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Abstract

The Sun has a profound influence on our planet, not only through the day/night
cycle, but also through its activity, which is strongly related to coronal mass
ejections (CMEs). They are massive blowouts of solar plasma and magnetic
field that may reach Earth and produce perturbations of our planet’s magnetic
field (geomagnetic storms), aledting electrical systems, radio communications,
satellites and the health of astronauts. One way of mitigating the risks to
human health and infrastructure is by forecasting the arrival of these CMEs
at Earth. The forecast can improve by a more profound understanding of how
CMEs are triggered, how they erupt and propagate into interplanetary space,
and how they interact and change during their journey away from the Sun.

There are some particular classes of eruptions that already make this forecast
more di Ccult. The decision whether a CME is headed towards or away from
Earth is based on its source location on the Sun, which is indicated by solar
features associated with the CME, usually seen shortly before or after its
expulsion. If those are not present on the visible side of the Sun, the CME
is assumed to erupt from the back side of the Sun, as seen from Earth, and
propagate away from Earth, and thus is excluded from forecasting. This well
defined criterion can be misleading in the case of ‘stealth’ CMEs, which lack
these usual signatures, and can therefore trigger a geomagnetic storm without
them even being considered as possible candidates. The forecast of a potential
upcoming geomagnetic storm is challenging also in the case of consecutive
CMEs, which erupt in close time spans one after the other. If multiple CMEs
are directed towards Earth, they are prone to interact with each other and with
the environment, changing their structure significantly and making their e [edt
on our planet challenging to predict.

This study aims to combine observational and numerical methods to investigate
stealth and consecutive CMEs and determine the processes that trigger them.
We analyze their evolution during propagation in interplanetary space and their
geomagnetic e [edts, in order to improve the forecast.



\% ABSTRACT

The manuscript begins with an introduction to the solar-terrestrial environment
in Chapter 1, describing the structure of the Sun, coronal mass ejections and
the ways in which they a[edt our planet. Chapter 2 gives an overview of the
numerical methods used to simulate CMEs and the theory that lies at their
foundation. We present the MPI-AMRVAC code we use in our simulations, as
well as the basis for the analysis of forces performed on them.

We begin our study in Chapter 3 where we numerically investigate the influence
of dilerknt triggering motions on the initiation of two consecutive CMEs.
We find that changes within 1% in the shearing speed result in three di [erent
scenarios for the second CME, although the preceding eruption seems una [edted
by such small variations. We thus obtain as second ejection a failed eruption,
a stealth ejecta, or a CME driven by the imposed shear. We also compare all
simulated eruptions with an observed event and achieve a good correlation for
two of the cases (with a stealth and without). Lastly, we use Poynting flux
analysis to reveal the temporal variation of the important eruption.

In Chapter 4 we simulate the CMEs propagating into a faster background
solar wind as compared to that presented in Chapter 3, which is a slow wind.
In the cases of Chapter 3, plasma blobs arise in the trail of eruptions, but
not in the faster wind. The two previously mentioned cases (one with a
stealth and one without) also fit the observed event at 1 AU, highlighting
the important contribution of the interactions CMEs are subjected to during
their propagation in the interplanetary space. We also calculate the Dst
index of the simulated eruptions, which is a good indication of their e [edt on
Earth. The Dst computation results in a reduced geoe [edtiveness in the case
of consecutive CMEs when the flux ropes arrive with a leading positive B,.
When B is reversed, the geoe [edtiveness increases, meaning that the magnetic
reconnections with the trailing blobs and eruptions strongly a[edt the impact
of the arriving interplanetary CME.

Chapter 5 provides a thorough analysis of the forces governing the dynamics
of the previously simulated eruptions. We explain the formation of the stealth
ejecta and of the plasma blobs occurring in the aftermath of solar eruptions. We
also address the dynamical di Lerences between two CMEs obtained through the
same triggering boundary motions, which we attribute to the slightly modified
magnetic configuration obtained by changing the background solar wind. The
thermal pressure gradient revealed a shock in front of all these slow eruptions,
formed during their propagation to 1 AU. A double peaked magnetic pressure
gradient indicates that the triggering method a [edts the structure of the CMEs,
and that a part of the adjacent coronal structure is ejected along with the CME.

Finally, in Chapter 6 we present some concluding remarks and a summary of
the results obtained in this thesis.



Beknopte samenvatting

De zon heeft een diepgaande invloed op onze planeet, niet alleen via de dag/nacht
cyclus, maar ook door haar activiteit, die sterk samenhangt met coronale massa-
uitbarstingen (CMEs). Dat zijn enorme wolken van zonneplasma en magnetisch
veld die de aarde kunnen bereiken en haar magnetische veld verstoren (geo-
magnetische stormen), met impact op elektrische systemen, radiocommunicatie,
satellieten en de gezondheid van astronauten. De risico’s voor onze gezondheid en
infrastructuur kunnen we beperken door de aankomst van CMEs te voorspellen.
Deze voorspellingen kunnen verbeteren door een diepgaander begrip van hoe
CMEs ontstaan, uitbarsten en zich voortbewegen door de interplanetaire ruimte,
en hoe ze met elkaar interageren en veranderen op hun reis weg van de zon.

Speciale uitbarstingen maken de voorspellingen nog moeilijker. Uitmaken of
een CME naar de aarde toe of ervan weg beweegt, is gebaseerd op de locatie
waar hij ontstaat, bepaald door waarnemingen van zonneactiviteit gelinkt aan
de CME, kort voor of na de uitbarsting. Zonder tekenen aan de zichtbare kant
van de zon, wordt aangenomen dat de CME aan de achterkant is uitgebarsten,
zich wegbeweegt van de aarde, en dus niet moet worden opgenomen in de
voorspellingen. Dit duidelijk criterium kan misleidend zijn in het geval van
‘stealth’ CMEs, waar deze tekenen op het zonsoppervlak ontbreken, en die zo
een geo-magnetische storm kunnen ontketenen terwijl ze daar niet eens voor in
aanmerking lijken te komen. Het voorspellen van een geo-magnetische storm
is ook uitdagend in het geval van CMEs die elkaar in een Kkorte tijdsspanne
opvolgen. Indien meerdere CMEs richting aarde gaan, is het waarschijnlijk dat
ze met elkaar en hun omgeving interageren, waardoor hun structuur grondig
kan wijzigen en hun e [edt op onze planeet moeilijk te voorspellen valt.

Dit onderzoek combineert observationele en numerieke methodes om stealth
en opeenvolgende CMEs te bestuderen en de processen te bepalen die een
uitbarsting op gang brengen. We analyseren hun evolutie terwijl ze door de
interplanetaire ruimte razen alsook hun geo-magnetische e [edten, om zo de
voorspellingen te verbeteren.



Vi BEKNOPTE SAMENVATTING

Na een inleiding op het systeem zon-aarde in Hoofdstuk 1 - waarin de structuur
van de zon, CMEs en hun invloed op aarde aan bod komen -, beschrijft Hoofdstuk
2 numerieke methodes waarmee we CMEs modelleren en de theorie aan de basis
ervan. We stellen de MPI-AMRVAC code voor die we gebruiken voor onze
simulaties, en ook de theorie van de krachtenanalyse die we erop uitvoerden.

In Hoofdstuk 3 onderzoeken we eerst numeriek de invloed van verschillende
bewegingen op het uitlokken van twee opeenvolgende CMEs. We vinden
dat variaties binnen 1% van de snelheid van de schuivende bewegingen, drie
verschillende scenario’s voor de tweede CME opleveren, ook al lijkt de eerste
ongevoelig voor deze kleine verandering. We bekomen zo als tweede CME
een mislukte uitbarsting, een stealth ejecta, of een CME aangedreven door de
opgelegde schuifbeweging. We vergelijken ook alle gemodelleerde CMEs met
een waargenomen uitbarsting en vinden een goede correlatie voor twee van de
gevallen (met een stealth, en zonder). In een laatste stap analyseren we via de
Poynting flux de tijdsvariatie van de belangrijkste fases van de uitbarstingen.

In Hoofdstuk 4 simuleren we de CMEs terwijl ze door een snellere zonnewind
dan in Hoofdstuk 3 razen. In de scenario’s van Hoofdstuk 3 vormen zich plasma-
ophopingen in het kielzog van de CMEs, maar niet bij de snellere wind. De
scenario’s met en zonder stealth stemmen ook overeen met de waargenomen
CME op een afstand van 1 AU, wat het belang benadrukt van de interacties
die CMEs ondergaan tijdens hun reis door de interplanetaire ruimte. We
berekenen ook de Dst index van de gesimuleerde CMEs, een maatstaf voor
hun e[edt op aarde. De Dst toont verminderde geo-magnetische e [edten bij
opeenvolgende CMEs wanneer de magnetische structuur toekomt met een
positieve B, vooraan. Wanneer we het teken van B, omdraaien, nemen de
geo-magnetische e [edten toe, wat toont dat de magnetische reconfiguratie met
de achtervolgende plasma-ophopingen en uitbarstingen een sterke invlioed heeft
op de impact van interplanetaire CMEs.

Hoofdstuk 5 brengt een doorgedreven analyse van de krachten die de dynamica
van de gesimuleerde CMEs beheersen. We verklaren hoe stealth ejecta en
plasma-ophopingen in het kielzog van CMEs ontstaan. We illustreren ook de
verschillende dynamica van twee CMEs, aangedreven door identieke bewegingen,
aan de hand van hun iets andere magnetische configuratie die werd bekomen
door de zonnewind in de achtergrond te wijzigen. De gradiént van de thermische
druk vertoont een schok aan de voorkant van al deze trage CMEs op weg naar
1 AU. Een dubbele piek in de gradient van de magnetische druk wijst erop dat
de manier van ontstaan de structuur van de CME beinvloedt, en dat een deel
van de naburige coronale structuur samen met de CME is uitgebarsten.

We eindigen in Hoofdstuk 6 met afsluitende opmerkingen en een samenvatting
van de resultaten van deze thesis.
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Chapter 1

Introduction to the Sun-Earth
system

| must not fear.
Fear is the mind-killer.
Fear is the little-death that brings total obliteration.
| will face my fear.
| will permit it to pass over me and through me.
And when it has gone past
I will turn the inner eye to see its path.
Where the fear has gone there will be nothing.
Only | will remain.
Bene Gesserit Litany Against Fear, Dune

Summary

This Chapter provides an introduction to the solar-terrestrial environment and
the key concepts lying at its basis. We begin our journey with a description
of the Sun and its structure, from the interior all the way to its atmosphere
in the interplanetary space and the solar wind. We continue by presenting the
important solar transients that erupt from the Sun and travel through the solar
wind medium, called coronal mass ejections. Their drivers, formation of the
associated ux rope, eruption and propagation are discussed, as well as their
potential e ects on Earth's magnetosphere and on our infrastructure.



2 INTRODUCTION TO THE SUN-EARTH SYSTEM

1.1 Structure of the Sun

The Sun is the star that lies in one of the focal points of our planet's orbit,
not only fueling life, but making it thrive. Despite being the only known star
with critters running around it, it is a rather common and average G2V-type
star, close to the middle of the main sequence of the Hertzsprung-Russell
diagram. This location also implies that the Sun has an absolute magnitude of
4.74 (apparent magnitude of -26.7), and a surface temperature 8778 3 K
(Stix 2002). Considered a yellow dwarf due to its dominant emission in the
visible spectrum, it has a mean density 0f1:408g cm 2 and a mass oM =
1:9889 0:0003 10° kg, accounting for 99.86% of the mass of the solar system.
The Sun also has a radius oR =6:957 10° m, which is 109 times larger
than that of Earth. The mean distance to our planet is 149597870 2 km or
one Astronomical Unit (AU), taking light approximately 8.3 min to reach us
(e.g. Stix 2002; Cox 2002).

The non-solid nature of the Sun imposes uneven rotational periods depending on
the latitude. The equator takes 25 days to make a full rotation, while the poles
rotate slower, over 35 days. This uid property is called di erential rotation.

Our star is composed of two main regions, the interior and the atmosphere,
which will be described in more detail in the following subsections.

1.1.1 Solar interior

Inside this giant yellow, almost perfect ball of plasma, there is a three-layer
structure, starting from the center: the core, the radiative zone and the
convection zone(Figure 1.1).

The light that takes a few minutes to reach our planet once it escapes the Sun
is created inside the core, where thermonuclear fusion takes place. Here, the
extreme temperature (15 million K) and density (151 g cm 2) combine hydrogen
nuclei (protons) into helium, releasing massive amounts of energy in the process,
in the form of gamma rays, positrons, neutrinos and kinetic energy. Even though
this mechanism burns up the Sun's hydrogen, which now represents 92% of the
solar mass, it is still expected to have enough fuel for 5 more billion years,
until its full exhaustion. The high-energy radiation (gamma rays) is transported
outwards through the next layer, the radiative zone, which extends from 0.25
R to 0.7 R . The high density of this zone makes the radiation created in
the core follow a “drunkard's walk' (‘'random walk"), hitting the surrounding
medium and changing direction every centimeter, or even less. In this process,
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Figure 1.1: The solar structure (interior and atmosphere) from the core to the
corona. Credits: National Aeronautics and Space Administration (NASA).

Figure 1.2: Diagram of the evolution in time of the Sun's magnetic eld due
to the solar dynamo. It evolves from poloidal eld during solar minimum (left
panel) to multipolar toroidal eld during solar maximum (right panel). Credits:
Higgins (2012).
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the gamma rays created in the core are absorbed by the surrounding atoms and
re-emitted, transforming into lower-energy photons.

The thin spherical shell between the radiative zone and the convection zone is
called the tachocline, where the energy transport method switches due to the
sudden drop in density and temperature. Intuitively, the dominant process in
this nal layer of the solar interior becomes convection, as opposed to radiation
in the deeper layers of the Sun. Within the last 0.3R , the convection zone
cools down from a few million Kto 6000K at the surface of the Sun. The hot
plasma at the bottom of this layer becomes buoyant and raises to the surface,
where it decreases its temperature. As it cools down, it becomes denser and
begins to descend towards the bottom of the layer. The process is repeated,
creating convection cells and transporting the energy to the surface. The top
of these convection cells can be observed on the Sun's surface and are called
granules They usually have a diameter of about 1500 km and can last from 8
to 20 minutes before dissipating. The grainy appearance of the Sun provides a
solid con rmation of the fact that these convective motions do take place in the
outer layer of the Sun. The 8 minute journey of the photons towards our planet
can nally begin, almost 1 million years after their creation in the core of the
Sun, due to their random walk inside the Sun.

These convective motions in combination with the di erential rotation comprise
the solar dynamo, which is the currently accepted model for the physical process
that creates the Sun's magnetic eld. Initially, a bipolar poloidal eld is created,
just like that of a magnet, and this con guration roughly represents the magnetic
structure of the Sun depicted at minimum of solar activity (left panel of Figure
1.2). Over time, the faster rotating equator drags the magnetic eld with it,
twisting it and creating at maximum of solar activity the multipolar structure
seen in the right panel of Figure 1.2. This toroidal magnetic eld continues
to recon gure and to create local dipoles, until the polarity of the pole in one
hemisphere is no longer dominant. This leads to a global switch of the magnetic
polarity, as well as a relaxation to the initial poloidal con guration. One of
these polarity reversals de nes the 11-year solar activity cycle, and two of them
form a full magnetic cycle of the Sun.

1.1.2 Solar atmosphere

The solar atmosphere consists of four very di erent layers (Figure 1.1): the
photosphere the chromosphere the transition region (the location varies and is
therefore not shown in the gure) and the corona, starting from the visible surface
of the Sun. The main di erences lie in two physical properties, temperature
and density, as seen in Figure 1.3.
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The rst and the only visible layer of the solar atmosphere in white-light is
the photosphere (left panel of Figure 1.4). It represents the surface of the Sun
because of its opacity that blocks the solar interior from view, and it is only 400
km thick. The dark areas seen on the disk of the Sun on the left panel of Figure
1.4 are calledsunspots and are regions where strong magnetic eld emerges on
the solar surface. This inhibits the convective process, preventing hot plasma
to rise and keeping the top part cooler ( 4500 K), which is why sunspots look
darker in comparison with the rest of the photosphere. The number of sunspots
is also strongly correlated with the solar activity cycle, since they lie at the base
of large loops of strong magnetic eld that, taken as an entire system, create
active regions (ARs, see below). The loops emerging from the convection zone
are bipolar (right panel of Figure 1.2), therefore sunspots usually appear in
pairs of two, carrying a north and a south magnetic pole respectively, similar
to a bar magnet. This is, of course, the simplest magnetic con guration, but
other more complicated ones are also present and quite frequently encountered,
especially during maximum of solar activity.

The sunspot number (SSN, Clette & Lefévre 2016) is de ned ak(10 G+ S),
with G being the number of sunspot groups, andS the number of individual
sunspots. The variablek is a factor that accounts for di erences that occur
due to the observations being made by dierent persons or with di erent
instrumentation and in varying atmospheric conditions. The sunspot number
was initially introduced by Rudolf Wolf in 1848 (Wolf 1848), and his original
measurements are archived in the database of the heritage group of the Swiss
Rudolf Wolf Society . Currently, the international sunspot number is recorded
and provided by the World Data Center for the International Sunspot Number,
located at the Royal Observatory of Belgium?2.

The temperature increases slowly in the next layer of the solar atmosphere from
6000 K at the edge of the photosphere, to about 20 000 K at the top of the
chromosphere Because the density continues to drop, as seen in Figure 1.3,

this layer is very faint, almost transparent. Thus, it can only be seen during
total solar eclipses when the Moon blocks the huge amount of photospheric
light or with special Iters. Then it appears as a red narrow band around the
Sun, hence its name (from Ancient Greek, “ball of color'). Some features and
phenomena observed in this layer arelaments, prominences plagesand ares.
Prominences are structures that can be observed as huge arches rising above
the solar disk and are made of cool and dense plasma, an example being shown
in the top right edge of the Sun in Figure 1.4 (middle panel). Filaments and
prominences represent the same phenomena, the di erence being solely visual.
If the background on which they are projected is the solar disk, they are labeled

Lhttps:/iwww.wol nstitute.ch/
2https:/iwww.sidc.be/silso/
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Figure 1.3: Schematic of the mean temperature and density variation with the
increasing height above the solar surface, simulated with the Vernazza-Avrett-
Loeser model (Vernazza et al. 1981). Credits: Priest (2014).

laments and they are seen through absorption. If they are projected o -limb,
they are called prominences and are seen in emission. Filaments are seen as
long, thin and dark threads, and one of them is visible to the right of the center

of the Sun in the middle panel of Figure 1.4. They usually lie at the boundary
between two large regions of opposite magnetic polarity, called aeutral line.
Filaments and prominences can remain in a quiet state for days or even weeks,
but if the equilibrium is broken, they can erupt over the course of minutes or
hours.

The transition region is located between the relatively cool chromosphere and
the very hot corona and is an extremely thin layer. This region exhibits
sudden changes in temperature and density, as seen in Figure 1.3, but it is
also a highly dynamic and non-uniform layer. Going outwards, the density
decreases continuously through the photosphere and the chromosphere, while
the temperature rst drops then rises again. In the transition region, on the
other hand, the density drops suddenly and the temperature rises abruptly from
the 20 000 K of the chromosphere up to the several millions K of the corona.
The light emitted by this region is in ultraviolet, which can be seen only from
outside Earth's atmosphere, because it is absorbed by the ozone, water vapors,
oxygen and carbon dioxide in our atmosphere.
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Figure 1.4: Observations of the solar atmosphere taken on 25 January 2014 by
the Atmospheric Imaging Assembly (AlA) instrument onboard Solar Dynamics
Observatory (SDO). The imaged layers of the solar atmosphere are the following,
from left to right: photosphere (4500 A, 6000 K), chromosphere (304 A, 50 000
K), and quiet corona (171 A, 1 million K).

The solar corona (Latin for “crown") is the fourth and nal layer of the solar
atmosphere, the hottest, and because of this, it is also the most intriguing and
controversial. The temperature of this region can vary from one to two million

K and can even reach temperatures of 10 million Kelvin in ARs. This layer is
dominated in the lower regions by the magnetic eld and the plasma is frozen
to the eld lines, and not the other way around as will be discussed later on.
The white light corona can be seen during total solar eclipses or by using an
instrument called a coronagraph, which blocks the photospheric light, enabling
us to see the much fainter corona. The coronagraph was invented in 1930 and
ever since we can observe the corona without the need of an eclipse (Lyot 1939).
During the 11 years solar activity cycle, the appearance and the structure of
the corona change drastically. At minimum of solar activity (left panel, Figure
1.5), when the number of sunspots is small, the corona has an organized plasma
structure that re ects the magnetic eld con guration. There are humerous
radial open structures over the poles and loops at low latitudes below a denser
“streamer belt', which is stretched along the equator. On the other hand, at
maximum solar activity (right panel, Figure 1.5), this atmospheric layer presents
multiple streamers and lack of clear regions of open eld over the poles.

The search for the explanation of the high coronal temperature led the
scienti c community to propose two main classes of mechanisms. The rst
involves magnetic waves formed in the highly turbulent convection zone.
As they propagate outwards, they get damped and transfer their energy
to the environment (the corona) by heating it. The second mechanism is
magnetic reconnectionin a multitude of current sheets. The notion of magnetic

reconnection was initially introduced by Peter Alan Sweet in 1958 as a process
which facilitates the release of magnetic energy through changes in eld
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Figure 1.5: Photographs of the solar corona and of the Moon during total solar
eclipses, on 2 July 2019 (solar minimum, left panel) and on 20 March 2015
(solar maximum, right panel). The polar plasma captured in the nearly radial
magnetic eld can be clearly seen in the left panel polar plumes, as well as the
equatorial streamer belts due to the neatly organized solar corona. Credits: M.
Druckmuller and P. Aniol. On the right side, the corona is omnidirectional and
not as structured around poles and equator. Several prominences can be seen in
the top left corner, just outside the edge of the Moon. Credits: M. Druckmiller,

S. Habbal, P. Aniol and P. 'tarha.

connectivity (Sweet 1958). When two regions of oppositely oriented magnetic
eld are pushed together, the nearly parallel eld lines break and recombine with
their counterparts at so called X-type null points, or simply X-points (where the
magnetic eld is approximately zero). Magnetic energy is converted into kinetic
and thermal energy, accelerating plasma in the perpendicular direction to the
original motion of the eld lines and heating up the ambient solar atmosphere.
These are just two of the suggested mechanisms, but a comprehensive list of
coronal heating theories has been compiled by Cranmer & Winebarger (2019).

The solar corona has three components:

K corona (Continuum corona, white-light) it is caused by scattering
of the light emitted in the photosphere by free electrons in the corona
(Thomson scattering); there is a strong correlation between the structure
of the K corona and the magnetic eld of the Sun, therefore this component
of the layer di ers with the change of solar activity (Stix 2002). It is
dominant within 2.3 R , and its intensity is proportional to the electron
density (Priest 2014);

F corona (Fraunhofer corona, white-light) it is caused by the scattering
of the sunlight on dust particles in space and it dominates the white-light
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signal beyond 2.5R ;

E corona (Emission corona) it spans a very wide spectrum (from radio
waves to X-rays) and it is composed of solar corona emission lines.

Coronal holes coronal loops coronal streamers active regions, and coronal
mass ejectionsrepresent some of the most important features observed in this
extremely hot layer.

Coronal holes (seen at the South pole in Figure 1.1) are among the most "quiet'
regions of the Sun and also the darkest, being cooler ("only' 1 million K, Cox
2002) and less dense than the ambient corona. They are correlated with the
expanding open magnetic eld lines and they represent the commonly accepted
origin of the fast solar wind (Subsection 1.1.3). The magnetic eld in coronal
holes is usually unipolar and more uniform than in other solar regions. Their size,
number and location vary depending on the solar cycle (Cranmer 2009). During
solar minimum, they are larger and mostly located in polar regions due to the
well organized bipolar structure of the Sun. At maximum solar activity they
are found mainly at lower latitudes, and a recent study of their evolution over
three solar cycles showed that they also exhibit di erential rotation, contrary
to their previously observed rigid rotation (Hewins et al. 2020).

Active regions represent the extended magnetic eld structures from the
photosphere up to the corona, emitting in a wide variety of wavelengths from

-rays to radio. They are usually associated with strong magnetic ux (kG) and
can be seen as the coronal counterpart to sunspots (e.g., van Driel-Gesztelyi
& Green 2015). Active regions are hotter than the surrounding corona and
they have a high concentration of magnetic eld, with large amounts of stored
magnetic energy created from shearing motions and ux emergence. In the
photosphere, the manifestations of ARs and therefore of strong magnetic eld
are represented by sunspots. Going up into the chromosphere, the evidence of
ARs are bright areas called plages. In the nal layers of the solar atmosphere,
the transition region and the corona, these features can be observed under the
form of coronal loops which connect the opposite magnetic polarity regions,
but can also contain open eld structures. Active regions are fairly unstable
features and are the origin of most eruptive solar events such asoronal mass
ejections and ares, which are discussed further on in Section 1.2.

Coronal streamers (e.g., Rachmeler et al. 2014) are bright, white-light extended
radial structures with a helmet like-shape in the inner part. They usually overlie
coronal loops anchored in two regions of opposite magnetic polarity, that are
being dragged outwards by the constant out ow of solar plasma (solar wind).
Because of their closed nature at the base, plasma trapped in those underlying
loops can be released into the heliosphere when reconnection with the nearby
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open eld lines occurs (Kallenrode 2004). This process gives rise to thelow
solar wind, as compared to the plasma from coronal holes that can freely escape
into the interplanetary space due to the open magnetic con guration, giving
rise to the fast solar wind. During solar minimum, coronal streamers can be
seen mostly around the equatorial plane (left panel of Figure 1.5), since the
magnetic poles are more clearly delimited and organized in this period. During
maximum solar activity, they can be seen at almost any latitude, even at the
poles (right panel of Figure 1.5). Pseudo-streamers are very similar structures,
formed of closed loops in the lower corona that overlie two (or an even number
of) polarity inversion lines, the extended magnetic domains having the same

polarity.

1.1.3 Solar wind

The tremendous temperatures of the solar corona create a non-equilibrium
state and make it expand outwards, forming thesolar wind. This represents a
continuous, yet variable in space and time, ow of particles from the Sun into
the interplanetary space. The Sun lose® 10 *M yr 1 through this process
(Cohen 2011). The extension of the solar magnetic eld into the interplanetary
space bears the name dhterplanetary magnetic eld (IMF), and carries the sign
of the photospheric polarity. It is highly dependent on the solar activity cycle,
and at minimum it presents as an organized bipolar structure overlying the
equatorial streamer belt and a global neutral line (where the polarity changes
sign). The interplanetary extended boundary between the open eld lines of
opposite magnetic signs creates théeliospheric current sheet(HCS), seen in
Figure 1.6. It is also present during solar maximum, but it has a more irregular
shape due to the large number of coronal streamers and active regions appearing
on the solar disk. The HCS is said to resemble a ballerina skirt because of the
magnetic eld that gets dragged along with the rotating Sun, and due to the
misalignment of the magnetic and rotating axes (left panel, Figure 1.6).

Historically, in 1691 the interplanetary medium was thought by the scientist
Robert Boyle to be some sort of vacuum called sether, which was lling all
space and was transmitting light and heat without interfering with the motion
of bodies through it. This notion was challenged in 1955 by Ludwig Biermann,
who proposed a continuous stream of charged particles ("continuous corpuscular
emission™) being emitted from the Sun, in order to explain changes in the
orientation of comet tails (Biermann 1952, 1955). Only three years later,
Eugene Parker proposed the rst mathematical description of the solar wind
(Parker 1958) based on Biermann's theory of a radial, continuous, outward
stream. The key components were outward ows of non-rotating and isothermal
plasma from the Sun, which accelerated to supersonic speeds within a fel/ .
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Figure 1.6: Left: The shaded area is the heliospheric current sheet, lying between
open eld lines of opposite magnetic polarity. Underneath it there are closed

magnetic loops anchored on both ends on the Sun. The rotation axis of the
Sun does not match the magnetic N-S axis. From Smith (2001). Right: 3D

visualization of the heliospheric current sheet resembling a rotating ballerina

skirt, extending throughout the solar system.

In 1959, just one year after Parker's theory, the Soviet satelliteLuna 1 proved
the existence of the solar wind by takingin situ measurements during its journey
to the vicinity of the Moon. As opposed to remote-sensing images, in situ data
are taken at the location of the spacecraft, measuring the parameters of the
environment through which the instruments pass. Throughout the following
decades, several other spacecraft have been launched in the search for more
information regarding the interplanetary medium. Parker's supersonic expansion
of the corona was proven in the early 1960's by the measurements taken by two
NASA spacecraft, Explorer 10 and Mariner 2 (Bonetti et al. 1963; Heppner
et al. 1963; Neugebauer 1997). In 1963, Snyder et al. (1963) noted from Mariner
2 observations that the solar wind (at minimum) was organized into corotating
streams of fast and slow solar wind.

During this time, theories expanding Parker's hydrodynamic solution were
being developed, in which the magnetic eld was also included. These theories
introduced new notions and three other critical points (apart from the sonic one)
which are the locations where the solar wind speed exceeds the characteristic
speeds at which disturbances propagate through magnetized plasma. These three
characteristic speeds were formulated by Weber & Davis (1967) and by Alfvén
(1942), and are theslow magnetosoni¢fast magnetosonicand Alfvén speeds. At
distances larger than the furthest critical point, waves cannot travel towards the
Sun anymore, as the medium in which they propagate sweeps them outwards.
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Consequently, if a perturbation travels faster than these characteristic wave
speeds, it induces shocks in the system. Shocks are formed when information
from the disturbance cannot travel ahead of the wave, in the medium in front
of it, and as such non-linear e ects become important. This happens when the
amplitude of the wave becomes large enough such that the crest propagates
faster than the leading or trailing edge, steepening the front and creating a
shock waveor a turbulence These are correlated with discontinuities in the
hydrodynamic and magnetic parameters of the plasma (Priest 2014). Shocks
were rst identi ed in the solar wind in Mariner 2 data by Sonett et al. (1964),
and they de ned the event as ahydromagnetic shock and described it as a
rapid, apparently irreversible change in the interplanetary plasma and magnetic
eld.

Important milestones regarding the exploration of the solar wind within 1 AU
were achieved by the twin spacecrafHelios 1 and Helios 2, which were launched
in December 1974 and January 1976, respectively. They provided information on
solar plasma, the solar wind, cosmic rays, and cosmic dust, performed magnetic
eld and electrical eld experiments, and also observed the dust and ion tails of
at least three comets. The exploration of the solar wind beyond 1 AU was aided
by the two Pioneer 10 and 11 spacecraft which were launched in March 1972
and April 1973, and whose instruments were used to study the asteroid belt,
the environment around Jupiter, the solar wind, cosmic rays, and eventually the
outer regions of the Solar System and heliosphere. In the summer of 1977, the
twin Voyager 1 and 2 spacecraft were launched, and nearly 40 years later they
made their historic entry into interstellar space, still sending valuable scienti c
information back to Earth.

Another important step was achieved along with the discovery of the dual
nature of the solar wind as a function of latitude (Kojima & Kakinuma 1990;
Rickett & Coles 1991), using the interplanetary scintillation (IPS, Hewish et al.
1964) method. The joint NASA/ESA Ulyssesmission was launched in 1990 and
carried out extensive in situ measurements over the poles of the Sun (McComas
et al. 1998). The Solar Wind Observations Over the Poles of the Sun (SWOOPS,
Bame et al. 1992) instrument recorded the solar wind speed, temperature and
density as it passed through it, and con rmed their latitudinal dependency. This
can be more easily seen in the top left panel of Fig. 1.7, which shows a faster
solar wind measured at high latitudes as compared to the low equatorial values
corresponding to helmet streamers (McComas et al. 2003, 2008). The faster
solar wind originates from coronal holes, regions of open magnetic eld where
plasma can easily escape and accelerate. The latitudinal delimitation is more
clear during solar minimum, as compared to the solar maximum when active
regions, sunspots, streamers and CMEs are omnipresent, thus in uencing the
overall structure of the solar wind. The evolution in time of the sunspot number
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Figure 1.7: Top: Polar plots of solar wind speed as a function of latitude for
Ulysses' rst two orbits. They are plotted over solar images characteristic of
solar minimum (image taken on 17 August 1996) and maximum periods (image
taken on 07 December 2000) observed by: Solar and Heliospheric Observatory
(SOHO) Extreme ultraviolet Imaging Telescope (195 A), the Mauna Loa K-
coronameter (700-950 nm), and the SOHO C2 Large Angle Spectrometric
Coronagraph (white light). The telescopes are listed from center outwards.
Bottom: Average monthly (white line) and smoothed (red line) sunspot number,
showing that the rst orbit occurred through the solar cycle declining phase
and minimum while the second orbit spanned solar maximum. From: McComas
et al. (2003).

is shown in the bottom panel of Figure 1.7, indicating the previously mentioned
correlation with the solar activity cycle. Average speeds were measured for the
fast wind to be 700-800 km s, and for the slow wind between 300-500 km s,
in their “steady' state around minimum solar activity.

The main constituents of the solar wind are charged particles, i.e. protons and
electrons, but a small portion of particles (3-4% in number density) is also



14 INTRODUCTION TO THE SUN-EARTH SYSTEM

Figure 1.8: Model of plasma above an active region. Values of plasma
are shown in the gray area as a function of height, delimited by a sunspot of
strong 2500 G magnetic eld (thick boundary) and a region of only 150 G (thin
boundary). The vertical dot-dashed line indicates locations of =1, where
plasma and magnetic eld have equal dynamic contributions. Credits: Gary
(2001).
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found. Other ionized heavy elements are present in even smaller proportions,
such as carbon, nitrogen, oxygen, iron, and others (e.g., Zurbuchen et al. 2002).
Di erences other than speed do exist between the two solar wind latitudinal
components, the slow wind being denser than the faster one, but also cooler. The
proton temperature is lower for the slow wind, but the electron temperature is
the same for both winds. The average electron density in the slow wind i 10°

m 2, while in the fast one is2:5 10° m 3 (Priest 2014; Owens 2020). In terms
of composition, the fast wind resembles more the photospheric environment,
with low O 7+ /O 8* charge-state ratios, whereas this ratio is higher in the slow
wind, indicating its coronal origin for which the temperature increases the level
of ionization (Cranmer et al. 2017).

We mentioned earlier that plasma and magnetic eld move as one system,
and this property is called the frozen-in condition. Whether plasma or the
magnetic eld is the dominant component can be assessed via a parameter that
represents the ratio between the thermal pressuref) and magnetic pressure

(Pmag ), pPlasma

p _ 2 onkBT_
= B 2ol (1.1)

where ¢ is the vacuum permeability, n is the number density, kg is the
Boltzmann constant, T is the temperature, and B the magnetic eld.

In the solar wind 1, which results in plasma dominating the movement
of the system, due to the radial dependencies of the thermal and magnetic
pressures at high distances. In active regions, the chromosphere and the corona,
1 due to strong magnetic eld being the dominant component and dictating
the motion of the plasma. Figure 1.8 shows the evolution of plasma with
distance above an active region, as computed by the model of Gary (2001).

1.2 Coronal mass ejections and associated phenom-
ena

1.2.1 De nition and description

Coronal mass ejections (CMEs) are de ned asn observable change in coronal
structure that 1) occurs on a time scale of a few minutes to several hours and 2)
involves the appearance (and outward motion) of a new, discrete, bright, white
light feature in the coronagraph eld of view (Hundhausen et al. 1984; Schwenn
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2006). CMEs have been observed extensively for nearly 50 years now, but the
rst documented observation, if it can be called so, was the fortuitous drawing
of G. Tempel of the corona during the total solar eclipse in 1860 (Figure 1.9).
It depicted the radial streamers, prominences close to the disk, as well as a
spiraling structure, which is believed to have been a CME. Ever since, they have
been observed more intensively and accurately, their description evolving greatly
from just a white spiral near the Sun. CMEs are one of the most powerful and
dynamic events of the solar system and of the solar eruptive activity, which
may severely in uence the space environment around our planet.

CMEs are enormous in size, spanning millions of kilometers, and weighing
on average3 10'? kg. They account for 5-10% of the solar wind mass-loss,
depending on at which time during the solar activity cycle they occur (Priest
2014). CMEs are often associated with eruptions from solar active regions.
Consequently, the frequency of these ejections depends greatly on the phase of
the solar cycle, from 2-3 per week during solar minimum, up to 5-6 per day
during solar maximum activity (Lugaz et al. 2017b). Their speed range also
covers a wide spectrum, from 20 km s! up to 3500 km s !, with an average

of 300-500 km s?! (Priest 2014). These values are only lower limits because
coronagraph measurements provide only two-dimensional images projected on

Figure 1.9: Drawing by G. Tempel of the 1860 eclipse depicting coronal streamers,
but also what is believed to be the very rst observation of a CME. Credits:
Vaquero & Malville (2014).
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