the MAG instrument (see Section 2.2.2). I use the same methodology as in Chapter 2
for retrieving switchbacks in the catalog, including the Parker spiral reference, the
normalized deflection parameter z, the quality factor, and the duration and deflection
thresholds. The proton velocity is retrieved from SPC or SPAN-I depending on the
availability and reliability of the measurements for each encounter (see Section 2.2.4).

3.2.2 Images of the solar corona

The CBPs and the jets they produce are best observed in EUV images. Multiple space
missions observe the Sun at these wavelengths. This work mainly uses data from the
Solar Dynamics Observatory (SDO) [Pesnell et al., 2012], which provides continuous
observations since 2010. On board SDO, the EUV instrument is called Atmospheric
Imaging Assembly (AIA) [Lemen et al., 2012]. The instrument captures the full disk in
6 EUV wavelengths. The cadence of the instrument is 12 s, for a FOV of 41′×41′. The
temporal resolution is high enough to resolve the timescale of the events that I study.
The image size is 4096×4096 pixels. The six coronal bands (94Å, 131Å, 171Å, 193Å,
211Å and 335Å) cover a wide range of coronal temperatures. Each band is associated
with the emission of multiple ions, whose respective temperature response is presented
in Figure 3.5.

I focus mainly on the 193Å band, which is associated with the best-quality obser-
vations of CBPs and is extensively referenced in the literature [e.g., Alipour and Safari,
2015; Mou et al., 2018]. It also allows for a good detection of the boundaries of CH
that are dominated by an open field, allowing jets to escape.

All images are downloaded from the Joint Science Operations Center (JSOC)2. I
use level 1 files, which are pre-processed files that undergo some corrections. However,
they have to be processed to be used for science. The common calibration procedure is
called aia_prep.pro and consists of four steps. First, a pointing correction is applied.
It queries the JSOC for the most recent pointing and updates the header. This may
include new corrections for the pointing, which have been implemented since the time I
downloaded the data. Second, the “registration” is applied. It corresponds to a scaling
of the image so that each pixel corresponds to 0.6′′, and it also rotates the image to align
the y-axis with the North. Third, comes the degradation correction. The instrument

2http://jsoc.stanford.edu
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Figure 3.5: Temperature response of the EUV channels in the corona of the AIA
instrument. Reproduced from Dolliou et al. [2023].

is subject to degradation over time, which can be estimated and corrected by dividing
the intensity by a correction factor. Last is the exposure normalization. The exposure
time may vary between two images, which has to be corrected. The final product is a
level 1.5 image that will be included in this analysis.

3.3 Connectivity

The major challenge is to connect structures observed in situ by PSP with their solar
sources, without the possibility to track their evolution in between. To test our hy-
pothesis, we applied one of the most common methods, based on a process called solar
wind back-mapping [e.g., Badman et al., 2020; Koukras et al., 2022]. The connectivity
investigation is based on a two-step standard methodology, illustrated in Figure 3.6.
The first step is ballistic mapping following a Parker spiral, which depends on the so-
lar wind velocity until a source surface. The second step is magnetic mapping, based
on extrapolation of the photospheric field. The complete methodology is described in
the following sections. The connectivity method should determine which open field
line is connected to the spacecraft. However, the aim of this work is to investigate a
relationship with the transient change of open-field footpoint location in the form of
interchange reconnection. Thus, the current methodology will not allow us to precisely
determine the connection of the spacecraft with the supposed source near a CBP. Then,
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Figure 3.6: Schematic of the connectivity process from a spacecraft to the solar source
surface. The first step is ballistic mapping following a Parker spiral, with a parameter of
the solar wind velocity. The second step is magnetic mapping, based on extrapolation
of the photospheric field. Reproduced from Koukras et al. [2022].

it will only provide the estimated location of the footpoint in an open-field region. The
estimated field line connected to PSP would be more likely to undergo interchange
reconnection with the closed loops of the nearby CBPs.

The connectivity analysis will be performed on intervals in PSP time-series for
which I can retrieve co-temporal images of the solar surface. First, I will start with
their identification.

3.3.1 Identification of the interest intervals for our analysis

The procedure starts with the determination of the periods of interest. I studied 17
encounters of PSP of about 10 days duration over a period starting in 2018 to 2023.
One of the clear benefits of PSP for such an analysis is the presence of corotation
intervals, which correspond to periods where PSP is corotating with the Sun, that is,
when the PSP Carrington longitude remains constant. Taking encounter 10 (E10) as
an example, Figure 3.7 shows the corotating part of the encounter in red, with the
almost constant Carrington longitude. I focus on these intervals because they show an
increased probability of measuring the same source for a longer time. This increases
the number of eruptive events that can be included in the statistics. It may also
allow us to provide cases for which there is a stronger confidence in the connectivity.
If the connectivity analysis points to the same source for a long period, it gives us
stronger confidence in its unambiguous connection to the structures seen in situ. More
importantly, they allow for co-temporal analysis, which is crucial for comparing the
solar transient events with in situ switchbacks. Indeed, with single-point spacecraft
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Figure 3.7: Trajectory of PSP (blue curve) in encounter 10 projected on the solar
equatorial plane. The reference frame is corotating with the Sun. The red circle
represents the Sun. The red part of the trajectory is the inbound corotating interval.
(b) The motion of the magnetic footpoint of PSP on the source surface derived by
ballistic projection during the corotating interval in red. The horizontal and vertical
axes are the Carrington longitude and Carrington latitude, respectively. In both panels,
the black arrows indicate the direction of the PSP motion. Reproduced from Shi et al.
[2022].

measurements, it is challenging to disentangle spatial and temporal effects that occur
when PSP crosses structures from different origins. However, one should note that it
is impossible to state that spatial effects can be ignored during corotation events.

For each encounter, I compute the Carrington longitude as a function of time to
find the corotation intervals. Then, I have to ensure that solar images are available and
that PSP is connected to the visible side of the solar disk as seen from the Earth. The
fastest way is to use the Magnetic Connectivity Tool3, developed at IRAP [Rouillard
et al., 2020]. The model is similar to the two-step methodology I will use in this
study and will be introduced in the following sections. The model, while showing
an estimation of the region connected to the spacecraft, is presented as a black box,
with fixed parameters. I want to explore the parameters in this study using my own

3http://connect-tool.irap.omp.eu/
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implementation of connectivity. The tool is used to allow for the direct removal of some
corotation intervals when the footpoint provided shows a connection outside the visible
disk. The Connectivity Tool will not be used again in this analysis. Finally, I have to
check if there are available switchback data for the current list of intervals since I use
the catalog of switchbacks, which includes the switchbacks detected in the time-series
of PSP [T. Dudok de Wit, private communications].

Table 3.1 presents all the intervals of interest in this study, with the start and end of
the corotating interval and the number of the corresponding encounter. At this stage, it
shows which cases are excluded, even before the connectivity procedure is carried out,
by an “X” in the “On disk” column, as the Magnetic Connectivity Tool gives the source
region outside the visible part of the disk. All the cases that respect those conditions
are then considered for the next step of the connectivity procedure, starting with the
ballistic mapping. The remaining columns will be introduced in the following sections.
Here, 19 cases out of 33 are removed. This is clearly a limiting factor.

3.3.2 Solar wind ballistic mapping

3.3.2.1 Model

First, a ballistic backmapping is performed to determine the radial evolution of the
solar wind measured by PSP back to a source surface [Nolte and Roelof, 1973]. This
requires two steps that are detailed below. The first one is to produce the spacecraft
trajectory in the Heliographic Carrington frame, a frame that moves with the Sun. The
second step is to project the trajectory down to the source surface using the Parker
spiral.

For the first step, I use astrospice, a Python package. That allows retrieving PSP
Spice kernels, which are objects that contain the PSP trajectory at specified times-
tamps. Then, I request a series of times for the spacecraft position. It provides the
coordinates of the spacecraft in a certain coordinate frame. It is then converted to a
Heliographic Carrington frame.

For the second step, the idea is to go from the location of the spacecraft down to
the region extrapolated by the magnetic model. Then, from the magnetic model, I will
trace the field lines that are connected to the spacecraft and find the source region.
This model and extrapolation are detailed in the following section. This second step is
achieved with the assumption that the connection is a Parker spiral. Then the latitude
is constant, and the only free parameters are the longitude and the radius.

The equations of the Parker spiral are as follows:

BR(R, θ, ϕ) = B (R0, θ, ϕ0)

(
R0

R

)2

Bθ(R, θ, ϕ) = 0

Bϕ(R, θ, ϕ) = −B (R0, θ, ϕ0)
Ω⊙R0

VSW

R0

R
sin θ

(3.1)
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Index Time start Time end Encounter On disk Connectivity Jets Counts
1 201811020600 201811040000 E01 ✓ X /
2 201811080000 201811090000 E01 X / /
3 201903311200 201904031200 E02 ✓ X /
4 201904061200 201904090000 E02 ✓ X /
5 201908291200 201908300000 E03 X / /
6 201909040000 201909050000 E03 X / /
7 202001251200 202001261800 E04 ✓ X /
8 202002010000 202002060600 E04 X / /
9 202006031200 202006050000 E05 X / /
10 202006100000 202006110600 E05 ✓ X /
11 202009231800 202009241800 E06 X / /
12 202009291800 202010010600 E06 X / /
13 202011040600 202011050600 E07 ✓ X /
14 202011020600 202011060600 E07 X / /
15 202104260000 202104270600 E08 X / /
16 202105011200 202105021800 E08 ✓ X /
17 202108061200 202108071800 E09 X / /
18 202108180000 202108130000 E09 X / /
19 202111180000 202111191200 E10 ✓ ✓ ✓
20 202111230000 202111250000 E10 X / X
21 202202221800 202202231200 E11 X / /
22 202202271800 202202281800 E11 X / /
23 202205300000 202205031000 E12 X / /
24 202206031800 202206050600 E12 ✓ X /
25 202209300000 202209041200 E13 ✓ ✓ X
26 202209080000 202209091200 E13 X / /
27 202121080000 202120910200 E14 ✓ ✓ X
28 202212131200 202212150000 E14 X / /
29 202303200000 202303210000 E15 X / /
30 202303200000 202303210000 E15 ✓ ✓ ✓
31 202306190000 202306200000 E16 X / /
32 202306241200 202306250200 E16 ✓ X /
33 202309250600 202309260000 E17 ✓ X /

Table 3.1: Intervals of interest summary. They correspond to all the corotation inter-
vals of PSP from E01 to E17, format in YYYYMMDDHHMM. The highlighted lines
correspond to the cases presented and discussed in this Chapter. The green cases are
the cases that can fully be studied, while the orange cases show a unique source region
but the identification of the escaping jets is complex. The cases highlighted in blue are
examples where the connectivity provided by the Potential Field Source Surface (PFSS)
is ambiguous.
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with Ω⊙ representing the solar angular velocity rate with respect to distant stars
so that they are considered at rest compared to the movement studied, and VSW rep-
resenting the solar wind velocity.

For a fixed solar wind speed, the longitudinal offset for the spiral connecting points
at radii r0 and r1 is:

∆ϕ = Ω⊙ (r1 − r0) /VSW (3.2)

Here, the velocity of the solar wind is retrieved from in situ measurements at the
spacecraft location. Note that in the case of a corotation with the Sun ∆ϕ = 0.

At this stage, we have the connection from the spacecraft to a source surface, which
is at a certain height above the solar surface. The magnetic field in the region below
this source surface cannot be approximated as a Parker spiral field. Indeed, since the
plasma β drops below 1, the plasma motion does not force the magnetic field movement
anymore, but the magnetic field drives the plasma motion. The determination of the
field should then be based on MHD equations, and one cannot simply use the Parker
spiral model.

3.3.2.2 Estimation of the velocity

In the ballistic mapping model, a critical free parameter is the solar wind velocity VSW

and its radial profile. That parameter is set to be constant for the definition of the
Parker spiral, which is a significant assumption. Indeed, it neglects the acceleration of
the solar wind. However, this acceleration is counterbalanced by the corotation of the
solar wind so that the ballistic model still gives a reasonably accurate footpoint [Nolte
and Roelof, 1973]. Koukras et al. [2022] estimated the use of constant velocity profiles
over acceleration profiles to induce a difference of 10 degrees on the identification sources
in the Carrington maps.

Figure 3.6 illustrates the implementation of different velocity profiles. They reach
different positions on the source surface, which dramatically changes the region con-
nected to the spacecraft. To solve this issue, one could be tempted to implement a
model with acceleration instead. However, correct models of the solar wind velocity
are difficult to retrieve and are not guaranteed to give better estimations of the prop-
agation behavior of the wind. This is mostly due to the absence of observations in
the middle corona, which could constrain the model [West et al., 2023]. Note that the
assumption of a constant profile has more impact when the connectivity is performed
for spacecraft at 1 au. In my study, PSP is much closer to the Sun, which reduces
the impact of different acceleration profiles that could be used to model the propa-
gation of the wind. This is supported by Dakeyo et al. [2024], who found relatively
small errors at the location of PSP. I will nevertheless study the influence of different
acceleration profiles. It can be approximated with simple correction of the constant
velocity to account for different acceleration profiles and, thus, different time delays in
the propagation.

I implement the correction with a computation of the ballistic mapping with the
velocity measured at PSP as an input and subsequent computations with a correction of

- 102 -



3.3. Connectivity 103

Figure 3.8: Proton velocity measured at PSP and smoothing filtered applied to estimate
the velocity used in the backmapping step of the process. The duration of the running
windows is 17 minutes.

± 80 km s−1. These values are used in Panasenco et al. [2020]. The negative corrections
are implemented to correct the acceleration profiles, which are equivalent to slower
winds, while the positive corrections correspond to the propagation of structures at the
local Alfvén velocity, faster than the background solar wind. I will discuss the selection
of these values related to solar wind velocity models in Section 3.4.4.

Now that the model and the correction are set let us discuss the in situ velocity
measurements. The velocity measurements used in this analysis are SPAN-I protons
moments. As discussed previously, SPAN-I is dependent on its FOV. However, these
are the only measurements available in situ and have been used in other studies [e.g.,
Badman et al., 2023], as at the time of the corotating intervals, SPC data are not
available.

In the SPAN-I time-series presented in Figure 3.8, one can see the variability of
the velocity, with velocity spikes associated with switchbacks. The increase is usually
of the order of the local Alfvén velocity. As the velocity is highly fluctuating, the
proper velocity chosen for the ballistic backmapping is critical. Indeed, I could take
the bulk solar wind, estimated with some averaging process. However, I investigate
the connectivity between two types of transient events that may not be advected by
the solar wind. As a first estimation, I will take the background plasma velocity
to compute the backmapping procedure. However, for the steps where I will closely
compare switchbacks with the solar eruptive events, I will estimate the influence of
such an assumption in Section 3.4.5. That shows another level of complexity in this
type of analysis.

For the ballistic backmapping estimation, I consider different smoothing procedures
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to determine the local background estimation: a running average, running median, and
running 20-percentile. They are presented in Figure 3.8. The time-series are similar,
while some techniques appear to be more sensitive to the velocity increases due to
switchbacks. I select the running average for the backmapping because I want to
conserve the local variability that is not due to the switchbacks. The 20th percentile
estimation appears to underestimate the velocity for certain intervals.

3.3.3 Magnetic extrapolation model: the PFSS

3.3.3.1 Description of the model

The type of model that is most widely used to extrapolate photospheric magnetic field
measurements is the PFSS [Altschuler and Newkirk, 1969]. This is a relatively simple
model that does not require large computer resources. The main assumption is that,
in the solar corona, we can neglect the electric currents. This major assumption leads
to a simple potential field. The potential field will tend to force the field line to get the
simplest topology with the lowest energy, with both ends connected to the surface. A
boundary constraint should then be set to model the effect of the solar wind outflow.

Due to the impossibility of accounting for the storage and release of magnetic energy,
numerous solar phenomena cannot be resolved with PFSS models [Mackay and Yeates,
2012]. That includes large eruptions such as flares and coronal mass ejections but also
smaller eruptive events, such as the jets I am investigating. Thus, the PFSS model
should not be used to resolve the small-scale dynamics, only to determine the open
field configuration that would be connected to the spacecraft.

The model starts from the ideal MHD momentum balance equation:

ρ

(
∂v

∂t
+ (v · ∇)v

)
+∇p− J×B− ρg = 0. (3.3)

Then, we can assume that the corona is static compared to the photospheric
timescales. This is valid as the density of the photosphere is larger than the den-
sity of the corona, with eight orders of magnitude difference. With a static corona, we
have ∂/∂t = 0 and v = 0. Thus, the magnetohydrostatic momentum balance equation
is as follows:

∇p− J×B− ρg = 0. (3.4)

We consider a corona with a plasma β below 1. Changes in the length scales of
coronal structures are shorter or comparable to the typical coronal scale height defined
as H = p/ρg. Thus, Equation 3.4 reduces to the force-free equation, which implies
that J and B are aligned:

J×B = 0. (3.5)

The general solution to this equation would be as follows:
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Figure 3.9: Influence of twisted magnetic field, with the parameter α. It shows the
potential field configuration α = 0, compared to the more complex topology when
α ̸= 0. Panels (c) and (d) show sigmoid structures observed in X-ray by Hinode.
Reproduced from Mackay and Yeates [2012].

∇×B = αB. (3.6)

With α, a scalar function that depends on the local geometry of the field lines, which
defines the twist in the magnetic field.

This can be coupled with the solenoidal condition for B, which will be performed
at a later stage:

∇ ·B = 0. (3.7)

Interestingly, if we consider Equation 3.6, the solenoidal condition implies that the
α function is constant along the magnetic field line.

The simplest solution for Equation 3.6 is obtained by assuming that there is no
current density J = 0. This gives a potential magnetic field, which would correspond
to the solution when α = 0. We now have the current-free equation

∇×B = 0. (3.8)

At this stage, it is now impossible to use the model to simulate complex magnetic
structures, such as sigmoids, as presented in Figure 3.9. Sigmoids are S-shaped loops
that are observed in ARs and is known to be a precursor of a solar eruption [Pan et al.,
2022]. Any structure that includes a certain level of magnetic twist, similar to sigmoids,
will not be determined with a potential field.
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Figure 3.10: Longitudinal slice of the grid on which the PFSS is solved. The lower
half-circle is the solar surface, while the larger one defines the source surface. The grid
distribution is done in cos(lat) and log(r).

The magnetic field can now be expressed as a gradient of a scalar potential ϕB,
which gives B = −∇ϕB

With the solenoidal equation, we then have

∇ ·B = −∇2ϕB = 0. (3.9)

Thus, the scalar potential obeys the Laplace equation.
The PFSS solves the equations 3.8 and 3.7 in a spherical shell 1 < r < Rss, i.e. a

shell between the photosphere at r = 1Rs and an outer boundary called the spherical
source surface, predefined at a certain radius r = Rss. The outer boundary condition
sets when the magnetic field becomes fully radial so that Bϕ = Bθ = 0 at r = Rss. The
field is thus perpendicular to the boundary everywhere. This allows us to approximate
the outflow of the solar wind with open field lines at this outer boundary. This purpose
was to reproduce the fact that the solar wind plasma drags the field lines in the frozen-
in property. The lower boundary condition is that the magnetic field is equal to the
radial magnetic field measured at the photosphere.

In this work, I use the pfsspy [Stansby et al., 2020], which is a Python implemen-
tation of the PFSS. The inputs are a synoptic map of the photospheric magnetic field,
the radial height of the source surface, and a number of grid cells in the radial direction,
as illustrated in Figure 3.10. The grid is not evenly distributed in radial distance and
latitude as the spacing increases at the poles and closer to the source surface. This is
the consequence of the even distribution in cosine of the latitude and logarithm of the
radial distance. In this work, I define nR = 60, the grid points in the radial direction,
and nlat = 180, nlon = 360, the grid points in latitude and longitude, respectively. This
is directly related to the highest resolution of the photospheric magnetic field, which
will be discussed next. Then, it computes the 3D magnetic field in the shell, and it can
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trace the field lines in the extrapolated volume.

3.3.3.2 Photospheric magnetic field

The processes that I investigate occur all in the lower corona. Coronal magnetic fields
cannot yet be routinely obtained due to measurement limitations. This is one of the
reasons why I have to rely on magnetic extrapolations. The procedure is then based
on the input from magnetograms of the photosphere magnetic field, for which direct
measurements are possible.

Information on the photospheric magnetic field is usually obtained through spec-
tropolarimetry with the Zeeman effect [Babcock, 1967]. Some of the emission and
absorption lines are sensitive to the Zeeman effect in the presence of a strong magnetic
field. The lines are then split into different components. The Zeeman effect also intro-
duces a unique polarization signature that can be described by the Stokes parameters.
The circular polarization of the components depends on the magnitude and direction
of the magnetic field. The field strength is then reconstructed along the line of sight.
This requires a certain strength of the magnetic field. However, in the low corona, the
field is much weaker than in the photosphere (about 10G compared to approximately
1000G in the strongest magnetic field regions in the photosphere [Wiegelmann et al.,
2014]) and would not produce enough line splitting. Moreover, the emission lines would
be broadened as a result of the high temperature in the corona. The last issue with
retrieving the magnetic field of the corona through the Zeeman effect is that the corona
is optically thin. This means that the field can cancel along the line of sight on the
disk and that we cannot determine where we are sampling the field.

Currently, different instruments are measuring the photospheric magnetic field with
different cadences and resolution. The spatial resolution may be a critical aspect, as I
work on small-scale events, which may not be resolved in the magnetograms. However,
the current limitation of the instrumentation does not allow one to resolve smaller
scales. This explains one of the reasons why I will identify a region source and not
identify a reconnection event on the Sun directly from the connectivity analysis.

The two different instrumental facilities I have investigated for obtaining the photo-
spheric magnetic field are the Helioseismic and Magnetic Imager (HMI) [Scherrer et al.,
2012] and the Global Oscillations Network Group (GONG)[Harvey et al., 1996]. The
HMI is an instrument on board SDO designed to study oscillations and the magnetic
field of the photosphere. It provides different types of data, including maps of the
surface velocity and magnetograms of the photospheric magnetic field. Interestingly,
the instrument is capable of retrieving line-of-sight magnetic fields, but it also provides
vector magnetograms. The full-disk magnetograms have a spatial resolution of 1′′ per
pixel. The GONG program is a network of ground instruments located around the
world. In the following, the use of GONG acronyms will refer to the data products and
not the network. They record the Zeeman splitting and circular polarization of one
absorption line in the solar photosphere. They also provide photospheric line-of-sight
magnetograms that are deduced from the Zeeman splitting. Full-disk magnetograms
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can be obtained every minute with spatial resolution of image scale of 2.5′′ per pixel.
There is a third possibility of retrieving a synoptic magnetogram, with a model

based on HMI data called the DeRosa / LMSAL model [Schrijver and DeRosa, 2003].
However, the code computes a magnetic model which provides a synoptic map that
could be used back into the extrapolation I want to implement. That also fixes a
parameter of the source surface height, discussed in the next section, which greatly
increases the uncertainties in the process. This is why I do not investigate this synoptic
map.

For the study, I need synoptic magnetograms for the estimation of source regions,
binned in longitude vs. latitude over 360◦ and −90 –+90◦. Indeed, the extrapolation
model presented in the previous section produces field lines over the full solar surface.
The magnetograms then include the back side of the Sun as seen from the Earth from
earlier times and modified through models of flux emergence and dispersion/diffusion.

The reconstruction of the magnetic field on the far side of the Sun to provide
synoptic maps is done with two different methods. One consists of fixing the past
measurements of the disk until a full rotation is observed. Thus, a major part of the
map is based on old measurements. For HMI, for example, that gives a large volume
data product which has to be downsampled for the computation of the extrapolation.
The downsampling of a magnetogram may cause several potential issues with synoptic
maps [Hayashi et al., 2016]. The other solution consists of a mix of measurements and
predictions from the models. The model used here is Air Force Data Assimilative Pho-
tospheric Flux Transport (ADAPT) [Arge et al., 2010], which then gives two possible
data products: ADAPT-HMI and ADAPT-GONG. ADAPT is a flux-transport model,
which starts with an ensemble of realizations and evolves them based on known flux
transport processes [Worden and Harvey, 2000]. It allows for filling areas where no
recent observation is available. Then, filtering techniques are used to adjust the model
output with observation uncertainties. A final verification is performed, comparing the
output with observations (e.g., field strength and polarity).

As it is necessary to reconstruct the far side of the Sun, we are dependent on
large-scale magnetic configurations that can have a significant impact, such as when
active regions appear on the back side of the Sun. These may, in turn, change the
shape of large magnetic structures such as streamers, which can potentially impact
the connectivity to the spacecraft [Perri et al., 2024]. In this work, I will assume that
the reconstruction does not impact the connectivity. In practice, as I want the most
rigorous method, I use only the visible part of the map to focus only on the most
recent and co-temporal observations, as I only select intervals connected to the disk
(see Section 3.3.1 and Table 3.1).

As both products reconstruct the bask side of the Sun with similar techniques, the
main difference between the two products I am investigating is the resolution of the
disk part of the synoptic map. Figure 3.11a shows the synoptic map from ADAPT-HMI
with high resolution (1′′ on the disk) and reconstructed data for the rest of the map.
For comparison, a map of the same time from ADAPT-GONG is shown in Figure 3.11b.
One can clearly see the lower resolution of the disk part (1◦) while it still catches the

- 108 -



3.3. Connectivity 109

main polarities.
A second constraint would be about the time resolution: I consider if the cadence

of each data product is sufficient to catch the sources with enough precision. One could
think about the lifetime of CBPs, but it is more relevant to consider the surrounding
magnetic field. Indeed, jets eject along open field lines. Some estimations of the average
timescale for flux replacement are proposed, about 1.5 to 3 days for larger regions in the
photosphere [Schrijver et al., 1997], while smaller regions would have a shorter lifetime
of 8 to 19 hours [Hagenaar et al., 2003].

Ideally, I would choose the data product with the highest temporal and spatial
resolution. However, for ADAPT-HMI with the highest spatial resolution, the time
resolution is low, with only one map every six hours. A trade-off is required between
the timescale and the spatial scale. It appears to be preferable to find that the source
region is stable on short time steps as both magnetograms spatial resolution are still
too large to capture the small scales of the interchange reconnection events. Thus, I
choose ADAPT-GONG data, with a synoptic map reconstructed every two hours.

Koukras et al. [2022] used GONG magnetograms with uncertainty analysis because
they add magnetogram noise to study the influence of low resolution of the photospheric
field in such connectivity procedures. They find that the magnetogram noise could give
an error of ±2 Carrington degrees in longitude and almost no impact on the latitude.
The error is small compared to the other sources of uncertainties that I will discuss. It
also emphasizes the impossibility of connecting the in situ measurements directly to one
jet since the two Carrington degrees are larger than the size of a jet (see Section 3.1.3).

At this stage, I can perform a connectivity extrapolation every two hours, which is
limited by the cadence to retrieve GONG synoptic magnetograms.

3.3.3.3 Source surface height

The major free parameter in the PFSS model is the source surface height. Its selection
has the most important impact on the identified source region, compared to other
sources of uncertainties [Koukras et al., 2022]. The surface is usually set at 2.5R⊙
[Hoeksema, 1984], based on white-light images during solar eclipses at solar minimum
[Altschuler and Newkirk, 1969]. This value appears to be the most commonly selected
one in the literature and is usually not questioned. However, Koukras et al. [2022]
finds that the variation in the height of the source surface from 1.5R⊙ to 3.5R⊙ can
correspond to a variation of about 15 Carrington degrees for the footpoint of the field
line connected to the spacecraft. In this analysis, I find cases with even larger variations,
from a source region near the equator to a source in the polar CHs.

When the height of the source surface is investigated in the analysis of the PSP
measurements in the literature, it usually corresponds to the selection of a unique
height for the entire encounter. The height could be determined as the best match of
polarity at the source surface and in situ [Badman et al., 2020]. Figure 3.12 shows the
source surface of the PFSS and in situ polarity for the first encounter of PSP. The
purpose of this paper is to demonstrate the impact of a lower source surface height
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(a)

(b)

Figure 3.11: Synoptic magnetograms taken in November 01, 2018 and filled with a
model to reconstruct the part outside the visible disk. The blue color is negative
polarity, and the red is positive polarity. (a) Magnetogram from the combination of
HMI observations and ADAPT model. (b) Magnetogram from the combination of
GONG observations and ADAPT model.
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Figure 3.12: Estimation of the source surface height for the first encounter of PSP.
The magnetic polarity at the spacecraft is retrieved and plotted on the field lines back
to the source surface. Below is shown the polarity at the source surface, retrieved
from the PFSS. The two panels show the influence of a different source surface height
on the polarity at the source surface that should match the polarity in the in situ
measurements at the spacecraft. Reproduced from Badman et al. [2020].

on the local polarity. One can observe that none of the source surfaces gives a perfect
match between the two parameters. Some large structures are best captured when the
source surface is higher, while smaller, complex structures are captured only at lower
heights.

Here I am mostly interested in the CH and open field region determination. Bad-
man et al. [2020] find that this is best estimated for source surface height between
1.3 to 1.5R⊙ above the solar surface, by comparing PSP in situ data measured during
E01 with AIA synoptic map in the band 193Å. However, the comparison is performed
on global synoptic maps. As discussed previously, these maps include non-synchronous
data, similar to the synoptic magnetograms for the extrapolation. In such conditions,
a comparison should only be performed on the synchronous part of the maps when the
objective is to find the origin of transient events.

A local estimation can be performed as well, based on a source surface height selec-
tion for each polarity change. That results in a non-spherical source surface [Panasenco
et al., 2020]. That allows us to fit each change of polarity with a more precise estima-
tion of the source region. The result of this local estimation provides a non-spherical
source surface, which depends on the source region topology.

However, polarity crossing alone is insufficient in the specific conditions of this in-
vestigation. I consider transient small-scale eruptive events. They have short temporal
and spatial scales and are also not related to global polarity inversions. Thus, I explore
the surface heights between 1.5R⊙ and 3.5R⊙, which are the most common values in
the literature.
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Figure 3.13: Connectivity of PSP during E01. It shows an image taken by AIA at
193Å at the same time as the computed extrapolation model with overplotted blue-
colored magnetic field lines extracted from the PFSS model, computed at a source
surface height of 2.5R⊙. The colored cross marker is the projection of PSP on the
source surface.

3.3.4 Case study to investigate the different steps

I will now present the full connectivity procedure applied to a time when PSP was in
corotation with the Sun during E01, which corresponds to Case 1 in Table 3.1. The
chosen time is November 1, 2018, at 00:00:52.

First, I compute the ballistic mapping and the PFSS at a certain time with a
source surface height at 2.5R⊙, presented in Figure 3.13. The spacecraft appears to be
connected to a transient CH, which is near the western limb.

Now, I want to implement the correction of the velocity (see Section 3.3.2.2. Indeed,
I first assumed the velocity to be constant as measured by PSP, around 300 km s−1.
Now, I again compute the ballistic mapping for different velocities, with a range of
±80 km s−1. These are combined with the computation of the PFSS. Figure 3.14
presents a submap of the solar disk centered on the region approximated by the first
PFSS. The input solar wind velocity varies between the different field lines. However,
it does not appear to influence the connectivity, as the footpoints of the field lines
connected to PSP are still in the same region of the CH. This is what usually occurs
in the connectivity cases that I explored. The velocity variation may give variations in
longitude and latitude while keeping the connection to the same source region. However,
in some cases, the velocity computed with the same source surface height can give a
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Figure 3.14: Connectivity of PSP during E01 with the implementation of the velocity
correction. Similarly to Figure 3.13, an excerpt of an image taken by AIA at 193Å is
shown. The overplotted magnetic field lines extracted from the PFSS model, computed
at a source surface height of 2.5R⊙, are shown with different colors accounting for the
different velocities.

connection to different source regions. In such conditions, the event is discarded from
the original study and would require future investigation of the source region.

Now, I should consider the influence of the source surface height, combined with the
solar wind velocity of the ballistic backmapping. As discussed previously, the source
surface is usually set for a long period of time, with a check of polarity inversions. Here,
I compute the PFSS extrapolation to different source surface heights. Figure 3.15 shows
the implementation of the PFSS for different source surface heights. The implementa-
tion of the ballistic mapping with different velocities is then added. The first striking
result is that the height dramatically impacts the source region connected to the space-
craft. The errors are larger than the 15 Carrington degrees discussed in Koukras et al.
[2022] even though the methods are similar. That may indicate that the cases I consider
present a different magnetic configuration. Interestingly, if one considers the polarity of
each field line, they are all the same polarity as the in situ measurements at PSP. That
would contradict the procedure used in the literature to validate the source surface
height. The highest source surface height gives a source region in the southern CH.
The slightly lower source surface, at 3R⊙, connects at a higher latitude at the boundary
of the CH. It is difficult to state whether the footpoint is at the limb or in a region
close to the limb. The other three source surface heights computed give a source region
almost at the equator. Because of the proximity to the limb, the transient equatorial
CH is not clearly visible, but can be observed on the disk for several days before.

A second example is a case (Case 10 of Table 3.1) for which the source region appears
to be on disk using the Magnetic Connectivity Tool. The connectivity procedure I
implement gives different source regions depending on the source surface height. The
outbound corotating interval of E05 occurred from June 10, 2020, to June 11, 2020, at
06:00. The corresponding solar interval spans from June 8, 2020, at 18:00, to June 9,
2020, at 22:00.
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Figure 3.15: Connectivity of PSP during E01 with the implementation of the velocity
correction and multiple source surface heights. Similarly to Figure 3.13, it shows a
context AIA 193Å image taken at the same time as the computed extrapolation model
with overplotted colored magnetic field lines extracted from the PFSS model, computed
at different source surface heights. The multiple field lines of the same color correspond
to different velocities.

Figure 3.16 shows one possible connectivity output of E05 corotation, which highly
depends on the selection of the source surface height. Not all the footpoints are located
in the same CH. Lower heights of the source surface give a footpoint located in a small
CH, a higher source surface will give a footpoint in the QS, while an even higher source
surface shows connectivity to the northern polar CH.

At this stage of the analysis, there is no reason to choose one source region over
the other. However, considering all the uncertainties in the connectivity process, it
is very challenging to investigate such cases with the connectivity strategy I apply,
using PFSS. I will discuss some perspectives on how to solve the connectivity when
it gives multiple source regions in Section 3.6. The periods of interest with similar
characteristics, that is, in first approximation, the Magnetic Connectivity tool shows
that PSP appear to connect with the Sun on the part visible from the Earth, but then
our computed connectivity is ambiguous, are now excluded from the future steps of the
analysis. This shows the difficulties in implementing the strategy required to correlate
eruptive events with jets. At this stage, only 4 periods of interest remain out of the 33
first considered.

3.3.5 Warnings for future studies

The first step, the connectivity between the spacecraft and the solar source, is crucial
and highly depends on the input data. What I observed in the different studies is
that it is usually presented on Carrington maps. That implies that the source region
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Figure 3.16: The E05 connectivity is shown with a context AIA 193Å image taken
at the same time as the computed extrapolation model with overplotted red-colored
magnetic field lines (positive) extracted from the PFSS model, computed at different
source surface heights. The colored cross markers are the projection of PSP on the
different source surfaces. The multiple field lines correspond to different velocities. It
shows the inherent limitations of the connectivity, which gives a connection to different
source regions depending on the source surface.
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stays the same during the time when there are no synchronous data. Bale et al.
[2019] focused on the first encounter of PSP. For most of the encounter, the connected
source appears to be on the far side of the Sun. That is particularly the case for the
corotation interval. From Carrington maps and extrapolation models, the spacecraft
is supposed to be connected to an equatorial CH. At the time of the Carrington maps,
the CH is behind the limb if one considers the disk from the Sun-Earth line. In such
conditions, the connectivity is based on earlier observations that could induce errors in
the connectivity. Some improvement is proposed for similar cases. One can study the
source region for more than one Carrington rotation. If the source region is stable, with
the same size and level of activity, it can allow reducing the risk of errors [de Pablos
et al., 2022]. However, since connectivity is only the first step, having connectivity to
the far side of the Sun prevents the retrieval of remote sensing information, such as the
number of jets. One solution here would be to use spacecraft with a side view of the
Sun, such as STEREO. However, the time and spatial resolution of its EUV instrument
is lower than AIA. With an image every five minutes, this may prove insufficient if we
consider the minimum duration of an eruptive event, as it would increase the risk of
missing eruptive events.

3.4 Jets and switchbacks selection and study

The connectivity procedure on the intervals of interest provides a certain number of
cases with an unambiguous source region. Now, I will investigate these source regions,
using the EUV images of AIA presented in Section 3.2.2. First, I present the data
processing required to detect small-scale transient events (Section 3.4.1). This initial
step is limited not only by the instrumentation resolution but also by the complexity
of the field configuration in the source region (Section 3.4.2). Then, I will present an
automatic technique used to ease the detection of jets (Section 3.4.3). To allow for
comparison with the jets, the switchbacks time-series measured during the interval of
interest will be retrieved from the switchbacks catalog I am using. Then, the final step
to compare both time-series is to determine the propagation time taken by the solar
wind to travel to the spacecraft (Sections 3.4.4 and 3.4.5). That will allow shifting the
switchbacks time-series over the jet time-series.

3.4.1 Preparation of the AIA datasets

The first step is to construct a data cube of images that will allow us to study the
temporal evolution of the source region. Then, I will identify the jets in the videos
computed with the data cube.

Starting from level 1.5 images, I create a data cube of 2 hours duration of EUV
images. To reduce the processing time, I cut the full disk images to select a field of
view that includes only the source region. First, I select a submap centered on the
region of interest identified by the PFSS. Then, I correct the differential rotation with
a derotation code. That part is complex but necessary since I will compare images

- 116 -



3.4. Jets and switchbacks selection and study 117

from the same region for a relatively long time interval.
The derotation code I used comes from the Rectify package4, which can perform

image transformations with specific specifications. Here, I am interested in a spherical
transform to account for the input image in the helioprojective frame that will be con-
verted to a longitude/latitude map and the differential rotation. Then, it interpolates
the data to re-sample images on a regular grid. The reference image is set to be the
last image in the selected interval, as the code can only go forward in time.

The differential rotation equation can be written as

Ω = A+B sin2(φ) + C sin4(φ) (3.10)

with A, B, and C three constants, and φ the latitude computed from the equator.
In the Rectify package, the constants are set to A = 14.5, B = −2.14, and C = 0.66,
computed from EIT/SOHO images [Hortin, 2003]. This is relevant for AIA 193Å as
EIT has a similar passband.

The next step is to temporally bin three consecutive images to improve the signal-
to-noise ratio. Thus, the cadence of the cube is now 36 s between each frame. From this
cube, I can produce videos that can be visually processed to detect eruptive events.

3.4.2 Events identification issues

Even when the connectivity appears to be unambiguous, the event detection can then
be delicate. For Case 25 in Table 3.1, the connectivity was unambiguously determined
by the PFSS. It corresponds to a corotation interval of E13, presented in Figure 3.17.
However, the jet identification was difficult due to a line of sight effect due to the
position of the estimated source on the disk. In fact, the connectivity appears to be in
an open flux region close to a large AR. Moreover, the activity level is low, and it is not
easy to disentangle CBP jets from brightenings that could be caused by reconnection
in the AR large loops. Overlying loops can potentially hide the CBP, which hinders
identification.

A second interval of interest, during E14, and presented in Figure 3.18, showed
connectivity to the boundary of an AR, which corresponds to Case 27 in Table 3.1.
Figure 3.19 shows three jets identified in this region. They appear to follow closed field
lines that are not completely visible in the EUV image. These jets cannot escape the
Sun.

3.4.3 Automatic brightening identification to ease the detection of
CBP jets

To facilitate the detection of small-scale events and those without sufficient background
contrast, a transient brightening identification procedure was used, which involved the
calculation of a local background threshold [Subramanian et al., 2010]. In the context
of the collaborative project with Maria S. Madjarska, she provided expertise on the

4https://github.com/frederic-auchere/rectify/tree/main
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Figure 3.17: The E13 connectivity is shown with a context AIA 193Å image taken
at the same time as the computed extrapolation model with overplotted blue-colored
magnetic field lines (negative polarity) extracted from the PFSS model, computed at
different source surface heights. The colored cross markers are the projection of PSP on
the different source surfaces. The multiple field lines correspond to different velocities.
PSP is connected at the beginning of the corotating interval to a near-limb region
between two active regions.
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Figure 3.18: Same as Figure 3.17 but for E14. PSP is connected at the beginning of
the corotating interval to the boundary of an active region.
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Figure 3.19: Jets identified in the source region given by the PFSS for the E14 coro-
tating interval. The images are taken from Helioviewer.

Figure 3.20: Example of a source region processed with the automatic detection algo-
rithm [Subramanian et al., 2010]. The left panel presents all the pixels (red crosses)
identified at the specific time of the image, overlapped on the AIA 193Å image. The
right panel is the background AIA 193Å image for comparison.

brightening identification code. The code works in the time dimension of the cube
and not in the spatial dimension; it processes the cube pixel per pixel. Each image
is binned to 4 x 4 pixels2, which allows us to reduce the number of points and even
further increase the signal-to-noise ratio. Then, a lightcurve is produced for each pixel.
A background estimation is performed for each light curve, which allows us to work
differently on pixels in the QS from AR, thus keeping the detection effective in all areas
of the Sun. A time threshold is applied, removing detections if they last more than
15 minutes. That allows us to remove the detection of the small loops and maintain
the transient escaping events. An intensity threshold is also applied to define when the
event starts to be detected.

Figure 3.20 presents an example of a source region processed with the automatic
detection algorithm and corresponds to Case 19 of Table 3.1. It is visually easier to
identify the possible jet location in the FOV. The focus is then on groups of pixels
that could have an elongated shape if the jet propagates in a direction perpendicular
to the line of sight. If the jet is directed along the line of sight, we could expect to see
an area expansion rather than an elongated shape.

The present algorithm is not expected to improve the detection of the two previously
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described cases (Cases 25 and 27), as the issues are with the physical processes involved,
i.e., the complex topology of the field and the ability to escape the corona in these
specific regions, and not with the limitation of the user’s visual identification. At this
stage, there are only two intervals of interest left, for which the connectivity and the
jet identification are unambiguous, namely Cases 19 and 30. I performed an hourly
estimation of the number of events per source region for each of them. This will be
presented in Section 3.5. Then, I estimated the hourly count of the switchbacks to
match the count of jets. The selection of the switchbacks for this analysis is performed
with the catalog presented in Chapter 2.

3.4.4 Acceleration models investigated for the shift

I now have an estimation of the number of jets escaping from the source region and
the equivalent estimation of the number of switchbacks measured at PSP during the
corotating interval. For the comparison of the two time-series, we can now estimate
the propagation time of the solar wind that will allow shifting the occurrence time of
switchbacks back to their emission time in the lower corona. Here, we have to rely on
models to estimate the velocity profile of the solar wind. However, there is currently
no consensus on the correct model to use, and I will test different models. There is no
hypothesis on the physical mechanisms in the tested models that should be developed
in future studies.

As a first step, let’s use a constant-velocity profile to estimate the propagation
time. For comparison, for the connectivity estimation, the propagation time does not
include the acceleration profiles of the solar wind. Different velocities are computed
to account for an estimation of different acceleration profiles. However, more precise
timings are necessary for the comparison of in situ switchback time-series with remote
eruption time-series. For that concern, I discuss possible acceleration profiles that can
be considered. The main discussion revolves around the physical processes that should
be involved.

There is a wide range of models that describe solar wind propagation and velocity
profiles. The original isothermal model from Parker [1958] is the simplest. Similarly
to the methodology presented in Koukras et al. [2022], I will use the more complex
approximation of the solar wind velocity with different profiles at small and large
distances from the Sun. The two profiles are based on the sonic point to distinguish
the small and large approximations.

Another physical parameter that should be investigated is the local Alfvén velocity.
Indeed, in the case of switchbacks, we have propagating structures in the solar wind
associated with a velocity enhancement that is of the order of the local Alfvén velocity.
Thus, I first present the solar wind velocity model and then introduce the local Alfvén
velocity profile.

Assuming an isothermal corona, the solar wind equation can be derived with a
specific sonic point. The original transcendental equation for the isothermal wind
profile u(r) at temperature T0:
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As in Koukras et al. [2022], I used a hybrid profile that combined the large and
small distance approximation:

vlarge ≈ 2a0 [ln(r/rs)]
1/2 , (3.14)

vsmall ≈ a0e
3/2e−2rs/r. (3.15)

Here, the sonic point rs becomes the free parameter of the hybrid profile, where
we locally switch between the small and large distance equation. This differs from the
original isothermal wind profile, with a local jump in the derivative. We can constrain
the profile using the value a0, which depends on the in situ measurement of the velocity
of the proton (vS/C) and the radial position where it was measured (rS/C). We then
obtain the following.

a0large =
vS/C

2[ln(r/rs)]1/2
, (3.16)

vlarge(r) = 2a0large [ln(r/rs)]
1/2. (3.17)

This gives an easy-to-use model for estimating the propagation time. I also com-
puted an isothermal profile combined with a polytropic model at larger distances (at
11.5R⊙) from Sam Badman’s open access codes5 implementation of the iso-poly model
of Dakeyo et al. [2022] that fit the in situ measurements of the solar wind velocity
to retrieve the polytropic index. The two modeled velocity profiles are presented in
Figure 3.21 (blue for iso-poly model and green for the hybrid profile from Koukras
et al. [2022]). There is a clear difference in the profiles, which will result in a large
difference in terms of propagation time. Here, for example, for an in situ velocity
vS/C = 489 km s−1 at 40R⊙, the propagation time is 26h20m for the isothermal profile
and 19h20m for the hybrid profile.

As discussed previously, an estimation of the Alfvén velocity profile that would
account for the Alfvénic nature of the switchbacks should also be considered. For the
Alfvén profile, I start from the approximation of the magnetic field magnitude:

5ParkerSolarWind package github
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Figure 3.21: Velocity profiles for a certain PSP position and in situ velocity measure-
ment. The blue line corresponds to the implementation of the isothermal profile. The
green line is the hybrid profile developed in Koukras et al. [2022]. The red line corre-
sponds to a constant velocity profile with the value of the velocity measured at PSP.
The correction interval in dashed lines corresponds to the incertitude intervals usually
computed in the literature. The orange line is the profile that corresponds to a hybrid
profile, which includes the local Alfvén velocity profile.

B(r) = B0

(r0
r

)2
. (3.18)

Then, the Alfvén speed VA is determined by:

VA =
B√
µ0ρ

. (3.19)

An estimation of the local density is given by the model by Collier et al. [2001]:

ρ(r) = ρ0 exp

{
−1.15× 107

T

(
1− r0

r

)}
(3.20)

assuming an isothermal hydrostatic two-fluid model.
Then, I use reasonable values for T , ρ0 and B0: T = 1.6 × 106K, ρ0 = 1.7 ×

10−12 kgm−3 and B0 = 1.3 × 10−3T [Collier et al., 2001]. The model results for
the above parameters, which also include the acceleration profile, are presented in
Figure 3.21 in orange.

As discussed in the description of the connectivity procedure in Section 3.3.2.2, the
usual constant profiles are computed at the local velocity at the spacecraft, with varia-
tions of ± 80 km s−1 around the local value. The velocity profiles are used to determine
the equivalent propagation time. Thus, one could apply a constant profile to estimate
the propagation time that would match the propagation time using an acceleration
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profile. Using the hybrid profile of Koukras et al. [2022], the propagation time is found
equivalent to the one calculated with a constant profile at vS/C − 80 km s−1. Now, if we
want to include the propagation of Alfvénic structures in the solar wind, we consider
a profile that includes both the acceleration of the solar wind and the local Alfvén
velocity. This corresponds to the orange profile of Figure 3.21, which is equivalent in
terms of propagation time to a constant profile at vS/C + 80 km s−1. This justifies the
values found in the literature [e.g., Panasenco et al., 2020; Bale et al., 2021].

At this stage, we can now estimate the propagation time for the jets, including
different velocity profiles to account for the acceleration and the local Alfvén velocity
profile. This in turn allows us to compare the time-series of the number of jets with
the in situ time-series of the number of switchbacks.

3.4.5 Determination of the time shift between in situ and jets time-
series

Now that I have introduced the models that could be used to determine the propagation
time, let us find the relevant time shift between the two time series that will enable us
to compare them and perform a correlation analysis. Some additional hypotheses are
necessary: We assume a purely radial propagation of the jet perturbation and that all
jets propagate at the same velocity. Regarding the latter assumption, there is currently
no consensus on whether the velocity of the jets depends on their characteristics.

I thus have to estimate the velocity of the solar wind that will define the propagation
time more precisely and with more resolution in time compared to the backmapping
step presented before, as I consider bins of 1 hour. I tested the velocity with the
different smoothing presented for the backmapping step: running average, running
median, and running 20th percentile. I choose the running average to follow the decision
of the backmapping step. However, there is a relatively large difference between the
running average and the running 20th percentile. As an illustration, a difference of
20 km s−1 represents a shift difference in time of about 30 minutes when using the
constant velocity profile at a distance of 40R⊙, and 2 h when using the acceleration
profiles. For constant profiles, these errors will be blurred in the 1h-bins. However, for
the acceleration profiles, this 2 h time lag will be considered in the large delays I test.

The error for constant profiles is directly included in the uncertainty of the 1h-bins,
but the 2 h error should be considered. Then, I compute corrections of the velocity to
test this hypothesis, as applied in the backmapping.

The events were processed from the start time of the jets to the measurement of the
solar wind at PSP. I first create a list of timestamps with a point every ten minutes
that should cover the full corotating interval. For each time in that list, the position
of the spacecraft is generated to retrieve its distance to the Sun. Then, I calculate the
ballistic propagation time. Finally, I can deduce the emission time for each entry in
the list of PSP times. That gives a new list of times that relate the emission time to
the time of the in situ measurement.

However, fluctuations of solar wind velocity, associated with an increasing (or de-
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Figure 3.22: Corresponding AIA emission time for the measurement time at PSP loca-
tion. The green crosses are the exact emission time from the velocity median measured
at PSP. In orange is the smoothing of the times to remove the variability due to local
velocity fluctuations. In blue is the linear fit that allows for unique equivalence between
the measurement time and the emission time in AIA images.

- 124 -



3.5. Results 125

creasing) radius depending on the corotation interval, cause time warping, which can
give rise to multiple in situ measurement times that could correspond to the same
emission time at the Sun. This is a serious issue when comparing the time-series. To
overcome this, we performed a linear fit of the time at the Sun in an attempt to reduce
the effect of fluctuations. A linear fit was made on the data so that one emission time
corresponds to one PSP time. A simple Gaussian smoothing was not enough to remove
the fluctuations. The three steps are presented in Figure 3.22. In green is the estimated
emission time from the velocity median measured at PSP. In orange is the Gaussian
smoothing of the times to remove the variability due to local velocity fluctuations.
In blue is the linear fit of the data that allows for a unique equivalence between the
measurement time and the emission time in AIA images.

At this stage, we have an estimation of the measurement times at PSP for each
emission time for AIA images, with a cadence of 10 minutes. Let us now determine the
beginning and end of intervals in PSP time-series corresponding to the 1-hour interval
of the counts I performed in AIA images. The intervals in PSP time-series do not have
exactly a duration of 1 hour. That is due to the warping of time, as mentioned before.
For the E10 case, the duration of one PSP bin is on average 50 minutes, while it is on
average 1h10 minutes for the E15 case.

Now, I have all the constraints set to allow for a comparison of PSP time-series of
switchbacks count with the AIA time-series of jets count.

3.5 Results

Let us now concentrate on the results, part of which is presented in the peer-reviewed
article Bizien et al. [2025]. As mentioned before, we shall concentrate on two periods
only, when PSP was close to perihelion and corotating with the Sun. They are cases
19 and 30 of Table 3.1. Both provide an unambiguous connectivity between PSP and
the Sun, with the possibility to visually identify the jets in the source region. For each
case, I will first start by showing the connectivity result and then introduce the in situ
data and jets identified in EUV images used for the correlated analysis of switchbacks
and jets. All the timings in this section are in UTC.

3.5.1 Connectivity during E10

The outbound corotating interval of E10 occurred from November 18, 2021, at 00:00
to November 19, 2021, at 12:00 at PSP [Shi et al., 2022]. The back-mapping time
estimation gives a corresponding interval at the Sun starting from November 17, 2021,
at 11:00 to November 19, 2021, at 00:00. This is performed at constant velocity.

PSP is connected with a CH, shown in Figure 3.23 in an AIA 193Å image. The
negative polarity at the photosphere matches the polarity observed at PSP (radial
magnetic field on Figure 3.24). The different colored crosses are the projection of PSP
onto the different source surfaces, with the different lines showing the multiple velocity
calculations. The connectivity analysis aligns with the results of [Badman et al., 2023],
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Figure 3.23: The E10 connectivity is shown with a context AIA 193Å image taken
at the same time as the computed extrapolation model with overplotted blue-colored
magnetic field lines extracted from the PFSS model, computed at different source
surface heights. The colored cross markers are the projection of PSP on the different
source surfaces. The multiple field lines correspond to different velocities. All field lines
are rooted in the same low-latitude coronal hole. Reproduced from Bizien et al. [2025].

- 126 -



3.5. Results 127

11-18 01 11-18 07 11-18 12 11-18 18 11-19 00 11-19 05 11-19 11
Time (UT)

0.0

0.2

0.4

0.6

0.8

1.0

z

300

400

500

600

700

v R
[k

m
/s

]

−100

0

100

B
R

[n
T

]

Figure 3.24: In situ PSP data for E10 for a constant Carrington longitude. The top
panel shows the radial magnetic field in blue, proton velocity in green, and the magnetic
field magnitude in black. The z parameter corresponds to the normalized deflection
from the Parker spiral. The gray horizontal line shows the threshold for the counting
of switchbacks in the catalog used (see Section 2.2.5 and Figure 2.8). Reproduced from
Bizien et al. [2025].

who studied the complete E10 and, more particularly, the interval we consider. This
would indicate the robustness of the methodology. The connectivity of all field lines
gives the same source region, which is not affected by the different velocity profiles.
However, the different heights of the source surface result in different subregions in the
CH with varying latitudes, shown in Figure 3.23. They are also visible in the region
considered for the jet counts in Figure 3.25.

Figure 3.24 shows the in situ measurements of the solar wind magnetic field and
proton velocity at PSP during the corotating interval. This interval corresponds to
a fast wind, which matches the expected properties of a solar wind escaping from a
CH, and thus gives stronger confidence in the connectivity. I found 508 switchbacks
that match the selection criteria mentioned in Section 3.2.1 and Chapter 2, with in
particular a minimum deflection of 36◦.

PSP is connected to the same region for the entire corotation period. The latitude
range calculated due to the source surface height, on the eastern part of the CH,
is the region investigated for the CBP eruptions. Then, for each interval of 1 h, I
mark the location of the base of the jet, using automatic detection to facilitate visual
identification (as in Figure 3.20). To show the temporal evolution of the jets, as they do
not occur at the same time, they are color-coded with the starting time in Figure 3.25.
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Figure 3.25: Zoom into the coronal hole connected to PSP during the entire corotating
interval, with the CBP jets detected during a 1-hour interval. Reproduced from Bizien
et al. [2025].

The jets marked on this figure correspond to the jets counted during a 1-hour interval
starting on November 18, at 06:00. Table 3.2 indicates the jets identified during this
interval. It corresponds to the jets marked in Figure 3.25. I consider the same sub-
region of the CH for all 1-hour intervals. The jets I identify have a minimum base size
of 3′′ (2.17 Mm) and a minimum duration of 3 min.

Considering the global PFSS model computed around the CH (see Figure 3.26), an
open field is found in a region larger than the one inside the boundaries of the CH.
It is directly clear that all the CBP jets that I consider are included in this open-field
region. However, at higher altitudes, because of the expansion, these field lines may not
be connected to the spacecraft as in Figure 3.23. This suggests that we overestimate
the number of jets that could reach the spacecraft. However, the perturbations from
this region may reconnect, outside the box of the PFSS, to the field line connected to
PSP. Thus, we do not exclude jets from the counting due to the limited knowledge of
the propagation behavior of the jets.

3.5.2 Connectivity during E15

The outbound corotating interval E15 occurs from March 20, 2023, at 00:00 to March
21, at 12:00. The corresponding solar interval starts on March 19, 2023, and ends
on March 20. The connectivity of the spacecraft with the Sun is within a small CH
near the solar limb, near an AR (NOAA 13252 noted two days earlier) as presented in
Figure 3.27. The CH polarity is positive, matching the polarity at PSP. Neither the
back-mapped input velocity nor the source surface height influences the connectivity,
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Table 3.2: Table of jets identified during the interval 2021 November 18 from 06:00 to
07:00 of E10. The location and time of the jets’ start are indicated. These correspond
to the jets marked in Fig. 3.25 for illustration. Reproduced from [Bizien et al., 2025].

Jets Location [X,Y] in arcseconds Start (UTC)
1 [-300,-400] 06:00
2 [-277,-340] 06:00
3 [-223,-412] 06:00
4 [-311,-574] 06:01
5 [-370,-552] 06:02
6 [-248,-340] 06:04
7 [-209,-466] 06:06
8 [-282,-468] 06:07
9 [-306,-507] 06:14
10 [-320,-529] 06:15
11 [-232,-400] 06:18
12 [-259,-428] 06:23
13 [-223,-500] 06:23
14 [-214,-482] 06:33
15 [-247,-422] 06:35
16 [-219,-534] 06:36
17 [-281,-510] 06:40
18 [-293,-449] 06:50
19 [-223,-426] 06:54
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Figure 3.26: Encounter 10 global connectivity, with only the open field lines traced.
The observer view is the view from the spacecraft SDO, to allow for comparison with
the Figure 3.23.
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Figure 3.27: Same as Figure 3.23 but for E15. PSP is connected at the beginning of
the corotating interval within a small CH near the solar limb near NOAA 13252, as
noted two days earlier. Reproduced from Bizien et al. [2025].
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Figure 3.28: Same as Fig. 3.24 but for E15. The interval with lower resolution is
due to the limitation of the data allocation, while it can still be used to estimate the
propagation time [K. Paulson, private communications]. Reproduced from Bizien et al.
[2025].

giving stronger confidence in it.
Figure 3.28 shows the in situ measurements at PSP during the corotating interval.

The level of activity is lower compared to E10, as I detect only 82 switchbacks during
this interval, with fewer large deflections. The solar wind velocity is slower, about
400 kms−1, which is typical for an AR boundary.

I consider the jets escaping from the CBPs in the region connected to PSP. Fig-
ure 3.29 shows the count of jets during a 1-hour interval starting on March 20, 2023,
at 01:00, with the same principle as in Figure 3.25. Table 3.3 indicates the jets during
the interval of March 20, 2023, from 01:00 to 02:00 of E15. It corresponds to the jets
marked in Figure 3.29.

Figure 3.30 shows the global PFSS extrapolation for the open flux region connected
to PSP during the corotating interval. Similarly to the E10 case, the footpoints located
in the CH expand to cover a wide range of latitudes at the outer boundary of the PFSS.
Although case E10 shows a possible large spatial variability in the region considered
for events counts using the PFSS, this present CH is relatively smaller and shows only
two CBPs in the CH, limiting the risk of overestimating the source region.

3.5.3 Jets and switchbacks occurrence rate comparison

One striking observation is that there is a matching level of activity for the two cases:
for the E10 case, with connectivity to a large CH, shows a high level of activity in jets,
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Figure 3.29: Same as Fig. 3.25 but for E15. PSP is connected at the beginning of the
corotating interval to a near-limb small CH. Reproduced from Bizien et al. [2025].

Table 3.3: Table of jets identified during the interval 2023 March 20 from 01:00 to
02:00 of E15. The location and the time of the start of the jet are indicated. These
correspond to the jets marked in Figure 3.29. Reproduced from Bizien et al. [2025].

Jets Location [X,Y] in arcseconds Start (UTC)
1 [891,468] 01:08
2 [891,464] 01:25
3 [857,426] 01:23
4 [854,413] 01:11
5 [891,400] 01:43
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Figure 3.30: Encounter 10 global connectivity, with only the open field lines traced.
The observer view is the view from the spacecraft SDO, to allow for comparison with
the Figure 3.27.

with an estimation of 649 jets per day and a high level of activity in switchbacks, with
346 switchbacks per day. In contrast, the E15 case shows a lower level of activity, with
79 jets per day, and 142 switchbacks per day, which is relatively lower than for E10. In
fact, the CH of E15 (≃ 10× 5 Carrington degrees) is also smaller than the CH of E10
(≃ 15× 15 Carrington degrees).

Another interesting observation is that the jetting activity is strong enough to
produce all the switchbacks for E10 but not for E15. This observation is important
because it has often been used as an indication that the eruptive events investigated
can indeed be the source of switchbacks. Jets were found to be insufficient to produce
switchbacks [Huang et al., 2023b], while smaller jet-like structures (jetlets, picojets,
etc.) are more numerous and may indeed be as numerous as switchbacks [Raouafi
et al., 2023; Chitta et al., 2023]. That being said, one should be extremely careful in
comparing the two rates in absolute terms because so many factors can affect what is
occurring between the lower corona and the solar wind. That leads to the discussion
about the correlation that I expect and find in such conditions. Currently, there is
no proof that one switchback may be produced by a single event. That is why the
above-mentioned numbers are given for a rough estimation of the level of activity and
not for exact comparison purposes.

3.5.3.1 Encounter 10: High level of activity

Figure 3.31a shows the time-series of the identified eruptive events compared to the
switchbacks for E10. The hourly counts of jets identified in the subregion from Novem-
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Figure 3.31: Histogram plot of jet and switchback counts. The hourly counts of jets
are shown in blue color. The corresponding counts of switchbacks are given in orange.
The reference time corresponds to the jet start counting. One bin is highlighted and
corresponds to the counts of Figure 3.25. a) E10 counts with constant velocity. b) E10
counts with acceleration correction. c) E10 counts with acceleration correction and
Alfvén velocity. Each switchback bin, which is equivalent to the 1 h interval of eruptive
events, corresponds to counts over 50 min. Reproduced from Bizien et al. [2025].
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ber 17 at 09:00 to November 18 at 22:00 are shown in blue. First, a constant velocity
profile is used as a first approximation to estimate the travel time of the eruptive events,
excluding the wind acceleration. To investigate the importance of this assumption, I
will consider the influence of the acceleration in the next steps of our analysis as ex-
plained in Section 3.4.4. For the number of jets and switchbacks, I obtain a Pearson’s
correlation coefficient of 0.05 (statistically not significant), which suggests that there is
no relation between the two time-series. This may be expected because the computed
velocity was set relatively high, resulting in an unrealistically fast propagation of the
solar wind.

Since the propagation velocity is a critical parameter that influences a back-mapping
time and the comparison of the two datasets, let us investigate when we apply a lower
velocity to account for the longer propagation time associated with the acceleration
profile. That would assume that the jets have an acceleration profile similar to that
of the solar wind. As presented in Section 3.4.4, different acceleration profiles can
be used. Here, we are interested in the estimation of a propagation time, so we can
estimate a constant profile that would match the propagation time corresponding to
the acceleration profile. A correction of -80 kms−1 is typically used, and I find that it
matches simple acceleration models [e.g., Koukras et al., 2022] (see Section 3.4.4). The
resulting histograms, presented in Fig. 3.31b, show an anti-correlation with a Pearson’s
correlation coefficient of −0.42 (significantly different from 0). It is interesting to
observe that the computed velocity has a large impact on the estimation of the link
between jets and switchbacks occurrence rates. However, as stated in Section 3.4.5,
the acceleration profile is more sensitive to local variations of velocity, with larger error
bars on the applied shift.

Next, let us assume that the perturbations are carried in Alfvén waves produced
during the jets [Lionello et al., 2016], which are directly linked to the Alfvénic properties
of the switchbacks [Kasper et al., 2019]. We thus include the Alfvén velocity in the
computation of the propagation time. I find that this is equivalent to adding 80 kms−1

to the constant velocity (see Section 3.4.4). The results with acceleration, including
the local Alfvén velocity, are presented in Figure 3.31c. The correlation test gives a
Pearson’s correlation coefficient of 0.03 (statistically not significant). Here again, there
is no evidence for a correlation.

3.5.3.2 Encounter 15: Low level of activity

Figure 3.32a shows the comparison of hourly counts of jets and switchbacks counted for
E15. The method used to superpose the two bar plots is the same as for E10. As for E10,
there is no apparent linear correlation, with a Pearson’s correlation coefficient of −0.10

(not statistically significant). When including the correction of the acceleration profile,
as in Fig. 3.32b, the correlation test gives a Pearson’s correlation coefficient of 0.44
(statistically significant). For the test case, which accounts for the acceleration profile
and the local Alfvén velocity in Figure 3.32c, the correlation is similar to the constant
case with a Pearson’s correlation coefficient of 0.18 (not statistically significant).
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Figure 3.32: Same as Figure 3.31 but for the E15 case. The highlighted bin corresponds
to the counts in Fig. 3.29. Each switchback bin, which is equivalent to the 1 h interval
of CBP eruptions, corresponds to counts over 1h10m. Reproduced from Bizien et al.
[2025].
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3.5.3.3 Combined interpretation

These results indicate that the level of correlation depends on the assumed velocity
profile, leading to a relative shift between the two time-series. I also tested various
intermediate velocities, none of which dramatically changed the level of correlation,
with Pearson’s correlation coefficients close to 0. The range covered all velocities in the
interval ±80 km s−1, extended symmetrically around the mean velocity at PSP, with
equally spaced test velocities every 20 km s−1.

The E10 case never shows significant evidence for a positive correlation, while the
E15 case might. The reasons could be attributed to the E10 case involving different
conditions (e.g., a larger CH), which leads to a larger spatial dispersion of the switch-
backs and therefore to a lower correlation. However, the correlation coefficient should
be interpreted carefully in deriving firm conclusions on the jets studied here as possible
precursors of switchbacks.

Interestingly, one could analyze the level of correlation with the objective of deter-
mining which physical processes should be investigated, between the bulk solar wind
or the propagation at the Alfvén velocity. However, the level of uncertainties in the
overall procedure to connect both time-series may directly impact the investigation of
a correlation, which would hide the effect of the physical process considered. It is then
impossible to conclude from the investigation on the model to use and thus the prop-
agation processes. Recent results showed an apparent connection between jets and a
cluster of switchbacks [Hou et al., 2024a]. They considered the same reasoning for the
propagation time of jets, adding the local Alfvén velocity to the bulk solar wind. They
found that the difference between the constant profile and the Alfvén-corrected accel-
eration profile leads to a 1-hour uncertainty. The uncertainty in that case fell in the
same cluster of switchbacks, which allowed them to conclude on the causal connection.
However, it is unclear what bulk velocity they consider and the level of uncertainty
that the bulk velocity brings in the determination of the source region.

A visual inspection of Figures 3.31 and 3.32 strongly suggests the presence of vi-
sually similar patterns. The patterns are related to the high variability of the number
of jets and switchbacks, with intervals of high activity followed by intervals of lower
activity that could even be an interval without activity for the switchbacks. We must
also note that we observe significant temporal variability in the number of jets from the
same region, which is also evident in the occurrence of switchbacks, potentially linked
to switchback patches [Fargette et al., 2021]. This highlights the often overlooked tem-
poral variability of in situ switchback properties [Shi et al., 2022]. This variability
persists while considering events with smaller deflections.

The similar patterns could indicate that some switchbacks may indeed have been
produced during the jet generation. Some switchbacks may not initiate in the lower
corona but at larger coronal heights or in situ in the solar wind. Although we observe
similar patterns, there is no clear relation between CBP jets and switchbacks that could
validate the CBP jets as precursors of switchbacks. In an attempt to verify whether
the relation is prevented due to the implemented methodology, I investigate the parts
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that may bring sources of uncertainties. First, I may not detect all low-atmosphere
events responsible for switchback formation due to event detection limitations caused
by instrumental constraints. Second, the different sizes and energetics of the jets and
possibly different acceleration profiles of the produced Alfvénic fluctuations may also
strongly influence the comparative analysis. Finally, the uncertainties in the evolution-
ary phenomena that occur during solar wind propagation may also play a considerable
role. Some of these arguments are detailed below.

3.6 Discussion

Although several possible sources of uncertainties have been identified, so far, several
remain unresolved and need further investigation. In this section, we discuss their
potential impacts. These uncertainties tend to be multiplicative, making it very chal-
lenging to establish a causal or even statistical connection between the input and the
output. Then, I will propose some solutions that could be investigated in future studies.

3.6.1 Magnetic connectivity uncertainties

The critical link in our chain of processes is the connectivity estimation. Here, we made
the assumption that the magnetic field is potential and force-free. This is significantly
important when considering small-scale, dynamically evolving structures. It is also
directly related to the resolution of the magnetograms.

The PFSS is highly restrictive in the number of events that can be studied with
confidence in the estimated source region. Only four cases over 33 provide unambiguous
connectivity to a single source region, while the remaining corotation intervals cannot
be investigated in the present analysis. This prevents a statistical investigation of the
influence of the properties of the source region, which appears to be an interesting
aspect of the two investigated cases. However, one could interpret the multiple sources
provided by the PFSS depending on the source surface height as possible sources of
perturbations that would mix at larger distances before reaching the spacecraft [Viall
and Borovsky, 2020]. This would greatly increase the uncertainties, as each source
would produce jets with different propagation times and behavior. This would further
complexify the analysis as any potential signal would be mixed, increasing the noise
floor level.

The influence of the fact that I consider only the intervals for which PSP is in
corotation with the Sun is not clear. Indeed, it then may not compensate for the
acceleration, which is one of the reasons that allows back-mapping connectivity to
provide reasonable connections.

Moreover, when the connectivity is unambiguous, it can only provide a global region
to investigate. The definition of the limits of the source region considered for the
counting of events then becomes challenging. The subregion I considered for E10 could
then be a smaller area of the CH or a larger region, including the boundary of the CH,
thus having a direct impact on the number of jets. Considering the global PFSS model
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computed around the CH (see Figures 3.23 and 3.26), an open field is found in a region
larger than the region I considered. For example, an open field is found at the boundary
of the CH, where a higher interchange reconnection rate is expected at the boundaries
due to open-closed field connectivity in the area. Although it is included in the counts
presented in this analysis, the boundary of the CH could actually be connected to the
spacecraft and would significantly impact the jet time-series that would be used for the
correlation test. The opposite situation could also be considered, as all the open fields
in this area may not be connected to the spacecraft.

3.6.2 Complexity of the jetting activity

The jetting activity adds further complexity to the interpretation. One should distin-
guish the bulk plasma flow from the wavefront that preceded the jet plasma. Some
processes discussed below impact only the plasma flow, which should not influence
the results of the statistical comparison, as we assume a connection with the waves
produced by the jets.

Here, I clarify the processes that should be considered during the jet evolution.
The plasma in the eruptive events escapes into the interplanetary space for some jets
[Nisticò et al., 2009; Paraschiv et al., 2010; Hanaoka et al., 2018]. There is a large
velocity differential along the jet length, with its leading edge being faster than that of
the centroid bulk plasma. That directly explains their elongated shapes in the LASCO
observations, possibly caused by the effect of gravity [Wang et al., 1998]. However, the
fastest component is usually the wave launched by the jet [Cirtain et al., 2007]. In that
perspective, the waves produced by the jets may propagate in the solar wind, while the
plasma will eventually fall back to the Sun. Indeed, the produced waves are faster and
more likely to reach the escape velocity while the plasma propagates at lower velocities.

Some factors could result in an over- or under-estimation of the number of jets in
the source region. First, it is highly probable that not all the jets produce waves that
escape the corona. Unfortunately, no dedicated observational study has explored this
issue, but ongoing modeling studies attempt to understand it. Thus, I may overestimate
the number of jets that should have a causal link observed in the in situ time-series.
Second, Chen et al. [2015] shows multiple jets that occur at the location of a CBP,
which is often observed in CBPs [Madjarska, 2011]. One could discuss the velocity
of the additional jets compared to the initial jet, but in the focus on the released
waves, the discussion should focus on the hypothesis that all successive jets would also
produce a wavefront. Thus, I may underestimate the number of eruptions in the source
region. Indeed, it is difficult to distinguish sub-events that should be counted as two
separate events. Third, there is also the possibility that I underestimated the number
of jets due to the limitation of visual identification in EUV images. For instance, dark
jets are reported by Young [2015] without EUV signature due to poor contrast with
the background. These are observed in simulations by Nóbrega-Siverio et al. [2023],
but it is still unclear about their properties and occurrence and whether they could
launch waves. Finally, the propagation behavior of the jets and the waves is not fully
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understood, so the different jets could mix in the propagation to form the complex
magnetic substructures observed in the switchbacks [Neugebauer, 2012]. That could
be associated with the theory of the merging of switchbacks [Agapitov et al., 2022],
discussed in Chapter 2. A solution to reduce the level of uncertainty and improve
the jets’ identification would be to implement automatic detections. This would start
from the automatic detection algorithm presented in Section 3.4.3. It should involve a
refinement of the pixels identified to single events and techniques to detect recurring jets
(see Appendix B for details). However, it is still clear that this is not easy to implement
due to the necessity to detect eruptive events and not any coronal brightening, thus it
would require further investigation.

3.6.3 Challenge of the hypothesis of CBP jets as switchbacks precur-
sors

The connectivity methodology only provided the location of the footpoints connected
to PSP. The first hypothesis is then that the field lines would reconnect by interchange
reconnection and allow waves to propagate to PSP to form the switchbacks. The
connectivity of the two investigated cases (Cases 19 and 30) is in a CH where the
CBPs are surrounded by open fields. However, it is possible that the CBP would never
reconnect with the field lines connected to PSP via the PFSS.

I did not find a clear temporal correlation between the number of jets from the
source region and the number of switchbacks at PSP. This may indicate that the initial
hypothesis is not valid. We still visually observe similar patterns, which could indicate
that some switchbacks may indeed have been produced during the jet generation, but
then would require additional mechanisms. This joins the claims that no full reversal
switchbacks are observed below the Alfvén surface [e.g., Bandyopadhyay et al., 2022;
Cheng et al., 2024]. However, these claims are challenged by the definition of subalfvénic
flow in the context of a switchback. In fact, it can be somewhat ambiguous and requires
caution. The velocity jet associated with the switchback itself is Alfvénic by nature,
implying that the flow within a switchback is locally super-Alfvénic by definition. Rasca
et al. [2023] detected the presence of switchbacks below the Alfvén surface, although the
occurrence rate is lower than outside the Alfvén critical zone. They discuss whether the
switchbacks are formed because of local processes that would create a super-Alfvénic
wind or whether the switchbacks and the ambient solar wind are due to the formation
of a super-Alfvénic flow. The conclusion about the different works may be that there is
no direct relation between the occurrence rate of switchbacks and the Alfvén surface,
but it could indicate the existence of in situ mechanisms to generate switchbacks.

3.7 Chapter conclusions

We have strived so far to perform a rigorous connectivity analysis between the Sun
and PSP and a jet identification approach to explore a possible causal relation between
small-scale dynamic phenomena, that is, jets associated with clusters of small-scale
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loops (CBPs) and switchbacks. The initial analysis of all available corotation periods
revealed a major unexpected result: connectivity to multiple solar source areas, depend-
ing on the source surface height. For most cases, multiple regions of open magnetic
flux, as given by the PFSS model, could be connected to the spacecraft. In addition,
the standard connectivity methodology showed significant limitations, impacting our
analysis of small-scale transient events linked to the local opening of the field.

Thus, I only considered those few cases for which unambiguous connectivity could be
found. I observed a similar level of activity (jets and switchbacks) depending on the size
of the CH connected to the PSP. However, I did not find a clear temporal correlation
between the number of jets from the source region and the number of switchbacks
at PSP. The event selection may significantly impact the results, depending on the
subregion considered and the instrumental capability to detect some jets (such as dark
jets). Lastly, the outcome might be influenced by our limited understanding of the
evolutionary processes occurring during solar wind propagation.

Taken together, there are many multiplicative uncertainties, and although this does
not imply that I cannot test the connection, it cautions us. Therefore, establishing a
causal one-to-one connection between solar jets and switchbacks at PSP has not yet
been achieved.

The physical phenomenon considered (the bulk plasma flow or the Alfvén waves)
influences the results by the mean of the propagation velocity. The shift in time for the
correspondence of the time-series has a direct impact on the correlation. There is also
a temporal modulation of the switchbacks observed during corotating intervals with
the same source region. It shows that the variability of switchbacks has both spatial
and temporal components. The similar variability in jets opens new questions, as it is
not expected to see a recurrence of jets.

The hypothesis of the CBP jets as switchback precursors is not validated with the
current methodology but could be further tested with improvements in the different
aspects involved in the present analysis. Some of the possibilities are discussed in the
following section.

3.8 Perspectives

3.8.1 Investigation to resolve the ambiguous connectivity cases

The number of cases in which connectivity provides an unambiguous source region is
highly limited. This, in turn, limits the size of the sample that can be considered. This
study could be expanded further with some possibilities to find a unique source region
in the range of source region from the PFSS. I will present different solutions that
could be applied, which should probably be combined to validate a unique source.

3.8.1.1 Implementation of more complex extrapolation models

Most of the uncertainties come from the use of a simple connectivity model, the PFSS.
More complex models can be applied, such as Non-Linear Force-Free Field (NLFFF),
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which does not suppose that the corona is current-free [Wiegelmann and Sakurai, 2021].
It results in a singular constant value of the parameter α for each field line. However,
this complex model relies on vector magnetograms, which brings an ambiguity in the
vector direction due to the line of sight. This could be solved with two observers [e.g.,
Valori et al., 2022]. Some studies compared the use of NLFFF to the solution of the
PFSS [Tadesse et al., 2014], showing that the NLFFF model reconstructs a better
estimation of the magnetic configuration than the PFSS model, in the presence of large
loops in ARs. However, it is not clear whether the discussion of more complex models
would solve the issues of the PFSS.

MHD models could be used to further improve this analysis, as it may bring less
uncertainty about connectivity. However, Badman et al. [2023] compared the output of
different models, including PFSS and different MHD models for two encounters of PSP
(E04 and E10) and concluded that there were no significant differences in the source
regions selected. This is supported by previous comparison of the PFSS with MHD
models, which provided a similar topology of the large-scale magnetic field [Riley et al.,
2006]. One connectivity study has been performed to connect the Solar Orbiter to the
source region in Hou et al. [2024b]. However, details regarding the structure of the
applied model and its spatial and temporal resolution are not specified. However, the
model retrieved from Predictive Science Inc., “MHDweb”, could be studied in detail to
justify the correct estimation of the source region.

Moreover, MHD models require much more computational power, most of the time
with lower resolution than the PFSS. This main limitation of the MHD models should
be overcome before implementing such a strategy for the connectivity step. New models
are currently being developed and could be used for backmapping, as they allow for fast
converging solutions. Kennis et al. [2024] shows that the coronal model COCONUT
[Perri et al., 2022] associated with the Heliospheric model EUHFORIA [Pomoell and
Poedts, 2018], could provide results equivalent to PFSS solutions, in terms of the
determination of the open-field regions, while allowing further development.

Some machine learning techniques are currently being investigated to improve the
output of extrapolation models [Jarolim et al., 2024]. These models are mostly ap-
plied to ARs for the moment and it is not clear how well it would perform for global
extrapolations.

3.8.1.2 Extrapolation of the radial component of the magnetic field

The PFSS model provides a value of the extrapolated magnitude of the magnetic field
along the field line. One way to validate the connectivity would be to investigate
whether the magnitude of the photospheric field, when extrapolated to the spacecraft
location, could match the in situ magnetic field magnitude. One could estimate that the
field magnitude follows the 1/r2 law and compare the value with the in situ measure-
ments. However, this 1/r2 model may not match the local evolution of the magnetic
field, more particularly to the lower source surfaces. It would require more precise
models of the evolution of the magnetic field out to the spacecraft. If such models are
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applied, it may allow the removal of certain source regions considered if the extrap-
olated field magnitude does not match the measured magnitude at PSP. One issue
with this strategy is determining which magnetograms provide the best estimation of
the magnetic strength at the photosphere. From Figure 3.11, one can see that the
magnetic strength is not equivalent between GONG and HMI measurements. The final
conclusion about these tests is that they are not constraining enough as very different
topologies may lead to the same radial magnetic field component.

3.8.1.3 Composition measurements

As discussed above, the impossibility of attributing a unique solar source could also
indicate that streams with different origins would interact outside the lower corona
and thus at larger distances to form the solar wind measured at PSP. In such cases,
in situ composition measurements could be used to constrain the connectivity by com-
paring the source region composition with the in situ composition. This strategy has
been applied in other studies [e.g., Yardley et al., 2024; Rivera et al., 2024a]. Helium
measurements, which are the only composition data that can be retrieved from PSP
instrumentation, can be used to infer plasma conditions at the source regions. The
solar wind with a high abundance ratio (ratio of the number density of helium to that
of proton) originates from a region of the open magnetic field, while low abundance
ratios are associated with regions with closed magnetic fields. However, Huang et al.
[2023a] found both populations within switchbacks, which may indicate that there is
temporal variability in the source. This suggests that it is difficult to conclude on the
nature of the solar regions that are connected to the switchbacks.

Other composition studies could be considered with the use of instruments on board
Solar Orbiter [Müller et al., 2020], the European Space Agency (ESA) spacecraft which
orbits the Sun, since Solar Orbiter is better equipped with composition measurements
and allows for a coordinated campaign. Solar Orbiter measurements of slow solar wind
composition have been associated with a source region with more confidence than the
connectivity alone [e.g., Baker et al., 2023; Yardley et al., 2024]. A proper study would
require a corotation of PSP with the Sun, together with the radial alignment of PSP
and Solar Orbiter on the same Parker spiral, which is extremely rare. One would first
have to validate that the two spacecraft probe the same plasma parcels, including the
propagation time between the two spacecraft. This has been performed by Rivera et al.
[2024b], who trace field lines from the solar surface to PSP and then to the Solar Orbiter
to study the radial evolution of the heating and acceleration of the solar wind. Rivera
et al. [2024a] applied this strategy to E11 of PSP with the source region estimated
with the PFSS computed at 2.5R⊙. They concluded that the switchback composition
in heavy ions does not differ from the background composition. However, they detected
variability in the composition of Fe/O within and between patches of switchbacks. They
proposed that this could be due to a combination of distinct sources, with a mix of
potential sources in the QS and others in CHs as it is close to the typical values they
deduced. The coordinated composition measurements may be limited in the future due
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to technical issues with the Heavy Ions sensor on board Solar Orbiter.

3.8.1.4 Comparison with white light images

As a way to validate our connectivity on a larger scale, one could compare the global
magnetic configuration given by the PFSS with white-light images showing streamers
and pseudostreamers. Indeed, white-light images offer powerful constraints to the large-
scale topology of the coronal magnetic field from the limb to 6 solar radii, in the case
of solar eclipse images [Boe et al., 2020]. Interestingly, the latter found that the field
becomes radial at distances larger than the one assumed in the PFSS extrapolations,
between 4 and 5 R⊙.

This strategy of using white-light images during eclipses has been applied in Be-
navitz et al. [2024], with the aim of determining the source surface height. They find
that lower source surface heights are better suited for solar maximum, while higher
source surface heights provide better estimation at solar minimum.

Unfortunately, solar eclipses are too rare to validate our connectivity. The rarity
of eclipses is the reason behind the development of coronagraphs (see Chapter 1). The
most convenient instrument is currently the LASCO C2 coronagraph [Brueckner et al.,
1995], on board the SOHO spacecraft [Domingo et al., 1995]. The telescope is designed
to block light coming from the solar disk in order to see the extremely faint emission
from the region around the Sun (see Chapter 1). It provides a view of the solar corona
from about 2.5 to 4.5 solar radii for the C2 instrument. The white-light images mostly
show the field lines in the plane-of-sky, with a small component in the out-of-plane
direction. The intensity is associated with Thomson scattering [Howard and Tappin,
2009], which is a special case in the general theory of the scattering of electromagnetic
waves by charged particles. The main idea is that when the waves interact with an
electron, the electric field of the waves accelerates the electron in a plane perpendicular
to the direction of propagation of the wave. Then, depending on the position of the
observer, polarized or unpolarized light will be observed.

I contacted Huw Morgan [Aberystwyth University, UK], who provided me with the
LASCO-C2 images corrected of the stray light patterns. This correction is not applied
on the open access available data6. Figure 3.33 shows an example of the corrected
image of the C2 coronagraph. The bright features correspond to the extension of the
coronal streamers, with a higher plasma density.

To start with, one could look at the coronal magnetic structures that should appear
in the LASCO images. Then, different computations should be performed at different
source surface heights. Figure 3.34 shows different outputs of the PFSS computed
from the same magnetogram but with different source surface heights. The regions of
open field vary extremely between the different panels, as well as the location of the
streamers. This may allow us to validate the large-scale magnetic topology.

Synoptic white-light images can be produced from the measurements of LASCO-
C2. It can be used to determine the position of the streamer belt, the core of which

6https://lasco-www.nrl.navy.mil/
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Figure 3.33: LASCO C2 white light image of the solar corona during the period of
interest of E10. This image has been corrected for stray light patterns.

can be compared to the HCS provided in the PFSS model [Poirier et al., 2021]. This
strategy, implemented in the Magnetic Connectivity Tool, with the comparison of the
co-temporal image to the PFSS, could reduce the number of source regions to consider.

Additionally, one could investigate the data from another mission, STEREO, with
the coronagraph COR2, part of the Sun Earth Connection Coronal and Heliospheric
Investigation (SECCHI) package. COR2 has better characteristics than C2, in terms of
cadence and resolution. An observation campaign was performed during an encounter
of PSP, which may be investigated in the seek of the source regions in this current
analysis [DeForest et al., 2018].

3.8.1.5 The possible limitation of a connectivity analysis

A reasonable question that could be raised at this stage is whether the PFSS and the
ballistic mapping would always provide a wrong connection between the spacecraft and
the solar surface. In that case, a methodology similar to what I implemented will never
allow to test the hypothesis of the CBP jets as switchback precursors.

Then we could investigate all the CBPs from the CH where it is clear that the
open field will allow jets to escape the corona. Including CBPs from the QS could
be a possibility but would then require further studies to understand the propagation
behavior of the jets and their ability to escape the Sun. With a focus on CH, an
estimation of the hourly counts of jets could be performed and compared to the in situ
time-series. The comparison could be performed by merging all the CBPs time-series in
all visible CHs or taking the time-series from individual CH. A limitation for this type
of work would be to estimate the times to consider for remote observations, including
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Figure 3.34: Cut of the PFSS in the plane perpendicular to the Sun-LASCO line. The
different panels correspond to different source surface height used as input of the PFSS.
The top panel height is at 1.5R⊙, the middle panel at 2.5R⊙ and the bottom panel at
3.5R⊙.
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only the period when the spacecraft is likely to probe the plasma from these CHs and
would not be located on the far side of the Sun.

Another type of investigation would focus on the position of the spacecraft more
precisely, with the estimation of the jets that would cross the trajectory of the space-
craft. Using remote observations of jets, Huang et al. [2023b] estimate the number
of jets that could be encountered by PSP along its trajectory. That is based on the
estimation of the total number of jets on the full Sun at a certain time on EUV images.
They find that the occurrence rate of jets, about 0.12 to 0.73 per day, is less than the
hundred of switchbacks per day. They conclude that there are not enough jets for them
to be the source of switchbacks. However, there is no discussion on the in situ data
they consider. According to the number of switchbacks they provide, they likely also
include deflection with an angle smaller than 90◦ since their number is higher than the
number of full reversals usually detected. However, this is a supposition, but their con-
clusion would require the support of in situ measurements. Although this methodology
is interesting, taking into account the probability of catching an eruptive event at PSP,
it is difficult to use this study as a conclusion on the connection of switchbacks with
jets.

At this stage, I proposed different strategies that could be combined to resolve the
ambiguous connectivity cases that compose most of the interval of interest. However,
the limitation of this work is not only in the connectivity but also in the comparison
of transient eruptive events with local reversal of the field measured in situ. I will now
discuss what could be attempted to investigate a relation we could expect from the
recurring pattern observed in the time-series.

3.8.2 Further tests of the hypothesis of CBP jets as switchback pre-
cursors

3.8.2.1 Timing of each jet

One aspect that has a clear influence on the results is the decision to consider 1 h
duration bins for the rate of switchbacks and jets. Indeed, considering the uncertainties
in the propagation from the solar corona to the spacecraft, a statistical investigation is
required for studying the link between jets and switchbacks is not clear. The duration
of the bins is a trade-off between the time resolution that is required to resolve the
variations in the jet activity and the sample size in each bin, which is required to
reduce Poisson fluctuations. Another and better approach would be to compare the
sequence of onset times of jets and switchbacks rather than their number in 1-hour
bins.

3.8.2.2 Investigation of other parameters

This work shows the complexity of searching for a correlation between switchbacks and
CBP jets. Here, I only compare the occurrence rates, which may be too restrictive.
Another possibility is to compare the lifetime of the CBP, as well as the duration of
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one jet, with the duration of switchbacks in situ. That would only be possible during
corotation, where the duration in the time-series represents a temporal scale. I showed
that the occurrence of jets and switchbacks is related to the source region, with the
size of the CH. Future analyses should focus on determining which other properties of
the source impact the switchbacks, not only the occurrence but their properties, such
as the level of Alfvénicity or the waiting time between jets and between switchbacks
[Lee et al., 2024].

The switchback patches could also be investigated and were one of the first switch-
back studies to show proof of the solar origin of the switchbacks [Fargette et al., 2021].
Bale et al. [2023] investigate in situ measurements of switchbacks, with the objective
of finding markers of their relation with the supergranulation scales. The list of ev-
idence includes an asymmetry of the patches, with initially larger deflections of the
magnetic field and relatively smaller deflections at the end of the patches. That would
indicate that the magnetic field keeps an imprint on the supragranular cells. When
PSP crosses such patches, it then observes this asymmetry as an indicator of the times
when reconnection occurred in the low corona. Higher velocity, and thus large angle of
deflection (see Section 2.5.4), indicates that the spacecraft crossed field lines that just
reconnected, while lower velocity in the same patch is an indication of a field line that
reconnected earlier, and the peak of the velocity passed the spacecraft location earlier.
When the velocity is at its lowest, it corresponds to the jump from one cell to another
cell. While that brings more constraints on the eruptive events we should consider, it
does not allow conclusions on the origin of single events.

- 148 -



Chapter 4

General conclusions and
perspectives

Contents
4.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149

4.2 Impact of the thesis . . . . . . . . . . . . . . . . . . . . . . . . . . 150

4.2.1 Switchback boundaries . . . . . . . . . . . . . . . . . . . . . . . . 150

4.2.2 CBP jets as switchbacks precursors . . . . . . . . . . . . . . . . . 151

4.3 Outlooks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152

4.1 Summary

In this thesis, we have addressed two facets of a topic that is currently receiving con-
siderable attention, namely switchbacks, which refer to magnetic deflections, which are
ubiquitous in the measurements of PSP. Two non-exclusives group of models have been
proposed for their genesis. The first involves an in situ generation in the solar wind and
requires specific plasma conditions. The second argues that the switchback precursors
are perturbations originating from the low corona through interchange reconnection.
This is the context in which my thesis work is set. My aim was to give direct insight into
the origin of the structures as well as into the dynamics of the switchback propagation
in the solar wind.

Chapter 2 focused on the nature of switchback boundaries. The aim was to verify
whether the boundary allows for mass and energy exchange with the ambient solar wind.
The boundaries can be considered as classical MHD discontinuities, i.e. as Tangential
and Rotational Discontinuities. The first encounter of PSP showed signatures indicative
of Tangential Discontinuities, in contrast to what previous studies have found. The
boundaries may then be considered as closed structures that prevent any exchange of
mass and energy across. This supports their stable nature, which could allow them to
survive to large distances. The conclusion prevails for all angles of deflection, so that
the boundaries nature and thickness satisfy the self-similar nature of the switchbacks.
These results are compatible with a solar origin, but we cannot exclude an in situ
formation. However, the relation between the nature of the boundary and the radial
distance to the Sun is not clear. The thickness of the boundaries exceeds MHD scales.
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It also appears that no thin boundaries are observed far to the Sun, which could indicate
the boundaries are not eroded while they propagate.

Following the results of Chapter 2, Chapter 3 presents the investigation on the pos-
sible solar origin of switchbacks. I explore the hypothesis of a switchback source in the
lower corona by combining in situ and remote-sensing observations, using a rigorous
methodology to connect both measurements. A first major result is the difficulty in es-
tablishing a clear connectivity with the PFSS, with a strong dependence on the height
of the source surface. Focusing on two intervals during which PSP was in corotation
with the Sun, I find a matching level of activity between the jets and the switchbacks,
depending on the size of the region connected to PSP. I also visually detect simi-
lar trends in the number of jets from the estimated source region and the number of
switchbacks measured by PSP. However, no significant correlation is found between
time-series of the event numbers, unlike the results found by Hou et al. [2024a]. Al-
though this absence of correlation may be related to uncertainties in the connectivity
and jets identification, it may also indicate that there are too many processes acting
between the jets and the switchbacks, which blurs the correlation, if there is any. Fi-
nally, we confirm that the variability of switchbacks rate has both spatial and temporal
components, as found by Shi et al. [2022].

4.2 Impact of the thesis

4.2.1 Switchback boundaries

Discontinuities encountered in the solar wind have been extensively studied by many
authors [e.g., Mariani et al., 1983; Scudder, 2005; Wang et al., 2024] using the Minimum
Variance Analysis (MVA). However, it is surprising to discover that the MVA, applied
switchback boundaries [e.g., Larosa et al., 2021; Akhavan-Tafti et al., 2021; Vinogradov
et al., 2024] despite its limitations. These limitations caution the automatic statistical
interpretations [e.g., Knetter et al., 2003; Wang et al., 2024]. In the specific case of
the switchback boundaries, this is even more critical. In fact, the 3D nature of the
boundary, with the arc polarization and the superimposed fluctuations that are usually
present at the boundaries, prevents the routine use of MVA to determine the boundary
nature. The consequence of this is that the blind application of the MVA to switchback
boundaries leads to a strong overestimation of the fraction of Rotational Discontinuities.

The Alfvénic nature of the switchbacks is clearly observed in the constant magni-
tude of the magnetic field, which constrains the rotation of the field vector, and in the
correlated fluctuations of the velocity and magnetic component. However, when we re-
late the properties of the boundaries with the Alfvén velocity and the constraints about
the propagation of the boundaries, the boundaries show deviations from the Alfvénicity,
as previously detected in the literature [e.g., Larosa et al., 2021; Farrell et al., 2020].
This raises several challenges about the boundaries that should be understood.

First, switchbacks are sometimes considered as the result of the growth of large-
amplitude Alfvén waves that can result in a reversal of the field [e.g., Squire et al., 2020].
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Thus, one would expect to observe the signature of the Alfvénicity at the boundary,
with a Rotational Discontinuity. The perspective of a closed nature of the boundary
shows no clear impact on the theory but may constrain the propagation and growth of
the Alfvén wave.

Secondly, can the closed nature of the boundaries be reconciled with the propagation
of the switchbacks in the solar wind at the Alfvén velocity? A tangential discontinuity
does not have a velocity relative to the plasma, so it does not propagate in the solar
wind. This is contradicted by observations that show noticeable velocity spikes. Thus,
there is no clear solution to the question raised here.

The purpose of determining the nature of the boundary was to understand the
likelihood that the switchbacks could be eroded, as several authors showed variations
in their occurrence rate with radial distance to the Sun [e.g., Tenerani et al., 2021;
Jagarlamudi et al., 2023]. Future studies should focus on the possible erosion mecha-
nisms at the boundary that may be possible in the presence of a closed boundary and
boundaries with relatively large thicknesses in the MHD scales. This includes magnetic
reconnection but also surface waves and instabilities that are due to velocity shear, such
as the Kelvin-Helmholtz instability.

One of the major challenges about the switchbacks is to understand their 3D nature
from the 1D time-series obtained by the crossing of the structure by a single probe. The
analysis of the orientation of the boundaries can provide constraints to the geometry
of the switchbacks. Most switchbacks have both boundaries with the same orientation.
For some events with small deflections, the two planes are not parallel but present a
significant angle between their relative normals. In all cases, the boundary plane is
mostly parallel to the Parker spiral direction. This information should be combined
with the preferential deflection direction in the T direction (from the RTN frame)
[Fargette et al., 2022]. Indeed, the latter showed that the polarity of the magnetic field
lines impacts the geometry of the switchbacks.

4.2.2 CBP jets as switchbacks precursors

An extensive examination of the entire set of corotation periods yielded an important
result: structures observed by PSP that are seemingly magnetically connected to one
single solar region can actually be connected to more than one region depending on the
altitude of the source surface. This challenges the results of previous studies that aimed
to connect in situ measurements at PSP in an unambiguous way with their solar source
[e.g., de Pablos et al., 2022; Kumar et al., 2023]. This under-looked issue could possibly
rewrite our understanding of the solar origin of in situ events, including switchbacks.
Indeed, it is possible that all the different sources given by the PFSS produce winds
and perturbations that mix and reconnect at larger distances in the corona and in
the interplanetary space. This theory is supported by the measurements of abundance
ratios, which show the signature of mixed sources [Huang et al., 2023a; Rivera et al.,
2024a].

For the few cases in which unambiguous connectivity could be found between the
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source region and PSP, I observed a matching level of activity (jets and switchbacks)
depending on the size of the CH connected to the PSP. However, I did not find a
clear temporal correlation between the number of jets from the source region and the
number of switchbacks at PSP. This result may seem to contradict models involving
jets as switchbacks’ precursors. It is also in contradiction with the recent study by Hou
et al. [2024a].

So far, only a periodicity comparison has been cited to prove the relation between
switchbacks and jets [Kumar et al., 2023; Hou et al., 2024b]. However, these studies
may not include all the uncertainties that should be considered. Kumar et al. [2023]
is using time-series outside the corotation, with the source behind the limb, and shows
issues in their analysis, which prevents the cotemporal interpreting of matching periods
in the switchbacks time-series and jets in CBP and at the base of plumes. Hou et al.
[2024b] included all coronal brightenings, which is one of the warnings I want to raise
about their study. A brightening is the result of a change of density or temperature in
the lower corona and would not necessarily indicate an eruptive event. At this stage,
it is, then, unclear about the existence of such periodicity. If it exists, it would also
question the validity of any connectivity analysis and time-series comparison. Indeed, it
would indicate that any shift of the switchback time-series with a time lag equal to the
period would provide a similar correlation coefficient. Thus, we should first understand
the physical reasons why we may observe a recurrence in CBP eruptive events.

Recently, Hou et al. [2024a] claimed to have found a definite relation between 10
jets and 10 clusters of switchbacks. They tested different parameters to validate the
connectivity: an interval during approximately the corotation of E04, the source surface
height, the white-light comparison, the helium abundance comparison, and the correc-
tion of the velocity profile with the Alfvén velocity to compute the propagation. They
find an uncertainty of 1-h between the time-series that is relatively small compared to
the duration of one cluster of switchbacks. They concluded that jets are the precur-
sors of switchbacks. It is, however, unclear how the uncertainties in the propagation
processes may affect their conclusion.

4.3 Outlooks

A general point about the switchbacks is that they were not discovered by PSP, but
the omnipresence of the magnetic folds in the first encounter led to their extensive
study since the launch of the mission. As they are omnipresent, they might shed light
on open questions such as the heating of the corona and solar wind and acceleration
of the solar wind. Even if they are not the cause of the phenomenon, they could be
a tracer of the evolving dynamics or preserve markers of the events that cause the
coronal heating at close distances to the Sun. In situ measurements inside the lower
corona are not possible, and the resolution of remote sensing instrumentation and the
connectivity models may not allow one to resolve the problem. The aim of the in situ
investigation is then to provide the most constraints to models that could simulate a
solar perturbation until they form switchbacks as measured at PSP. The end of life of
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the switchbacks is also unclear as to whether they disappear or are gradually merged
with the turbulent wavefield.

As I was limited by the only two examples correctly determined by the connectivity,
I could not investigate the link between the type of source and the in situ properties
of switchbacks. However, it is clear from the in situ data that the spacecraft probes
different plasma conditions, with fast Alfvénic winds and sometimes relatively slow
winds. From that perspective, one should try to compare the source region for the
different conditions of wind. Switchbacks are supposed to not survive in the slow wind
and quickly disappear. One could investigate these slow wind intervals and look for
some remnant switchbacks and, more particularly, to their boundary. It is indeed not
clear whether switchbacks are ever created in the non-Alfvénic slow wind or whether
they are dissipated before reaching the spacecraft. The slow wind sources should then
be investigated, looking for jets. A similar investigation should be performed during
intervals for which the spacecraft is below the critical Alfvén surface. The presence of
switchbacks below this surface is debated in the community.

Simulations show that intermittent reconnection simultaneously excites three types
of MHD waves: Alfvén waves, fast magnetosonic waves, and slow magnetosonic waves
[He et al., 2021]. That is interesting from the perspective of a connection between jets
and switchbacks. In the analysis presented in Chapter 3, I focused on the discussion on
Alfvén waves that would propagate and could, in turn, become a switchback. However,
other types of waves could also be investigated as the Alfvénic nature of switchbacks is
not always preserved [Larosa et al., 2021; Froment et al., 2021]. Fast and slow magne-
tosonic waves have been proposed to lead to the compressive nature of the switchback
boundaries [Larosa et al., 2021; Chaston et al., 2020].

In search of a link between the small-scale eruptive events and the in situ switch-
backs, simulations are developed with a large domain so that they can simulate the
propagation from the solar corona to the spacecraft. The models currently imple-
mented to study the propagation of jets to the location of PSP are based on the ARMS
code [DeVore and Antiochos, 2008]. Although recent simulations [Roberts et al., 2018;
Touresse et al., 2024, Wyper et al., in prep] could be a major advantage in proving
the relationship between jets and switchbacks. In fact, the simulations show that the
untwisting waves survive to the location of PSP. This emphasizes the necessary inves-
tigation of a causal link between CBP jets and switchbacks.

It would be interesting to investigate which type of switchback boundaries they
obtain. These simulations could also allow us to understand the 3D structures of the
switchbacks. The current understanding of the switchback structure is highly limited
and the proposed S-shaped structures are misleading and restrict the interpretation
of some of the in situ data. An interesting discussion arises from the position of the
measurements along the spacecraft orbit. It could usually be divided into two cat-
egories: the corotation interval and the longitudinal sweep that occurs between the
two corotation intervals. The inbound and outbound intervals preceding and follow-
ing the corotating intervals should display a switchback crossing signature similar to
that of the longitudinal sweep. It is relatively easy to reconstruct the 2D shape of the
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switchbacks if one imagines that the spacecraft cuts the structure almost perpendicular
to the boundary [Laker et al., 2021]. One could imagine that this situation prevails
during the longitudinal sweep, in which the spacecraft would cross different flux tubes.
However, during the corotation intervals, it is more likely that it crosses the structures
almost along the elongated direction of the flux tube. One may then expect to ob-
serve different signatures in the time-series, with less sharp boundaries. However, the
sharpness of the boundaries of the first encounter in the corotation period is clearly
observed in the time-series. Statistically, we see a difference in the properties of the
switchbacks [T. Dudok de Wit, private communications] during/outside of corotation
intervals. One should then perform a statistical analysis of the switchback properties
with a differentiation of their position along the orbit.

Then, in the simulation of jets that would evolve into switchback reversals [Touresse
et al., 2024, Wyper et al., in prep], we can use the simulations to investigate the impact
of the crossing of switchbacks on the properties of the boundaries. One could also
imagine that we observe different signatures depending on the crossing, so that we may
actually underestimate the number of switchbacks in the timeseries as we would not
consider the less clear cases.

Overall, this thesis brings a new understanding of the switchback’s ability to evolve
in the solar wind but shows the new challenges to investigate to link the switchbacks
to the heating and acceleration of the solar wind. It also shows that simple models are
still not sufficient to validate the theory of a solar origin of switchbacks, but highlights
the path for future studies to resolve the remaining sources of uncertainties, including
the limited knowledge of the propagation of transient events that could be solved by
numerical simulations.
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5.1 Résumé du chapitre 1 : Introduction

Nous commençons ce voyage par une exploration de la structure du Soleil, en nous con-
centrant sur son atmosphère, dont les couches limites sont la photosphère et la couronne
solaire. La photosphère est la couche à la surface du Soleil, qui émet dans le visible et
est donc observable depuis la Terre. La couronne est quant à elle observable lors des
éclipses solaires. Elle est constituée de plasma et de champs magnétiques qui respectent
la propriété du « frozen-in ». Le rapport entre la pression du plasma et la pression
magnétique, appelé « plasma β », détermine la force dominante entre le mouvement
du plasma et le champ magnétique. Dans la couronne, le champ magnétique structure
le plasma, dont le flux dans le vent solaire et dans l’héliosphère guide le champ magné-
tique. La couronne présente ainsi des boucles magnétiques complexes, principalement
au niveau de l’équateur (cf. Diagramme papillon), tandis que les régions polaires sont
composées majoritairement de champs ouverts, dans des régions que l’on appelle trous
coronaux. Bien que l’on s’attende à ce que la température de l’atmosphère diminue
avec l’augmentation de l’altitude, la température de la couronne augmente de manière
inattendue par rapport à la température de la photosphère. Cela suggère l’existence de
mécanismes qui transportent et dissipent de l’énergie pour chauffer la couronne, avec
comme source d’énergie les mouvements convectifs de la photosphère. L’étude de la
couronne présente des défis en raison de ses courtes échelles de temps, de ses petites
échelles spatiales et de ses variations de température, ce qui nécessite des instruments
avancés pour une compréhension plus approfondie. Le vent solaire présente aussi un
comportement inexpliqué, en raison de son profil d’accélération. L’existence du vent
solaire est directement liée à la couronne et ses températures extrêmes. Les phénomènes
étudiés pour résoudre ces questions ouvertes sont donc intrinsèquement liés.

Les nombreuses questions qui restent sans réponse ont conduit au développement
de missions spatiales en orbite autour du Soleil. Une grande amélioration pourrait être
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apportée en envoyant une sonde à des distances proches du Soleil, là où les mécanismes
qui chauffent et accélèrent le vent se produisent. C’est l’une des raisons qui ont conduit
la NASA à envoyer un satellite, PSP, pour devenir la mission spatiale la plus proche
du Soleil [Fox et al., 2016]. Il a été lancé en août 2018 par la NASA. Sa durée nominale
est de sept ans, qui sera éventuellement prolongée. La distance minimale au Soleil sera
atteinte à la fin de l’année 2024. En décembre de cette année, PSP sera à 9,85 rayons
solaires du Soleil.

La première orbite de PSP a révélé dans l’héliosphère interne un vent solaire haute-
ment structuré avec la présence inattendue de discontinuités soudaines. En effet, des
fluctuations magnétiques dans la direction radiale mesurées par PSP sont observées.
D’après les mesures in situ précédentes et la théorie du vent solaire, on s’attendait
à observer de petites fluctuations, comparées à la magnitude du champ magnétique,
avec une direction principale centrée autour de la direction radiale de la spirale de
Parker. Les nouvelles mesures de PSP montrent l’importance des grandes déviations,
de l’ordre de la magnitude du champ, qui peuvent conduire à une inversion complète
du champ magnétique. Elles sont omniprésentes dans les mesures de PSP [Bale et al.,
2019; Kasper et al., 2019].

La première mention du terme « switchbacks » se trouve dans Yamauchi et al.
[2004], pour décrire les structures magnétiques qui semblent se replier sur elles-mêmes.
Comment peut-on justifier cette signature d’inversion ? C’est l’une des questions qui
devraient se poser directement lorsque de telles conclusions sont basées sur des mesures
en un seul point. En effet, les séries temporelles provenant d’un seul satellite ne peuvent
à elles seules fournir une compréhension 3D complète de la structure. Une signature
magnétique similaire pourrait être observée si le satellite traversait plusieurs lignes de
champ de polarité opposée. Cette question peut être abordée par le biais de la pop-
ulation d’électrons énergétiques appelés électrons de strahl. En effet, les données de
l’angle d’inclinaison des électrons dans l’intervalle de flux qui correspond au strahl per-
mettent de déduire la topologie locale du champ magnétique et de confirmer l’apparente
déflexion du champ.

Une observation intéressante concernant les switchbacks est la corrélation entre
les fluctuations du champ magnétique et les pics de vitesse positifs [Kasper et al.,
2019]. Cette propriété, observée dans le vent solaire, est une signature des structures
alfvéniques qui se propagent dans le vent solaire dans la direction anti-solaire [Matteini
et al., 2014]. Les switchbacks sont similaires aux ondes d’Alfvén, car leur intensité
magnétique est presque constante sur toute la longueur de leur frontière. Cependant,
ils ne sont pas purement alfvéniques, car ils sont également faiblement compressibles, et
des décrochements de |B | ont été observés à leur frontière [Farrell et al., 2020; Larosa
et al., 2021]. De plus, certains pics de vitesse sont associés à une augmentation de la
densité de protons, ce qui est la signature d’une composante non alfvénique [Kasper
et al., 2019].

Cette propriété est cruciale pour le premier travail que je présenterai au chapitre 2.
En effet, la direction du champ magnétique change lors de la traversée du switchback
et, plus particulièrement, lors du passage de ses frontières. La déviation est ainsi
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contrainte par l’alfvénicité, puisque l’amplitude du champ est constante. Cela oblige
l’extrémité du vecteur de champ à tourner sur la surface d’une sphère. Cette propriété
géométrique jouera un rôle important dans l’analyse des frontières, qui sont l’une des
clés pour comprendre l’origine des switchbacks.

Si l’omniprésence des switchbacks permet des études statistiques approfondies de
leurs propriétés in situ, une inconnue majeure demeure : leur origine et leurs mécan-
ismes de formation. Plusieurs théories sont proposées, mais aucun consensus n’a encore
été trouvé. Les premières théories ont été débattues après les premières orbites, lorsque
PSP était encore à de grandes distances du Soleil, autour de 35 R⊙. Les switchbacks
sont mesurés à des distances aussi éloignées que l’orbite de la Terre, ce qui nous permet,
en théorie, de suivre leur évolution et leur propagation. Cependant, nous avons besoin
de mesures plus proches de leur site d’origine pour résoudre leur formation. En effet,
au cours de leur propagation, divers processus pourraient opérer au sein du vent solaire
et masquer les marqueurs de leur origine.

Nous pouvons classer les théories de formation en deux catégories. La première
soutient que les switchbacks sont des structures formées in situ dans le vent solaire,
en fonction de conditions du plasma spécifiques. La deuxième catégorie soutient que
les switchbacks sont des perturbations provenant de la basse atmosphère solaire. Ces
théories sont principalement basées sur la reconnexion d’interchange, définie comme la
reconnexion magnétique entre les champs fermés et ouverts [Crooker et al., 2002].

J’ai maintenant présenté le contexte global des structures d’inversion magnétique
observées par PSP dans le vent solaire. Bien que les switchbacks ne soient pas nouveaux
en soit, ce qui explique la grande attention qui leur a été accordée depuis que PSP
est en fonctionnement, c’est leur omniprésence dans l’héliosphère interne et leur lien
possible avec les mécanismes qui pourraient chauffer la couronne et le vent solaire, ainsi
qu’avec l’accélération de ce dernier. Dans cette perspective, il est nécessaire d’étudier
les phénomènes qui pourraient permettre à certaines structures de survivre à de grandes
distances du Soleil. Si les switchbacks sont associés à des mécanismes de chauffage
et d’accélération, ils doivent permettre un transfert d’énergie. Ce transfert d’énergie
peut se produire à la frontière des switchbacks, qui n’est pas encore complètement
caractérisée. L’origine des switchbacks est également cruciale, car elle pourrait nous
éclairer sur l’origine du vent solaire. En effet, cette étude nécessiterait une analyse
complète entre les mesures in situ des inversions magnétiques locales et les observations
à distance des mécanismes de libération.

5.2 Résumé du chapitre 2 : La frontière des switchbacks

Les frontières des switchbacks correspondent aux intervalles de déflexions soudaines
mesurés de chaque côté des structures. Elles constituent l’une des propriétés mar-
quantes des switchbacks. Il est intéressant de noter qu’elles peuvent être étudiées dans
la perspective d’une compréhension globale de l’interaction des switchbacks avec le vent
solaire ambiant. La nature exacte des frontières des switchbacks est encore inconnue.
Cependant, elle devrait permettre de mieux comprendre l’évolution des switchbacks
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dans le vent solaire lorsqu’ils se propagent en s’éloignant du Soleil. S’agit-il de fron-
tières ouvertes pouvant être traversées par un flux de plasma, ou de frontières fermées
qui empêchent tout flux de plasma ? Leur nature pourrait également conserver une
signature de l’origine de la structure et ajouter des contraintes sur les mécanismes de
génération. Je m’intéresse en particulier à l’amplitude de ces déviations, en comparant
des petites déviations de l’ordre de quelques dizaines de degrés à des inversions com-
plètes du champ dans la direction opposée à la direction de la spirale de Parker, qui me
sert de référence. Sans utiliser les données de vitesse du vent, une méthode empirique
peut être mise en place pour déterminer la direction de la spirale en calculant une
valeur médiane sur les intervalles de vents calmes où l’on n’observe pas de switchbacks.
Leurs frontières sont d’un grand intérêt pour comprendre l’évolution de ces structures,
et je cherche donc à en connaître les propriétés.

L’objectif de ce chapitre est de répondre aux questions ouvertes suivantes :

• Quelle est la nature des frontières des switchbacks ?

• Comment les propriétés des frontières des switchbacks sont-elles liées à leur évo-
lution dynamique dans le vent solaire ?

Les frontières des switchbacks sont caractérisées par un changement du champ mag-
nétique, dont la pente est presque verticale, défini comme une discontinuité du plasma.
Une discontinuité est définie comme une séparation entre deux régions de plasma ayant
des propriétés différentes. Dans l’approximation MHD, de telles discontinuités dans le
vent solaire sont couramment décrites au moyen des relations de Rankine-Hugoniot,
dont les deux principales solutions sont les Discontinuités Tangentielles (TD) et les
Discontinuités Rotationnelles (RD).

Les TDs sont des structures convectées par le vent solaire. La composante du
champ magnétique est tangentielle à la structure Bn = 0. La pression totale est
conservée pour les TDs. Tout autre changement est arbitraire. Comme le champ
est tangentiel, la discontinuité sépare deux plasmas qui ne sont pas magnétiquement
connectés et qui peuvent donc être de composition différente. Elles ne permettent pas
non plus le transport de particules à travers la discontinuité. Au contraire, les RDs se
propagent avec la vitesse d’Alfvén VA. Elles sont isentropiques et ont une composante
normale du champ magnétique non nulle Bn ̸= 0. Elles permettent le transport de
particules, avec un flux de masse fini à travers la discontinuité ρvn ̸= 0 et une vitesse
d’écoulement normale continue [vn] = 0. La principale distinction entre les deux types
de discontinuités est la présence ou non d’une composante normale à la frontière. Ce
paramètre est donc utilisé dans l’étude des frontières, ce qui nécessite de déterminer
précisément la direction du vecteur normal à la frontière.

Dans ce chapitre, je propose de comparer deux méthodes, dont l’une est fréquem-
ment utilisée dans de telles analyses, pour déterminer la nature de la frontière. Ceci
sera directement lié aux spécificités des frontières des switchbacks par rapport aux dif-
férentes structures du vent solaire. J’utilise deux méthodes statistiques, l’Analyse de
Minimum de Variance (MVA) et la Décomposition en Valeur Singulière (SVD) pour
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déterminer la nature tangentielle ou rotationnelle des frontières. Cela permet également
de déterminer leur longueur caractéristique.

La spécificité des frontières des switchbacks est qu’elles sont des structures avec une
polarisation en arc, avec une intersection entre une sphère de rayon constant correspon-
dant à la norme du champ magnétique et d’un plan. Ce résultat est important. Cela
contraint leur analyse et explique les faiblesses de l’utilisation seule de la MVA pour
déterminer leur nature. En effet, la MVA est grandement impactée par la présence
d’ondes au niveau de la frontière, ce qui donne une normale relativement éloignée de la
normale réelle. La nouvelle méthodologie repose sur l’application des deux méthodes
pour déterminer le plan de la discontinuité en déterminant au mieux la structure en
arc. L’analyse visuelle des structures en 3D ainsi que des plans calculés par les deux
méthodes nous permet de déterminer la normale à la frontière. Par définition, nous
pouvons ainsi déduire la nature des frontières.

La nouvelle méthodologie mise en place montre une tendance tangentielle des fron-
tières dans plus de 70% des cas étudiés. Cela a des implications directes sur la survie
des structures dans le vent solaire. L’épaisseur des frontières, principalement dans les
échelles magnétohydrodynamiques, va également confirmer l’hypothèse de structures
stables qui se propagent sans être érodées. L’étude de l’influence de la magnitude des
déflexions montre que les structures sont auto-similaires, c’est-à-dire que les petites et
grandes déflexions ont les mêmes propriétés et qu’il n’y a pas de petites structures qui
seraient le résultat de l’érosion de grandes structures au cours de leur propagation. Ces
conclusions sont en désaccord avec les précédentes études sur les frontières, ce qui peut
s’expliquer par l’utilisation de la MVA, qui fausse les conclusions.

Ce travail conduit directement à un certain nombre de questions sur les structures
et les implications avec les questions ouvertes sur le vent solaire :

• Nature de la frontière

– Quel est l’impact de la géométrie 3D des frontières ? La structure en forme
d’arc de la frontière a un impact important sur la méthodologie mise en
œuvre. Cependant, on ne sait pas exactement pourquoi ce type de structure
est lié aux inversions magnétiques. Cela souligne la nécessité d’effectuer des
analyses 3D des frontières qui ne se limitent pas à une hypothèse plane.

– Comment pouvons-nous établir un lien entre la nature fermée de la frontière
et les propriétés alfvéniques des switchbacks ? L’alfvénicité des switchbacks
est observée à leur frontière avec la rotation du vecteur de champ à la surface
d’une sphère de rayon égal à l’amplitude du champ. Cependant, l’alfvénicité
semble être perdue à la frontière avec la nature tangentielle de la frontière
et l’absence de corrélation caractéristique dans la vitesse et le champ mag-
nétique.

– Y a-t-il une influence de l’amplitude de la déflexion ? Les frontières des
switchbacks présentent des propriétés auto-similaires, comme les propriétés
rapportées des switchbacks.
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– La déflexion présente-t-elle des types distincts avec des propriétés uniques
ou s’agit-il d’un spectre continu d’événements ? Les frontières présentent
généralement les propriétés des discontinuités tangentielles, tandis que l’origine
et l’existence des discontinuités rotationnelles restent inexpliquées. Une hy-
pothèse pourrait être formulée quant à l’origine différente des deux types de
frontières, mais elle n’empêche pas l’hypothèse d’une frontière rotationnelle
qui évoluerait vers une frontière tangentielle.

• Propagation et évolution

– Évoluent-ils au cours de leur propagation en s’éloignant du Soleil et com-
ment ? La nature de la frontière ne montre pas d’évolution avec la distance
radiale, mais il n’est pas possible de conclure sur l’évolution, car il n’y a pas
de preuve, par manque de statistique, que plus on se rapproche du Soleil,
plus on observe de RD.

– La frontière est-elle soumise à l’érosion et y a-t-il un transfert d’énergie ?
Cette question pourrait être liée à la nature des frontières, les TD stables
étant moins susceptibles d’être érodées. Un mécanisme d’érosion possible est
la reconnexion magnétique à la frontière, mais l’étude de ce phénomène local
est limitée pour comprendre comment la reconnexion éroderait la frontière.

– Ces structures prennent-elles de l’ampleur au fur et à mesure qu’elles se
propagent, ou leur taille est-elle prédéterminée au point d’origine ? On peut
répondre à cette question spécifiquement pour les frontières, car il n’y a
pas d’augmentation apparente de l’épaisseur de la frontière avec la distance
radiale au Soleil, mais on observe une zone d’exclusion.

• Origine des structures

– D’où sont-elles originaires ? Les résultats sont compatibles avec une origine
ancrée dans la basse atmosphère solaire.

– Pouvons-nous rejeter certaines théories d’origine sur la base de ces résultats ?
Les résultats précédents ne nous permettent pas d’exclure la génération in
situ. Cette question nécessiterait la recherche d’une source solaire pour
exclure l’origine solaire, ou pour trouver une explication physique à toutes
les propriétés in situ des switchbacks dans les théories de génération in situ,
telles que l’auto-similarité.

Dans l’ensemble, ces résultats remettent en question l’image classique des switch-
backs et suggèrent que leur érosion pourrait être beaucoup plus lente que prévu. Les
switchbacks, avec leurs frontières stables, pourraient survivre plus longtemps en se
propageant dans le vent solaire. Ceci encourage une étude de l’origine solaire probable
des switchbacks, qui sera réalisée dans le chapitre suivant.
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5.3 Résumé du chapitre 3 : L’origine des switchbacks

L’une des principales questions en suspens concernant les switchbacks est celle de leur
origine. Les switchbacks sont de plus en plus étudiés in situ, ce qui permet de mieux
comprendre leur nature et leur propagation. Cependant, leur origine fait toujours
l’objet de débats importants, car il n’existe aucune preuve définitive de l’une ou l’autre
des théories. Comme indiqué au chapitre 1, deux groupes de théories sont proposés. Le
premier plaide en faveur d’une formation des switchbacks due à des événements solaires
transitoires à petite échelle. Le second évoque plutôt une formation in situ dans le vent
solaire, due à des phénomènes locaux. La théorie solaire est étayée par des théories
et des observations. Par exemple, Tenerani et al. [2020] a utilisé des simulations pour
discuter de l’origine des switchbacks dans la basse couronne. Cela est également mis
en évidence par la longue mémoire identifiée dans le taux d’occurrence des switchbacks
[Dudok de Wit et al., 2020].

Pour étudier et fournir des preuves de l’hypothèse d’une origine solaire, nous de-
vons maintenant explorer les processus nécessaires qui conduiraient à des inversions
magnétiques mesurées in situ. L’étape initiale se situe dans la basse atmosphère so-
laire. Il faut commencer par une ligne de champ, ancrée dans la basse atmosphère
solaire. Un processus initial est alors nécessaire pour créer une perturbation du champ
magnétique. Cette perturbation se propage ensuite le long de la ligne de champ dans
l’atmosphère vers l’espace interplanétaire, afin que le satellite puisse la rencontrer. Dans
cette description, certains problèmes peuvent être directement détectés. Les processus
qui perturbent les lignes de champ pour créer une perturbation doivent contrecarrer la
tension magnétique de la ligne pour que la perturbation puisse survivre. Certains pro-
cessus proposés dans la littérature ont donc peu de chances de perdurer. L’un d’entre
eux est la génération d’un renversement d’une seule ligne de champ directement dans
la couronne [Fisk and Kasper, 2020]. Avec la nécessité d’avoir une structure qui survit,
la condition suivante est la capacité à s’échapper de la couronne. La structure doit se
propager sur de grandes distances. Cela est possible dans le cas de lignes de champ
ouvertes, qui permettraient à la perturbation d’échapper à la couronne, alors que des
lignes de champ fermées l’en empêcheraient.

Parmi les processus qui pourraient être impliqués ici, il y a un consensus croissant
sur le rôle clé que jouent les événements énergétiques à petite échelle causés par la
reconnexion magnétique dans la création des conditions favorables pour la génération
de switchbacks. En effet, de nombreuses études solaires montrent que des événements
transitoires omniprésents sont capables d’éjecter de la masse et des ondes dans l’espace
interplanétaire [Raouafi et al., 2016]. Wang et al. [1998] ont montré que le plasma
est éjecté à une vitesse d’environ 250 km s−1 pour les jets polaires identifiés dans les
bandes EUV. Paraschiv et al. [2012] a estimé la masse moyenne éjectée qui pourrait
contribuer au flux lent du vent solaire. Dans Lee et al. [2014], des jets ont été simulés
dans une région de flux émergent et la propagation d’ondes d’Alfvén a été mise en
évidence dans la couronne à la suite d’un mouvement de détorsion de la structure.
Ces simulations sont étayées par des observations de flux atteignant la vitesse d’Alfvén
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locale dans le jet [e.g., Cirtain et al., 2007]. Les ondes pourraient évoluer pour aboutir
aux structures magnétiques observées par PSP. Cependant, cela n’a pas encore été
prouvé. La présente analyse a pour but d’apporter des contraintes sur les mécanismes de
génération en vue de trouver les précurseurs solaires des switchbacks, en se concentrant
sur les théories des événements transitoires à petite échelle.

La plupart des études visant à prouver l’origine solaire des switchbacks se sont
concentrées soit sur leurs propriétés in situ, soit sur la télédétection de leurs sources
solaires possibles. Le fait de se concentrer exclusivement sur les mesures de l’inversion
ou sur les phénomènes solaires limite la recherche de preuves concluantes, car cela
introduit un biais évident dans l’interprétation des données. La comparaison directe
entre les phénomènes éruptifs récurrents et les switchbacks est difficile. L’absence
de conclusions sur l’origine des switchbacks est principalement liée à la difficulté de
relier les événements transitoires mesurés in situ aux événements transitoires qui se
produisent dans la basse couronne.

Les difficultés viennent du fait qu’il existe des complexités inhérentes à ce type
d’étude qui compare l’entrée et la sortie d’un système complexe impliquant plusieurs
mécanismes physiques, chacun ajoutant une nouvelle couche d’incertitudes.

Les petits événements transitoires qui peuvent être observés dans les images EUV
au-dessus du limbe se mélangent rapidement avec les intensités de fond à de faibles
distances dans la couronne. Le contraste de densité plus faible se traduit par une
faible intensité dans les images.Actuellement, il n’existe aucun instrument qui nous
permettrait de suivre un événement éruptif à petite échelle jusqu’aux distances de PSP.
Les limitations sont dues aux faibles cadences et résolutions spatiales des instruments
couvrant une grande distance du Soleil, ainsi que le faible contraste en densité. Le
coronographe LASCO-C2, par exemple, fournit une image de la couronne entre 1,5 et
6 rayons solaires toutes les 20 minutes, avec une résolution spatiale de 23′′ par pixel.
Les échelles impliquées dans les événements éruptifs sont relativement plus petites et
ne seraient pas détectées dans les images du coronographe C2.

Nous devons alors nous appuyer sur des modèles du champ magnétique pour déter-
miner la connectivité du satellite avec la surface solaire. Cette approche de modéli-
sation est une source d’incertitudes qui pourrait avoir un impact sur les conclusions
des précurseurs de l’inversion. Certaines incertitudes peuvent être levées et incluses
dans le processus, ce qui est une exigence claire pour explorer l’hypothèse d’une source
d’inversion dans la basse couronne.

Les switchbacks sont omniprésents dans le vent solaire, et les événements qui pro-
duisent les conditions de leur génération devraient donc être aussi nombreux, voire
plus. Ils devraient également être générés tout au long du cycle solaire en l’absence
de régions actives et de larges trous coronaux. L’omniprésence spatiale et temporelle
des éruptions à petite échelle, c’est-à-dire des jets [e.g. Shibata et al., 1992; Raouafi
et al., 2016], la plupart provenant d’amas de boucles à petite échelle connues sous le
nom de CBP [Madjarska, 2019], en font les candidats les plus évidents pour créer des
switchbacks. Certaines études ont estimé le taux d’occurrence des CBP à 570 CBP
par jour sur le disque [Alipour and Safari, 2015]. On trouve des CBP dans toutes les
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régions de l’atmosphère solaire, y compris dans le QS, les CH et près de AR. C’est
l’une des raisons pour lesquelles les CBP sont étudiés dans la recherche de précurseurs
des switchbacks. Je me concentre donc sur les CBP et les événements éruptifs produits
à leur emplacement. Cette partie du travail a été réalisée en collaboration avec Maria
S. Madjarska, grâce à son expertise sur les CBP et les éruptions à petite échelle.

Afin de déduire l’emplacement de la source sur la surface solaire d’une mesure in
situ du vent solaire, l’une des méthodes les plus courantes est basée sur un processus ap-
pelé « back mapping » du vent solaire [e.g., Badman et al., 2020; Koukras et al., 2022].
L’étude de la connectivité est basée sur une méthodologie standard en deux étapes.
La première étape est une modélisation balistique suivant une spirale de Parker, avec
comme paramètre la vitesse du vent solaire. La deuxième étape est une modélisa-
tion magnétique, basée sur l’extrapolation du champ photosphérique. L’analyse de la
connectivité sera effectuée sur des intervalles dans les séries temporelles de PSP pour
lesquelles je peux récupérer des images co-temporelles de la surface solaire.

L’analyse initiale de toutes les périodes de corotation disponibles a révélé un résultat
inattendu majeur : une multiple connectivité avec les zones de source solaire en fonction
de la hauteur de la surface de la source. Dans la plupart des cas, plusieurs régions de
flux magnétique ouvert, telles que définies par le modèle PFSS, ont pu être connectées
au satellite. En outre, la méthodologie de connectivité standard a montré des limites
significatives, qui ont impacté notre analyse des événements transitoires à petite échelle
liés à l’ouverture locale du champ.

Je n’ai donc pris en compte que les quelques cas pour lesquels une connectivité
sans ambiguïté a pu être établie. J’ai observé un niveau d’activité similaire (jets et
switchbacks) en fonction de la taille du trou coronal connecté à PSP. Toutefois, je
n’ai pas trouvé de corrélation temporelle claire entre le nombre de jets provenant de
la région source et le nombre de switchbacks à PSP. La sélection des événements peut
avoir un impact notable sur les résultats, en fonction de la sous-région considérée et
de la capacité instrumentale à détecter certains jets. Enfin, les résultats peuvent être
influencés par notre compréhension limitée des processus évolutifs qui se produisent
pendant la propagation du vent solaire.

Les travaux futurs devraient se concentrer sur l’affinement de l’identification des jets
afin d’éviter les limitations de l’échantillonnage. Les problèmes de connectivité pour-
raient être résolus en utilisant des modèles d’extrapolation plus complexes et combinés,
tenant compte des petites échelles et de la nature transitoire des événements.

5.4 Résumé du chapitre 4 : Conclusions générales et per-
spectives

Le chapitre 1 traite de l’héliosphère, en mettant l’accent sur le Soleil en tant que
source d’énergie. Malgré des recherches approfondies, des mystères subsistent, comme
la couronne exceptionnellement chaude par rapport à la surface solaire et l’origine
du vent solaire. Le chapitre met en lumière la découverte de « switchbacks », des
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déviations magnétiques par rapport à la spirale de Parker, identifiés par une récente
mission solaire PSP. Ces déflections ont deux origines hypothétiques principales : la
génération in situ dans le vent solaire dans des conditions de plasma spécifiques, ou des
perturbations de la basse couronne dues à la reconnexion par interchange. Ce travail
a pour but d’étudier l’origine et la dynamique de ces déflexions dans le vent solaire.

Le chapitre 2 examine les frontières des switchbacks afin de déterminer leur capacité
à échanger de la masse et de l’énergie avec le vent solaire. Les frontières peuvent
être considérées comme des discontinuités MHD habituelles, avec les discontinuités
tangentielles et rotationnelles. La première orbite de PSP autour du Soleil a montré
des frontières avec des signatures proches des discontinuités tangentielles idéales, ce qui
suggère qu’il s’agit de structures fermées qui inhibent l’écoulement du plasma. Cela
leur permet potentiellement de persister sur de longues distances. Cette caractéristique
s’applique à tous les angles de déflexion, ce qui correspond à la nature autosimilaire des
switchbacks. Les résultats sont compatibles avec une origine solaire de ces structures,
bien qu’une formation in situ ne puisse être exclue.

Après les résultats du chapitre 2, le chapitre 3 présente l’étude de l’origine solaire
possible des switchbacks. J’explore l’hypothèse d’une source des switchbacks dans
la couronne inférieure en combinant des observations in situ et des observations par
télédétection, en utilisant une méthodologie rigoureuse pour relier les deux mesures.
En me concentrant sur deux intervalles pendant lesquels PSP était en corotation avec
le Soleil, je trouve un niveau d’activité correspondant entre les jets et les switchbacks,
en fonction de la taille de la région connectée à PSP. Je détecte également visuellement
des tendances similaires dans le nombre de jets provenant de la région source estimée
et le nombre de switchbacks mesurés par PSP. Cependant, aucune corrélation n’est
observée entre les séries temporelles des nombres d’événements. Si cette absence de
corrélation peut être liée à des incertitudes dans la connectivité et l’identification des
jets, elle peut aussi indiquer qu’il n’y a pas de relation entre les jets et les switchbacks.

Dans l’ensemble, cette thèse apporte une nouvelle compréhension de la capacité des
switchbacks à évoluer dans le vent solaire, mais montre les nouveaux défis à relever
pour relier les switchbacks au chauffage et à l’accélération du vent solaire. Elle montre
également que les modèles simples ne sont pas encore suffisants pour valider la théorie
d’une origine solaire des switchbacks, mais met en évidence la voie pour de futures
études afin de résoudre les sources d’incertitudes restantes, y compris la connaissance
limitée de la propagation des événements transitoires qui pourraient être résolus par
des simulations numériques, ainsi qu’une meilleure compréhension physique.
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Appendix A

Investigation on the EUV SWAP
data to track eruptive events

As part of the Guest Investigator Program organized by the PRoject for OnBoard
Autonomy 2 (PROBA-2) team at the Royal Observatory of Belgium, I collaborated
with the PI team of the SWAP (Sun Watcher using Active Pixel System detector and
Image Processing) telescope on ESA’s PROBA-2 mission to determine whether the
unique wide field of that instrument could benefit our studies. The PI team also have
knowledge of the processing of the data, with the best parameters to obtain the faint
coronal magnetic structures out of the EUV images.

I used images from a second instrument, SWAP on board PROBA-2. SWAP is
an EUV telescope designed to provide images of the solar corona. The passband is
centered at 174Å, and it images the corona at a cadence of about 2 min [Seaton et al.,
2013]. The instrument has a larger FOV, spanning 54′, than AIA, which covers 41′,
as shown in Figure A.1. That is interesting in this study, as I aim to track plasma
erupting from the Sun out to larger distances. The spacecraft can also point off the
disk center to capture plasma at even larger distances, 2-3 R⊙. That may allow for
the following structures to erupt from the Sun for a longer time. It could give some
insight into the possible connection of the eruptive events with PSP. The large FOV is
indeed an advantage that can allow tracking the densest part of those eruptive events
that escape the corona. The idea would not be to trace the structure back to PSP but
to understand the dynamics of magnetic structures in the corona. As highlighted in
Chapter 3, the ability of eruptive events to escape the corona is largely open question.
However, the interest of SWAP resides in the investigation of sources that would be
located at the limb. Here, the larger FOV would be directly interesting to follow the
density enhancement to larger distances, which would indicate their ability to escape
the corona.

It should be noted that the spatial resolution of SWAP is lower than AIA: a pixel
of SWAP corresponds to 3.16′′, compared to 0.6′′. Moreover, the more pronounced
degradation of the instrument may prevent the analysis of the faint events that I want
to investigate. The PROBA-2 spacecraft was launched in 2009.

I analyzed different eruptive events that we observed in AIA 193 images and had
the capacity to leave the corona. They served as test cases to show the possible use of
SWAP in this investigation. I applied different commonly used filters to enhance the
coronal structures off-limb. These included Wavelets Enhanced Whitening (WOW)
[Auchère et al., 2023], Noise Adaptative Fuzzy Equalization (NAFE) [Druckmüller,
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Figure A.1: SWAP extended FOV compared to AIA. Reproduced from West et al.
[2022].
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2013], Multi-Scale Gaussian Normalization (MGN) [Morgan and Druckmüller, 2014],
and a filter implemented in Sunpy [Community et al., 2020], which is based on a fit
of the intensity as a function of the radial distance to the Sun center. Over the limb,
the intensity decreases, but the linear fit in the linear-log space locally increases the
off-disk intensity.

The WOW filter implements filtering at all scales and locations using à-trous wavelet
transform. The power of the wavelet spectrum of the image is equalized. Then, it
results in output images with sharp contrast between structures. The filter is optimized
because it does not require one to set any parameter. The filter is also faster than the
more widely used MGN filter. The WOW filter can be used by nontrained users without
the need to adjust the filter for each image. For these reasons, I will mostly discuss the
WOW filter and compare it to the local filter implemented by the SWAP PI team. The
underlying principle of the WOW method is the equalization, or whitening, of power
in the à-trous wavelet spectrum of the input image at all scales and locations.

However, the conclusion from the tests is that only large and dense eruptive events
may be tracked to distances larger than the FOV of AIA. However, these eruptive
events are not the jets from CBPs I am considering. In that case, their size is relatively
small, and the density over the limb is small, so the intensity of the jet is highly difficult
to distinguish in the images. The SWAP images include a certain level of noise on the
off-limb part of the image. The different filters did not improve the identification.
Figure A.2 shows an example of the SWAP image processes with the WOW filter to
enhance off-limb structures. Large structures are visible but are rapidly undistinguished
at larger distances. I present in Figure A.3 a comparison of the same FOV at similar
times taken by AIA and SWAP. Both images are processed using WOW technique. It
clearly shows that, while SWAP FOV is larger, the structures are observed until the
same heights. The structures are better resolved with AIA than SWAP.

To conclude on the use of SWAP images to improve the investigation of the jets’
propagation, the opportunity of the larger FOV would not be an advantage due to the
low resolution of the instrument and the impossibility to retrieve the jet signals from
the background noise.
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Figure A.2: Implementation of the WOW filter on SWAP EUV images. Full disk view
and submap on a region with eruptive events. The background noise hides the signal
of the jet at relatively close distance to the Sun.

Figure A.3: Comparison of AIA and SWAP images taken at the same time. Both
images are processed with the WOW filter. AIA resolution is larger, which allows
following the jets to larger distances than SWAP despite the larger FOV of SWAP.
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Techniques to be implemented to
enable automation

B.1 Region growing attempt to refine an automatic detec-
tion

While the automatic detection of brightenings in EUV images is fast and convenient
to process automatically the cube, as presented in Section 3.4.3, it does not allow for
a full automatic analysis to count the number of jets. However, it is really complex to
move from the pixel identification to an event identification. Indeed, there is no easy
size or duration threshold for an identification to be a real eruptive event. From each
pixel identified, we could then use a region-growing algorithm1 to group neighboring
identified pixels into single event. To do so, I perform a Gaussian blur on the brightening
pixel image. Then, for each pixel detected inside a 2D shape, the region growing code
is used to obtain a 3D voxel, that correspond to the spatial and temporal identification
of the jet. That is performed until all pixels of the cube belong to a voxel. I retrieve
the largest area 2D cut in time to overlap it with the EUV images for context.

What is interesting about this technique is that it allows for a comprehensive esti-
mation of the influence of the area of the region considered for the counting of events.
Indeed, manual visual identification could be biased by the operator-set boundary lim-
its of the region to investigate. That has more impact when the CH connected to
the spacecraft is large, and the footpoint given by the connectivity procedure covers a
relatively large area. In that case, the source region considered for the counts of jets
should include all the uncertainties. That may be over (or under) estimating the area.
One would need to refine the area between different counting of the jest and study the
influence of the size of the included area. However, what becomes more complex is the
identification of real events compared to the trained operator visual identification. I
started with the determination of the minimal size of one eruptive event that would
not be considered noise. In the literature, the smallest eruptive events detected on AIA
193 are jetlets [Raouafi et al., 2023]. However, these are only observed at the base of
plumes, which is not the case for the events I investigate. The size of one pixel in AIA
is 430× 430 km2 or 0.6′′/pixel.

In our region-growing procedure, I would have to define a lower limit to consider
the pixels to form one single jet event. However, this would only be the first step in

1skimage.morphology.flood
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identifying the events. The limit is however, unclear, due to the possibility to include
events that are just brightenings and not jet. This explains why this type of analysis
was not performed in the main analysis presented in Chapter 3.

I tried to implement the region growing technique with a 5 pixels limit, that would
correspond to a minimal size of 3′′ but I realized that while the technique identifies
efficiently some jets, it appears to miss the largest eruptions, which are clearly visible
in the videos. Then, it would mean a double check of all videos to make sure no large
eruptions were missed. This is clearly not the goal of this attempted procedure.

After a trade-off between the possible gain of time to constraint such methodology,
with the necessity to combine it with ground-based observations not always available,
that would remove false detection compared to manual and visual identification of
individual eruptions, I decide to keep the manual process. Indeed, it is time-consuming
and has a risk of not reaching an improved and rigorous identification procedure.

B.1.1 Detection of recurrent jetting from the same CBP

When counting individual jets, I directly observe that some events are more complex
showing recurring jets from the same CBP, which could be mistaken for a single jet.
This has been observed before by Madjarska [2011] and Chen et al. [2015]. Visually,
it can become complex to count single events. That adds some complexity to the link
with the switchbacks as discussed in Section 3.6.

The idea here would be to resolve the number of jets per CBP. I tried to im-
plement a method that would allow for counting jets with successive eruptive events.
One possibility was to select an area in the EUV image that would include the CBP.
Then, I can compute the mean of the intensity in that area per frame. Ideally, peaks
should be observed when a jet occurs. In the case of recurring jets, the peaks could be
distinguished from each other.

I present in Figure B.1 an example with an event that occurred during the E15.
The area included in the mean computation is highlighted by the black rectangle. I
show the mean intensity computed over this region over the time dimension of the data
cube in Figure B.2. No clear peak is striking above the background, and I visually
find more than two jets. The method could be implemented for future studies, but
this shows directly the level of difficulty that one would face when investigating such
procedure. It may be necessary to define clearly the background to allow for a higher
variability in the intensity. It could be combined with the brightening identification
code I presented above, which is mainly based on a local background estimation. As
the code is developed per pixel, some changes would then be necessary. It is not applied
in the analysis presented in Chapter 3, as the visual identification is better performed
and more time efficient.

B.1.2 Perspectives on the techniques

Both techniques presented here could be potential solutions to resolve some of the
uncertainties in the jet’s identification and allow us for automatic detection. However,
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Figure B.1: Example of an event with recurring jets. The black rectangle corresponds
to the area considered for the intensity analysis.

Figure B.2: Mean intensity over the region presented in Figure B.1. The x-axis is the
frame number in the data cube. The y-axis represents an intensity value. The peak at
the 120 frame is a jet, but the previous jet is not distinguished above the background.
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it is still clear that this is not easy to implement and would require further investigation.
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C.3 Posters
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Nina BIZIEN
Évolution et Sources des Switchbacks Observés dans le Vent Solaire

Résumé :
Les observations récentes de la sonde Parker Solar Probe (PSP), lancée en 2018, apportent des données inédites sur l’origine
du vent solaire. L’objectif scientifique de la mission est de révéler les mécanismes physiques au plus proche du Soleil qui
seraient reliés à deux questions fondamentales, le problème du chauffage et de l’accélération du vent solaire. La mission a
révélé l’omniprésence de déflections soudaines du champ magnétique du vent solaire, les « switchbacks ». Ces structures, qui
se propagent à la vitesse d’Alfvén, pourraient être à la source de transferts d’énergie qui répondraient à ces questions. À ce
jour, leur origine ainsi que leur capacité à survivre dans le vent solaire restent à élucider.
Je vais présenter le travail accompli durant cette thèse dans le but de comprendre l’origine et l’évolution des switchbacks à
partir de mesures in situ du champ magnétique ainsi que de observations par télédétection. Dans un premier temps, je me
concentre sur la nature des frontières des switchbacks, qui sont l’intervalle pendant lequel se produit la majeure partie de la
déviation du champ magnétique. En raison de la complexité de la structure 3D de ces frontières, leur analyse nécessite la
définition d’une nouvelle méthodologie. Je montre que leur nature correspond à des structures fermées. Ce nouveau résultat
suggère que l’érosion des switchbacks est plus faible que prévu. Cela pourrait expliquer leur présence à de grandes distances du
Soleil. Ce résultat est aussi compatible avec une origine des switchbacks dans la basse atmosphère du Soleil, ce qui motive la
seconde partie de ma thèse, qui se concentre sur l’origine des switchbacks. Il existe plusieurs hypothèses non-exclusives quant
à leur origine. Cependant, il y a actuellement un consensus sur le rôle joué par de petits événements de reconnexion dans
la basse couronne du Soleil dans la création des conditions nécessaires à la génération des switchbacks. Cette hypothèse n’a
pas encore été confirmée, en raison de la difficulté de connecter les événements transitoires dans la couronne aux structures
se propageant dans le vent solaire. L’objectif de cette étude est d’établir, statistiquement et à partir d’observations, si des
jets de points brillants coronaux localisés dans des trous coronaux peuvent être des précurseurs des switchbacks observés in
situ par le satellite. Bien que cette étude soit la plus détaillée à ce jour, les résultats ne montrent pas de corrélation claire.
Différentes raisons sont envisagées pour l’expliquer. Les modèles établis ne seraient pas suffisamment précis pour étudier les
petits évènements éruptifs ce qui nécessiterait une analyse plus fine de la configuration magnétique dans la basse couronne.
Les résultats pourraient aussi être influencés par notre compréhension limitée des processus évolutifs qui se sont déroulés au
cours de la propagation du vent solaire. L’étude d’un éventail plus large d’événements éruptifs et non limité aux jets pourrait
aussi être nécessaire pour identifier les événements précurseurs des switchbacks.
Mots clés : Vent solaire, Couronne solaire, Parker Solar Probe, Switchbacks

Evolution and Sources of Switchbacks Observed in the Solar Wind
Abstract :
Recent observations by the Parker Solar Probe (PSP) mission, launched in 2018, provide new clues on the origin of the
solar wind. The scientific goal of the mission is to reveal the physical mechanisms closest to the Sun that are linked to two
fundamental and unresolved questions, the problem of heating and acceleration of the solar wind. The mission revealed the
ubiquity of sudden deflections of the solar wind’s magnetic field, known as switchbacks. These structures, which propagate at
the Alfvén speed, could be the source of energy transfers that answer these questions. Their origin and their ability to survive
in the solar wind have yet to be elucidated.
The work carried out in this thesis aims to understand the origin and evolution of switchbacks based on both in situ magnetic
field measurements and remote sensing observations. First, I focus on the nature of switchback boundaries, the intervals that
include most of the magnetic field deflection. Due to the complex 3D structure of these boundaries, their analysis requires
the definition of a new methodology. I show that the nature of the boundaries corresponds to closed structures, which is
a new result. This has an implication on the propagation of switchbacks, as the results suggest that their erosion may be
much slower than expected. This, in turn, may explain why we observe switchbacks far from the Sun. The results are also
compatible with an origin of switchbacks that is rooted in the lower solar atmosphere, which motivates the second part of
my thesis. There are various non-exclusive hypotheses as to the origin of switchbacks, including an origin in the Sun’s lower
atmosphere. Nevertheless, there is currently a consensus on the role that small reconnection events play in the Sun’s lower
corona in creating conditions for generating switchbacks through magnetic reconnection. This hypothesis has yet to be verified
due to the difficulty of relating transient events in the corona with structures propagating in the solar wind. The aim of this
study is to establish, statistically and through observations, whether jets from coronal bright points located in coronal holes can
be precursors of switchbacks. Although this study is the most detailed approach to date, the results show no clear correlation.
Different reasons are considered. The implemented models would not be precise enough to study the small-scale eruptive
events, that would require a finer analysis of the magnetic topology in the lower corona. Evolutionary changes during solar
wind propagation could affect our findings. It could also mean that a wider range of eruptive events, not just jets, might be
the precursors of switchbacks.
Keywords : Solar Wind, Solar Corona, Parker Solar Probe, Switchbacks
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