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Chapter 1

Introduction - The Sun

The Sun is the closest star to the Earth. Its light has made possible the existence
of life on the planet and for this reason it has been venerated and studied since the
very beginning of humanity. Nowadays many of the physical properties of the Sun are
known with fairly good accuracy. We also have determined its modulation in tides and
the existence of the solar cycle and its influence in Cosmic Ray (CR) modulation and
geomagnetic activity. But still, there are many unexplained properties and phenomena of

the Sun that need to be explained.

From an astrophysical point of view, the Sun is classified as a G2V star, i.e. it has
a spectral class G2 (Yellow, effective temperature of a black body of 5,780 K) and a
luminosity class is V, corresponding to the main sequence in the Hertzsprung—Russell
diagram (Russell, 1914). It is composed by a plasma principally consisting of hydrogen
(73.46 %) and helium (24.85 %), and its age is 4.6 billion years.

The Sun is quasi-spherical, suffering of flattening on the poles, owns an equatorial
radius of 695,000 km, and the average density is 1.4 g/cm?®. TIts mass is 1.989 x 103
kg, which corresponds to the 99.87% of the total mass of the Solar System. The star is
also streaming plasma to the interplanetary (IP) medium with a rate between 1.3 x 10°
and 1.9 x 10? kg/s (Schrijver & Zwaan, 2000). This continuous mass loss constitutes the
plasma denominated Solar Wind (SW) analogously to Earth’s meteorology. The amount
of mass contained in the star is sufficient to make the star collapse due to the gravity
force, nevertheless the gas pressure produced by the nuclear reactions and the heat tends

to expand the plasma, which keeps it stable in a hydrostatic balance.

The Sun is orbiting the nucleus of the galaxy where it is contained (the Milky Way)
with an orbital radius of about 27,000 light-years, and it is located in the Orion Arm. Also,
the Sun is spinning with angular velocities that depend on the heliographic latitude. This
phenomenon is called differential rotation. At the equator, the Sun takes 25.05 sidereal

days to rotate on its axis, while a total rotation in the poles takes approximately 34 days.
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1.1. Layers of the Sun

Going from the center of the sphere to outer locations, the star can be divided into
different layers based on their physical properties and the dominant energy transfer pro-

cesses:

= Core goes up to 0.25 solar radii and it is where almost all the hydrogen-nuclei fusion
reactions occur to produce helium in a proton-proton chain reaction (Salpeter, 1952).
It is also the hottest region (~ 15 million K) of the Sun and the most dense too (~ 150

g/cm?). The density of the star decreases from this layer to the external ones.

» Radiation Zone corresponds to the region where the dominant energy transport
process is electromagnetic radiation and the thermal conduction. The temperature
at its outer boundary, which can be found at 0.8 solar radii, is 1.5 million K. The
drop in temperatures is produced because a photon mean free path in this region is
approximately 1 cm -taking thousand of years to be released from this region-, which

produces a shift of the photons’ frequencies to lower ones, reducing their energy.

» Tachocline is the very thin region (< 5% percent of the solar radius Dikpati, 2006,
and references therein) where the Radiation and the Convection zones interact. This
region suffers a huge shear stress in a small space due to the sudden change of the
properties of the plasma, as the interior layer rotates rigidly and the exterior one
flows with differential rotation (Spiegel & Zahn, 1992). That exterior layer is called

the Convection Zone.

» Convection Zone is the layer that is found when the density is reduced enough
to allow efficient energy transport from the interior to external layers by convective
heat transport (approximately at 0.86 solar radii). The differential rotation above
mentioned (being slowly at the poles and quicker at the equator, Beck, 2000) and the
convection movements are thought to be the ultimate causes of the existence of the
intense magnetic field of the star, caused by the complex process denominated solar
dynamo as explained in the Babcock-Leighton model (Babcock, 1961; Leighton, 1964,
1969), although there are still features of the model under debate (Charbonneau,
2007).

= Outer Layers (or solar atmosphere) correspond to those layers that can be directly

observed by their electromagnetic emission and absorption.

Photosphere (or solar surface) corresponds to the solar disk in visible light.
It has a width of approximately 500 km where its temperature goes from 4,500
to 6,000 K and becomes lower with increasing height. The intense magnetic field
originated by the solar dynamo is manifested on the photosphere by darker regions
with respect to the surroundings, due to their lower temperature. These areas are

denominated sunspots and they are variable in time as described below (see Section
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1.2). The magnetic field of the photosphere can be measured by magnetographs, and

the sunspots can have positive polarity, negative polarity, or both of them.

Chromosphere. The density of this layer decreases dramatically (~ 10 times)
and continues dropping with higher altitudes. In contrast to the photosphere, the
temperature decreases from 6,000 K to 4,000 K and then increases until 8,000 K in
~ 2,000 km. The chromosphere presents emitting hair-like filaments denominated
spicules, generated by the rising of plasma travelling at 20 km/s. The physical

mechanism or mechanisms that produce them are still under debate.

Transition Region is a very thin layer (<~ 100 km), where the temperature
increases from 8,000 K up to 500,000 K. The ultimate cause of this sudden change is
still unknown. A similar phenomenon occurs on the corona, and it is denominated

coronal heating.

Corona and Heliosphere. The matter that forms the heliosphere is called SW,
which presents a still-unknown mechanism that increases its temperature (about
10% K, see Klimchuk (2006) and references therein), which might be produce by
the absorption of alfvenic waves (Rosner et al., 1978). The inherent magnetic field
of the SW is denominated Interplanetary Magnetic Field (IMF). It is very intense
and complex and present typical topologies as described in the following sections.
Although there is not physical boundary between the solar corona and heliosphere,
the last one is considered to be the outer and largest layer of the Sun, which contains
all the planets of the Solar System and extents up to the heliopause (approximately
120 au, (Krimigis et al., 2013; Richardson et al., 2019)), while the first one is the
region observed by coronographs (up to ~ 30 solar radii). Beyond the heliopause,

the interstellar space is found.

So far, the heliosphere is the only layer whose properties can be measured with in-situ
instruments onboard space observatories (except Parker Solar Probe (PSP) in the lower
corona, approaching to within 9.86 radii, see Chapter 2). The heliosphere is continuously
being influenced by the variability of the solar conditions. Apart from the gravity, the
electric and magnetic fields dominate in the IP medium. All these conditions create

typical topologies and phenomena which are described in the following sections.

1.2. Ubiquitous Solar Plasma and Magnetic Field

As mentioned above, one of the main manifestations of the magnetic activity can
be located on the solar surface at the sunspots. Dimensions, clustering, and magnetic
polarity of these regions are variable and the number and behaviour are also different in
time. Independently of the surroundings, they can have positive and negative polarity,

often found close to each other. This can be measured by the use of magnetographs,
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Figure 1.1: Variation of the electron temperature (red) and density (blue) with respect to the relative
height to the solar surface accompanied by the corresponding layer’s name. Figure corresponding to
Figure 1.1 from Howson (2019), which is based on data from Avrett & Loeser (2008).

which measures the remote magnetic field on the solar surface. The photosphere owns an
average magnetic field strength that goes from ~ 1 G to tens of G, while the sunspots

have typically values around 3,000 G.

Although the quiet-Sun’s magnetic topology predominantly shows a nearly magnetic
dipole topology -at least during solar quiet periods-, every approximately 11 years the
dipole reverts and, during the process, the bi-modal behaviour is smeared. After ~
22 years, the poles are back to their original configuration. This periodic behaviour is
denominated the solar cycle. While the switch is taking place, the activity of the Sun
goes from being more dynamic with more frequent eruptive events to quieter. For this
reason, it is said that the solar cycle owns a solar maximum, where the activity is higher
(i.e. more intense and with frequent eruptive events), and a solar minimum. The process
begins (considering the solar minimum) with the sunspots, regions magnetically intense,
emerging at latitudes around 4+30 degrees. During the 11-year period, the sunspots overall
evolve in number and size. They also tend to approach the heliographic equator when the
activity is higher. The number of sunspots is commonly utilised as an indicator of the
solar activity. They have been observed since the first telescopic observations during the
17th century until now, and registered and numbered since the 18th century as Figure
1.2 shows, although the actual solar sunspot number may be slightly different as Acero
et al. (2017) show.

Sunspots are typically indicators of Active Regions (ARs) in higher layers. ARs show a
disturbed magnetic field which may twist and reconnect (i.e. magnetic field is rearranged,
splicing to one another, modifying the initial conditions) at some point sometimes pro-
ducing high-energy phenomena as solar flares, Coronal Mass Ejections (CMEs) or Solar
Energetic Particle (SEP) events (see Section 1.3).
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Figure 1.2: Upper panel shows the number of sunspots over time showing the different catalogued solar
cycles. The number of sunspots is higher in solar maximum and lower in solar minimum. Second panel
shows the latitudinal distribution and density of the sunspots over time in the so-called butterfly
diagram. Source: ISES/NOAA /Space Weather Prediction Center.

The magnetic field in these places can indirectly be observed by the confined plasma
which is commonly forming coronal loops, solar prominences, or helmet streamers. The
poles of the Sun mainly present almost stationary open field lines generating fast SW in
the so-called polar coronal holes, while close to the solar equator shows closed magnetic

field lines forming the helmet streamers, which are meant to be source of slow SW.

All the variability of the magnetic field during several cycles is known as the solar
climate. It affects the IMF topology and diverse properties, the amount of released
plasma and the electromagnetic radiation, as well as it could indirectly influence the
planetary climates (e.g. Owens et al., 2016, and references therein) although there are

some controversy on this point (see e.g. Dunne et al., 2016).

The presence of high activity of the Sun acts as a shield for galactic CRs across the
heliosphere, making harder their penetration to the inner heliosphere. For this reason, the
arrival of low energy CRs is modulated and anticorrelated with the number of sunspots.
The modulation of CRs mainly affects the energy below ~ 10*° eV. At 1 au, the thermal
energy can be found at energies below ~ 10 keV /n for ions (Allegrini et al., 2016), ~ 60 eV
for electrons (Feldman et al., 1975). Figure 1.3 shows the spectrum for the oxygen (similar
behaviour is observed for other ionic species) for the energy range from thermal energies
up to the energy where the solar modulation has less influence (around 60 MeV /n). Other

particle populations are marked, such as the suprathermal and the SEPs.
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1.2.1. Solar Wind and Interplanetary Magnetic Field

As mentioned above, the SW is a continuous stream of plasma, mainly composed by
electrons, protons, and alpha particles, which continuously flows almost radially from the
solar corona to the IP medium. The velocity of the SW increases following a natural
logarithmic function of the radial distance (r), so the speed practically remains constant
from r >~ 60 million km until the heliopause (Parker, 1963). The SW is practically
collision-less and owns a high conductivity. The SW owns an IMF whose magnitude
decreases as long as one goes further from the star with a relation of approximately r~2,

being r the radial distance to the Sun.

The nominal behaviour of the the IMF frozen in the carried plasma in quiet conditions
is originated by the radial release of the SW emerging from open field lines plus the dif-
ferential rotation of the Sun, which produce curved IMF lines describing an Archimedean
spiral, denominated as Parker spiral named after the author’s postulation in Parker (1958).
On account of the constant variation of the magnetic field of the star, some solar phe-
nomena may occur varying and modifying the nominal behaviour of the SW as explained

in Section 1.3.

The presence of a dipole at the Sun and the SW emerging from it and propagating
in the heliosphere extends this topology up to the heliopause. Due to the coexistence of
juxtaposed polarities of the IMF, the layer found in between (with a width of ~10,000 km
at 1 au) shows a very weak magnetic field strength and a relatively high electrical current
(~ 107 A, Tsraelevich et al., 2001) with a predominant radial component (Wilcox & Ness,
1965). For this reason, this layer is denominated the Heliospheric Current Sheet (HCS).
The neutral line of the solar dipole is very rarely aligned to the equator of the star. This
originates a waving that propagates in the [P following the Parker spiral, producing the

so-called ballerina’s skirt shape (Rosenberg & Coleman, 1969).

Depending on the source region of the Sun, the SW can present differences in its char-
acteristics such as the composition, IMF strength and polarity, the temperature or the
speed. The SW is traditionally classified into two different types: slow (with typical ve-
locities under 400 km/s) and fast (~ 700 km/s), but it is not necessarily always associated
so clearly with the speed. Other properties such as the proton density (~ 8.3 em ™3 for
slow SW, ~ 2.7 em™3 for fast SW), temperature (around 34 -10® K for slow, and around
230 -10% K for fast SW), etc. might differ too SW, mainly due to their different solar
origin (Schwenn & Marsch, 1990; Balogh et al., 1999). Slow SW is produced close to the
equatorial zone during solar minimum and can also be produced close to the poles during
solar maximum, mainly in regions with ’clearly’ both magnetic foot-points linked to the
star (closed loops and helmet streamers), while fast SW is streamed from Coronal Holes
(CHs). The CHs are regions where the magnetic field lines apparently does not connect to
another point of the Sun, i.e. their other foot-point is uncertain. They appear to be open

lines and are more likely found at the solar poles during solar minimum. These regions
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are identifiable as darker areas in the solar atmosphere when it is observed at extreme

ultraviolet and soft X-ray wavelengths.

1.2.2. Suprathermal Electrons

Suprathermal electrons (from ~ 60 eV to ~ 2 keV at 1 au) are almost continuously
streaming from the solar corona following the IMF lines (Vinas et al., 2000; Stverdk
et al., 2008; Che & Goldstein, 2014; Graham et al., 2017). Due to this directionality and
anisotropy, they are a good tracer of the IMF topology, in opposition to thermal electrons
which are isotropic following a Maxwellian distribution. Also, by looking at the distribu-
tion of the angle between the IMF direction and the one of the the suprathermal electrons
velocity —Pitch Angle (PA)-, some trends can be appreciated. Furthermore, when emerg-
ing from the Sun, the higher energy electrons carry out lower energy ones. Based on these
behaviours, SW electrons are commonly separated in three different populations: thermal
core, suprathermal halo and strahl (Anderson et al., 2012, and references therein). The
first two are present at all PA (i.e. they are mostly isotropic), while the third population
tend to be primarily aligned with the IMF. Figure 1.4 shows a sketch of the commonly
observed Velocity Distribution Functions (VDFs) and when presenting these functions
against the IMF| so called Pitch-Angle Distribution (PAD), a further analysis of the con-
ditions of the field can be performed. The less energetic (i.e. slower, closer to thermal
speed) electrons in the middle behave as an isotropic population denominated the core,
which typically follows a Maxwellian distribution. The nearly isotropic population with

higher energies corresponds to the halo, usually distributed as a Kappa function.

The energy where thermal and suprathermal electrons are distinguished is denominated
the suprathermal breakpoint and varies with the radial distance to the Sun. This energy
is approximately 60 eV at 1 au (Feldman et al.; 1975), and it goes lower as soon as
the observer gets closer to the star. Due to their low energy, their gyroradius is < 22
km (for 1 keV and 5 nT). In their travel they undergo some processes as scattering
or adiabatic focusing depending on the IMF conditions (Owens et al., 2008). Due to
this, the strahl can be scattered becoming part of the halo population (producing a
broader distribution in PA), and the halo can be focused to form part of the strahl
The importance of these processes depends on the energy range, the IMF conditions, as
well as the heliocentric distance. Nevertheless, the interdependency of all these factors is
a complex issue, and there are contradictory examples of strahl width becoming narrower
or broader depending on the situation (e.g. Anderson et al., 2012; Pagel et al., 2007; Ber¢ic
et al., 2019a; Fitzenreiter et al., 1998; Horaites et al., 2018; Hammond et al., 1996; Graham
et al., 2017). In order to identify the IMF topology among other physical conditions, it is
crucial to accurately characterise the different types of suprathermal SW electron PAD.

This is one of the main objectives of this thesis work.

The behaviour of the suprathermal electrons adds substantial information about the
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topology of the IMF lines and the magnetic connectivity between the Sun and the observer.
Their velocity is higher compared to the bulk’s, which allows to extract information of
the upstream conditions (Owens & Forsyth, 2013). As the suprathermal electrons are
streaming from the Sun (which adds a reference about the directionality), the shape
of the PAD provides information of the in-situ topology and acts as a complement for
understanding the basics of the suprathermal electrons’ propagation. One of the direct
applications of the information taken from the study of suprathermal electron PADs could
be the computation of the heliospheric open solar flux (Owens & Crooker, 2006; Owens
et al., 2013), or unravelling the IMF topology among others (Kasper et al., 2019; Li et al.,
2016). Some commonly observed types of PADs of particular interest (sketched in Figure

1.5) are:

= An unique strahl, which can be identified as a PAD clearly peaking either at 0 or
180 degrees. Assuming that there are no kinks in the IMF lines (causing an apparent
sunward propagating strahl case, Owens et al., 2013, 2017; Squire et al., 2020), a VDF
peaking at 0 degrees would correspond to positive (outward) IMF polarity, while if it
peaks at 180 degrees, the IMF line would have negative (inward) polarity. Moreover,
the width of the strahl contains information about the IP scattering process (Bercic
et al., 2019a; Maksimovic et al., 2005). In-situ observations beyond 1 au suggest that
the scattering from the strahl to the halo decreases with heliocentric distance and
the strahl still exists up to at least 10 au (Hammond et al., 1996; Owens et al., 2008;
Walsh et al., 2013; Graham et al., 2018).

» Counterstreaming (Gosling et al., 1987) appears when the PAD shows two clear
maxima at 0 and 180 degrees. This can be as a result of a mixture of two different
beams coming along and against the IMF lines (i.e. a double strahl). As it results
from a double stream, it is also commonly associated with a closed IMF line (coming

out from and back to the Sun).

» Loss-cone (Phillips et al., 1996). This phenomenon is produced when a simple strahl
is being reflected from beyond the location of the observer due to a constriction of
the IMF lines (acting as a magnetic mirror, see Appendix). The extremely field-
aligned electrons can pass through the constriction region, while the ones with larger
pitch-angles (i.e. larger giroradii) are reflected back by the mirroring process. The
observer then sees the addition of the simple (peaking at PA 0 or 180) and the

reflected electrons (with a PAD with a maximum closer to 90 degrees).

= Butterfly distribution is characterised by a local minimum around 90 degrees, sur-
rounded by two maxima at both sides, decreasing again near 0 and 180 degrees.
It has been mostly studied for relativistic electrons inside planetary radiation belts
(Artemyev et al., 2015), and it could be explained as a double mirroring effect in

both directions.
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» Pancake (Kajdic et al., 2014). This distribution is symmetric with the absolute
maximum at 90 degrees (inverted parabola) associated for instance by a betatron

acceleration, produced by the reconnection of the magnetic field (see e.g. Liu et al.,
2017; Wu et al., 2013, and references therein).

» Isotropic flux. Associated either to intense scattering (Gurgiolo & Goldstein, 2017),
which smears the PAD, or to IMF lines detached from the Sun. (Wang et al.,
2018). One of the events characterised by almost-isotropic suprathermal electron
PADs are the Heat Flux Dropouts (HFDs) (McComas et al., 1989; Crooker et al.,
2003; Pagel et al., 2005a,b; Chollet et al., 2010), often found close to HCS crossings.
As suprathermal electrons are continuously streaming from the Sun, the lack of
strahl and the isotropic PAD has been interpreted either as an indication of magnetic
structures disconnected from the Sun (via reconnection) or as a consequence of strong

[P scattering (see Pagel et al., 2005a, and references therein).

The PAD types listed above are examples of distributions commonly observed in the
SW, but they do not cover all the possible PADs that can be measured. Moreover, in
some situations, there could be more than one different explanations for their existence
in the SW.

Another commonly used term is Bi-Directional suprathermal Electrons (BDE), which
normally refers to the presence of beams propagating in both the field and anti-field
aligned direction. Possible mechanisms for this behaviour are the double strahl; one
strahl being reflected back; or adiabatic focusing and mirroring too. This would include
not only counterstreaming but also loss-cone, butterfly PADs or even 90-degree depletions
(Gosling et al., 2001).

1.3. Solar Activity Phenomena

Thanks to the above-mentioned fusion reactions in the solar core, the convection move-
ments and the presence of differential rotation around its axis, a very intense and complex
magnetic field is produced and it extents up to the end of the heliosphere. This mag-
netic field is continuously varying and twisting, and predominates and influences the SW
environment. There are notorious manifestations of the intense magnetic field and its

variability as described below in the following sections.

The discipline that studies the direct or indirect influence of solar phenomena on a
specific point of the Solar System and the heliosphere is denominated Space Weather,which
also puts a special stress on the Earth’s environment, as the phenomena might cause
damage to humans or human technologies and activities such as for instance the satellites

and communications, or different pipelines on the planet’s surface.
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Ha class | Area (deg?) Soft X-ray class | Log flux at 0.1-0.8 nm
S 2.0 AT 9) Sto-7
1 2.0 - 5.1 B(1 - 9) 7 to -6
2 5.2~ 12.4 C(1-9) 6 to -5
3 12.5 — 24.7 M(1 - 9) -5 to -4
4 24.7 X(1 - N) > —4

Table 1.1: Flare classifications based on Ha and soft X-ray emissions in terms of area and size. Credit:
Table 4.3 Russell et al. (2016)

1.3.1. Solar Flares

A solar flare is a violent intensification of the brightness at different parts of the elec-
tromagnetic spectrum that develop in a few seconds, can last for hours and it is not
necessarily related to a plasma release. They were first observed as an intensification of
brightness of the star by Carrington and Hodgson in 1859 (Carrington, 1859). Flares
are originated due to magnetic reconnection typically in ARs, when two opposite mag-
netic fields encounter and reconfigure, which can release up to 10% J in a few minutes.
The reconnection usually affects all solar atmospheric layers (photosphere, chromosphere
and corona). They are usually characterised and classified by looking at two wavelength
ranges: soft X-rays and Ha , and are mainly tagged by the intensities of the burst. The
Ha emission is used to classify the area of the flare and the soft X-ray establishes the
logarithm of flux at 0.1 — 0.8 nm (see Table 1.1).

This sudden release, can cause other reconnections and flares in the vicinity, and even
solar quakes (i.e. seismic waves in the interior of the star, as well as a possible shock wave
in the external layers) which can extent several tens of degrees (Kosovichev & Zharkova,
1998). Those solar flares which last longer commonly shows three different phases: pre-
flare stage, impulsive phase and gradual phase. By looking at different wavelengths, it
is possible to distinguish in the first phase a faint increase in the intensity of the H,
and soft X-rays, which are associated to the heating process of the region. After this,
the reconnection is produced, which quickly releases the highest amount of energy which
may cause a considerable acceleration of a large number of energetic particles in a brief
period of time (SEPs, see Section 1.3.5). During the reconnection process, which lasts
for few minutes or seconds, it can reach emissions of hard X-rays and even v rays. In
the gradual phase, hard X-rays and + emissions start to decay for few minutes, while
soft X-ray intensity is still increasing until an eventual peak is reached. Then, it starts
to decrease with a longer decay than the shorter-wavelength emissions. This process can
last for hours. If the solar flare releases SEPs, it could also emit in microwaves and
radio, producing non-shock-associated radio bursts, which are described in the following

sections.
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1.3.2. Radio Bursts

Sporadically, other electromagnetic radiation enhancements are produced at lower fre-
quencies (below 2 GHz), which correspond to radio wavelengths. This type of emission is
denominated radio burst and the frequencies, as well as their variations in time, allow to
identify the source of radiation. This is possible considering that the frequency of these
types of emissions depends on the local plasma frequency (see Section 5.1), which derives
from the density of the region where it is produced. Depending on the time profile and
nature of the measured spectra (Wild, 1951, and references therein), the radio bursts can

be classified as follows:

= Type I — They have a duration of few seconds, but they could be produced several
times in a cascade that could last for hours or even days. The frequency range goes
from 80 MHz to 200 MHz and it is produced in ARs, commonly associated with

flares.

= Type II — They have a slow drift, meaning that the frequency of the fundamental
harmonic goes from 20 to 150 MHz with a time duration from few minutes up to one
hour, because they are commonly produced at [P shocks that are accelerating SEPs.

They are normally accompanied by a second -and even third- harmonic.

= Type III — These radio bursts are associated to an impulsive release of SEPs, which
provokes a quick drift. The beam of electrons between ~ 10 keV and ~ 100 keV
(Reames, 2017) excite the local plasma, which is progressively less dense, producing

the radio emissions covering from 10 kHz to 1 GHz and that could last for hours.

» Type IV — Type IV radio bursts can be sub-classified into:

Moving — Their duration is shorter (from 30 minutes to 2 hours) but the en-
ergy range can reach up to 400 MHz. These radio bursts are mainly produced in
association with the CMEs, and often preceded by a type II burst. The emission is
though to result from energetic electrons trapped within the magnetic field lines of

the closed structure.

Stationary — They can last for days covering from 20 MHz to 2 GHz and are

associated with flares or type I radio bursts.

Flare Continua — They have the same origin as the Stationary ones, and can

last from a few minutes to one hour, covering the range 25-200 MHz.

» Type V — Type V radio bursts (10-200 MHz) occur just before type III radio
emissions, and last from 1 to 3 minutes. It is probably caused by harmonics associated

with the beam of electrons that causes the associated type III ones.

Figure 1.6 shows a schematic representation of the different radio bursts described.

As mentioned above, the study of each type of radio burst can be used to trace the



1.3 Solar Activity Phenomena 15

]’ype} B e e e e e e

Type

e g ]
]

Frequency / MHz
— N =
52 8 8 8

Type V \’ - e ————

e e R |
0 5 10 15 20 25

Time / min

Figure 1.6: Sketch of solar radio burst dynamic spectra (frequency and intensity versus time). See text
for description. Credit: Ganse et al. (2012).

radio source, but more detailed studies can be performed by using interferometry (e.g.
Rottgering, 2003) or if the emission is measured from different points of observation. The
multipoint analysis of the electromagnetic radiation can provide information about the
conditions of the IMF remotely as explained in Section 5.1.

1.3.3. Coronal Mass Ejections

Coronal Mass Ejections (CMEs) are a release of a large amount of magnetised plasma
(~ 10%°kg) with its own magnetic field. Their release is usually accompanied by a solar
flare, but not necessarily. One of the main-thought mechanisms that could produce the
eruption of the CMEs (Kallenrode, 2004) is the one sketched in Figure 1.7, correspond-
ing to the Raadu and Kuperus (R-K) configuration (Raadu & Kuperus, 1973; Kuperus
& Raadu, 1974). Generally, the sunspots with opposite polarity closer enough are con-
nected to each other through a flux tube. This structure is magnetically stable, and the
gravitational force prevents it to expand to the IP medium but, when any perturbation
occurs, the reconnection of magnetic field lines surrounding the tube with opposite polar-
ity may happen. The energy released is able to push the structure with an acceleration
and consequent velocity great enough to escape from the solar gravitational influence.
The CMEs can reach supersonic velocities (up to ~ 3,000 km/s), which is indeed much
faster than the ambient SW. If the velocity of the structure is faster than the sound in
those conditions, the plasma found by the Coronal Mass Ejections (CMEs) trajectory
compresses, and the hydrodynamic and magnetic pressure produced commonly forms a
shock that can later be observed in-situ in the IP medium (see e.g. Temmer, 2016, for a

comprehensive summary of their kinematics).

The IP counterpart of the CMEs are denominated Interplanetary Coronal Mass Ejec-
tions (ICMEs) and their properties can be measured with in-situ instruments onboard
heliospheric observatories. Based on in-situ observation of plasma and magnetic field

properties, an evolved ICME can usually be divided into the following parts (e.g. Jian
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Figure 1.7: Representation of a possible mechanism for the emergence of a CME with the
electromagnetic emission associated to each region. a) sketches a stable FR (blue lines) below a
magnetic arcade (orange lines), both of them with their foot-points near active regions with opposite
polarity. b) and c) represent the reconnection of arcade with opposite direction and the subsequent
emergence produced by the energy release of the phenomenon. d) shows a cross-section view of the
process indicating the origin of different emissions. Figure adapted from Klein et al. (2018).
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et al., 2018, and references therein):

= Shock. It can be produced due to the supersonic behaviour of some ICMEs and
corresponds to a discontinuity of the SW. The shocks are mainly characterised by
a sudden increase in bulk speed, magnetic field strength and proton density. The
transit of a shock produced by ICMEs through a static observer is commonly less
than 1 hour. Not all the I[CMEs are preceded by a shock, as it depends on the

ambient SW conditions and mainly on the speed of the structure.

= Sheath. The travel through the [P medium of the ICMEs compresses the ambient
SW in the front part. The evolution of the compression produces a region where the
magnetic field is very irregular in short time (i.e. turbulent). This region presents
higher densities as well higher temperatures than the surroundings because of its
compression which also facilitates the reconnection/erosion of the magnetic field lines,
what increases the thermal energy. The transit through sheaths tend to last for

approximately 10 hours depending on the speed of the [CME.

» Magnetic Obstacle (MO). After the sheath, a region with quieter and more in-
tense magnetic field might be found. The cross through this region tends to last about
24 hours. Depending on some physical parameters, the MOs can be subdivided into

different categories:

Flux Ropes (FRs). When smooth and continuous IMF rotations are found,
then it is said that the MO presents a FR topology. If a FR also shows other proper-
ties such as low plasma [ (due to an enhanced IMF and their low proton temperature
and density), decreasing SW speed, Bi-Directional suprathermal Electrons (BDE)
among others is traditionally called Magnetic Cloud (MC) (Zurbuchen & Richard-
son, 2006). If there is no interaction with other solar phenomena, the MCs tend to
expand, showing a gradual decrease of the bulk speed during the transit through
the observer’s location. Roughly a third of the ICMEs shows MC characteristics
(Richardson & Cane, 2010).

Multiple FRs. Inside the same MO, it is not rare to find two or more
independent FRs. They commonly show similar properties because are originated
in the same AR. Two of these properties are the orientation and the speed. Having
similar orientation is crucial to keep the IMF uneroded, while having similar velocities

allows to not compress each other.

Complex ejecta. Sometimes, when two FRs are released consecutively it could
happen they interact, influencing each other or being eroded and smeared. The
signatures that characterise a MC are then unclear. A similar scenario could be
reproduced by an originally CME with non-flux-rope-like topology, or when the ob-

servation is performed through a flank of the structure.
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s Post-ICME. There is a non-well-defined region after the end of the Magnetic Ob-
stacles (MOs) where the characteristics of the SW are not as the ones found in the
nominal SW nor in the observed MO, derived from the conditions after the magnetic
reconnection in the lower corona (e.g. Vrsnak et al., 2009) and their propagation in
through the IP medium. In this region signatures like BDE can be found, but no
smooth IMF nor decreasing speed, for example (Gosling et al., 2007; Kilpua et al.,
2013), and the time-crossing duration takes much longer than for the actual ICME
(~ 35 h, Carcaboso et al., 2020).

The post-ICME may be produced by the erosion of the magnetic field lines of the
structure while propagating through the IP medium. In addition, the boundaries between
the rear part and the MO are not always clear, and this is because the erosion is a
process which depends on the ICMEs itself, but it is also strongly influenced by the
changing medium where the structure is propagating. The multipoint observation of
these structures helps to understand the mechanisms involved in the erosion/reconnection
processes. One of these examples is Heinemann et al. (2019), which tries to track the
propagation of an ICME and its interaction with a SIR, and to observe its evolution
by comparing the observations with different models. The interaction between these
structures is very complex and mixes properties of each media, which hinders the possible

analysis (Burlaga et al., 1987).
The propagation of the ICME perturbs the nominal conditions of the [P medium, often

accelerating particles if accompanied by a shock, compressing regions, eroding magnetic
field lines and reducing the arrival of higher energetic particles. Forbush Decreases (FDs)
consist on a notable decrease of the arrival of CRs for a certain period of time, mainly
produced by the presence of an IP shock, a denser region of the plasma (e.g. the stream
interface of SIRs) or an uneroded MO, which all could act as a shield of these particles.
Some works, as for example Dumbovié¢ et al. (2020), show the radial evolution of a single
ICME and its effect in the presence of CRs and the agreement with a developed FD

model.

1.3.3.1. Modelling Interplanetary/Coronal Mass Ejections

The remote-sensing observations of CMEs can be used to investigate further their global
topology, and to infer some physical properties such as their velocity during the eruption
and their orientation. There are multiple models which infer the topology or geometry of
the CMEs from the observations, such as the Graduated Cylindrical Shell (GCS) described
in Thernisien (2011). This model requires multipoint observations to reproduce their
geometry, as it allows a geometrical 3D reconstruction of the erupted CMEs based on
multipoint coronograph observations. This is possible now thanks to missions as the Solar
Terrestrial Relations Observatory (STEREO) and the recently launched Solar Orbiter
(SolO), as explained in Chapter 2.
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Reproducing the global topology of the ICMEs is a complex task, as normally there
is a single point observation of structures whose cross-section can reach up to 0.25 au
at 1 au (Burlaga et al., 1981). For this reason, there are several analytical, empirical
and numerical models that try to reproduce the ICME topology or each different part of
them. Inside the numerical models, there are two main groups: force-free and non-force-
free models, considering the last ones as Jx B # 0, where J corresponds to the current
density and B is the magnetic field of the plasma. Force-free models are generally simpler,
as they assume the magnetic field unperturbed and typically as frozen structures. This
is typically translated into less accurate topology of the MCs but, on the other hand,
non-force-free models need to add the current as free parameters as there are not direct
and independent measurements of this physical parameter. Apart from that, non-force-
free models can infer better the actual topology and physical properties of the MCs, but
at the cost of having more free parameters, such as the existence of electrical currents
contributes to them, and bigger assumptions -for instance, the topology- which may differ
to the actual plasma properties. One of the non-force-free models that can reproduce
the global topology of the MCs is the Hidalgo’s model (Hidalgo, 2013), which is the one
used in this work (see Section 4.2). Apart from this, there are multiple analytical models
that are widely known and typically used for scientific purposes, such as: Burlaga et al.
(1981); Burlaga (1988); Farrugia et al. (1992, 1993); Romashets & Vandas (2003); Cid
et al. (2002); Nieves-Chinchilla et al. (2019); Hidalgo (2016), among others.

1.3.4. Stream Interaction Regions

The CHs are a source of fast SW streams. Those streams overtake and compress the
preceding slow SW, which is always present in the heliosphere (Hundhausen, 1973, e.g.).
The interaction between the different SWs can produce a large-scale region called Stream
Interaction Regions (SIRs) in the IP medium. The slow SW has more curved Parker
spiral magnetic field lines, while the lines of the fast SW are more radial. The encounter
also produces an enhancement in the density and temperature of the local plasma, as the
material of both streams piles up while interacting. The frontier between the two regimes
with usually the highest pressure is denominated the stream interface (Burlaga, 1974).
Figure 1.8 shows a sketch of the interaction between slow (A) and fast (B) SW. The same
Figure also sketches how magnetic field intensifies in the region where the two different
winds meet. The SIR can be bounded by two shock waves: forward shock and reverse
shock. These shocks are defined as a discontinuity in some plasma properties (Figure 1.9
shows the time profiles of the two shocks, which can be observed for other structures) and

they can accelerate energetic particles (see Section 1.3.5).

When fast streams coming out from the same CH are stable and reappear for one or
more rotations of the Sun, the SIRs are denominated Co-rotating Interaction Regions

(CIRs), although in the past this term has been applied for one-single rotation SIRs too.



20 Chapter 1. Introduction - The Sun

Ik

RS

Fast
Stream

Slow
Stream

-

Figure 1.8: Representation of a SIR. The interaction between fast and slow SW can produce more
intense magnetic field near the stream interface (IF) and the region can be bounded by a Fast Forward
shock (FS) and a Fast Reverse Shock (RS). Source: NASA’s Cosmos, ase.tufts.edu/cosmos.
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Figure 1.9: Sketch of the observed time profiles of plasma properties during the transit the Fast
Forward (FF) and Fast Reverse (FR) shocks. V stands for the bulk velocity, while B is the magnetic

field strength, N represents the density and T the temperature. Image modified from
wind.nasa.gov/mfi/ip_descr.html

1.3.5. Solar Energetic Particles

SEPs events are a release of high-energy particles due to the acceleration during mag-
netic reconnection or different physical processes of particle acceleration at shock waves
in the corona and the IP medium (see e.g. Vainio & Afanasiev, 2018, for a compilation
of theoretical mechanisms). Their propagation in the IP medium following the magnetic
field lines is normally accompanied by a solar radio burst, as the accelerated electrons
from 10 to 100 keV excite Langmuir waves at the local plasma frequency. Depending
on the acceleration process, the trace of the radio burst has also different properties as

mentioned in Section 1.3.2.

The acceleration mechanism draws an, in principle, identifiable imprint when measur-
ing the arrival of SEPs in-situ. The SEPs are traditionally classified into two different
types: gradual and impulsive. Although the two terms may suggest a relation with the
duration of the event, they are not necessarily associated to their time duration but also

to other characteristics. These types have the following properties:

= Impulsive SEP Events are commonly associated to reconnection in a very specific
point of magnetic field lines with opposite directions in the lower atmosphere. The
reconnection produces a release of energy, which might be manifested as a solar flare,
high enough to suddenly accelerate the surrounding particles, reaching high energies
in a short period of time. This quick travel of the SEPs often produces an imprint

in the radio generating a type III radio burst as previously seen. The SEPs rapidly
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propagate along the nearest magnetic field lines. In addition, the source is small
and very localised in the region where the reconnection occurs. For these reasons,
it is very unlikely to observe very broad particle spreads in longitude or latitude.
This behaviour produces a relative narrow beam, contrary to the gradual events
(see below), whose mechanisms implies the propagation of the particles following
multiple magnetic field lines (Reames, 1999). Impulsive SEP events are electron
rich (proton poor) and are usually characterised by significant enrichment in heavy
elements and 3He with respect to the coronal abundances. One of the well-known
properties used for their identification is the *He/*He ratio observed in-situ, which
is much higher than typical SW abundances and can be higher than one in in-situ
observations, when the ambient SW shows a ratio of ~ 107* (Reames, 2017). These
events typically last for few hours, as there is only a quick acceleration mechanism,
thought to be resonant wave-particle interaction (e.g. Miller, 1998; Temerin & Roth,

1992) which accelerates the surrounding particles of the reconnection region.

Gradual SEP Events. Because of the propagation of an I[P shock through the
heliosphere (e.g. due to a supersonic CME), the particles can be accelerated by two
main mechanisms: diffusive shock acceleration (Jones & Ellison, 1991; Lee, 2005;
Zank et al.,; 2015) and shock-drift acceleration (Ball & Melrose, 2001). As the shock
propagates through the IP medium, the element abundances that can be found are
different than for the impulsive events. In this case, the composition is closer to
the one that can be found at the solar corona (Webber, 1975; Meyer, 1985). This
continuous acceleration produces a gradual increase of the intensity when they arrive
to the observer, which can last several days at energies of a few MeV per nucleon.
As previously mentioned, gradual events can be observed simultaneously by several
s/c widely separated in longitude, which can reach the 360 degrees (e.g. Gomez-
Herrero et al., 2015). Gradual SEPs are less common than the impulsive ones and
can be extremely intense, increasing the radiation dose. Because of the long duration

damage and the wide spatial coverage, it is very relevant for the Space Weather field.

Nevertheless, several authors pointed out that it is also possible to find events which

present, characteristics of both types. The solar origin is not always clear and the ob-

servations may correspond to the coexistence of both categorised SEPs too. In addition,

it is possible to find impulsive events which might be shock-accelerated afterwards (e.g.

Kocharov & Torsti, 2002). Those cases are categorised as hybrid events.

The SEPs are strongly influenced by the path they follow to arrive to the observer,

and their properties measured in-situ provide information about the source and the [P

propagation conditions, although that could also affect their identification and classifica-

tion. When representing the different intensities at diverse energy (i.e. velocity) ranges of

the particles, it is possible to extract valuable information from the Velocity Dispersion
Analysis (VDA), such as the effective path length (see e.g. Rodriguez-Garcia et al., 2021).
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Also, it is possible to estimate the time travel for each individual energy range by using
Time-Shifting Analysis (TSA) (e.g., for both methods, Vainio et al., 2013).

The study of the anisotropy (i.e. from where and how the particles are predominantly
coming) plays an important role on the understanding of the particle propagation and
the properties of the medium they have travelled along, and even more when compared
to the IMF direction (i.e. the analysis of the PAD of the particles). Scattering and adia-
batic focusing (Earl, 1976) are two antagonist physical processes processes that energetic
charged particles may suffer during their propagation and can be interpreted from the
analysis of the anisotropy. The main trigger of scattering processes is the turbulence of
the IMF, while for having magnetic adiabatic focusing is the existence of diverging lines,

as corresponds to the Parker spiral topology.

There are models that try to reproduce the behaviour of particles while propagating
in the [P space until they reach the observer. Some of these models are gathered and
classified in Klein & Dalla (2017).

1.4. Main Goal of the Thesis

Magnetic connectivity between a specific point in the heliosphere and the Sun is a
pivotal question for many aspects of Heliophysics. The topology of the IMF is complex
and variable and it cannot be characterised always only by observing the magnetic field
components from a single point in space. This work shows new approaches by the use
of multispacecraft observations and using suprathermal electrons, radio emissions, solar
flares and SEPs as a proxy for tracing the IMF topology over different spatial scales in
the most frequently observed conditions: quiet SW, inside ICMEs and inside SIRs. This
thesis work aims to go further in the investigation of the IP magnetic field topology by
the combined use of some multi-messengers as the suprathermal electron or the almost-
relativistic electrons, as well as other properties of the SW plasma. The main objectives

of this work are:

= To analyse the variability of the suprathermal electron PADs for different conditions
of the SW.

s To understand the topology and the evolution of the ICMEs by looking at the
suprathermal electrons imprints as well as other properties of the plasma during

the transit through the observer’s location.

= To understand how the different physical conditions of the of the IMF affect the
propagation of impulsive SEP events, and find if there is a connection to the variation
of the suprathermal PADs.

For that purpose, the data provided by different solar and heliospheric observatories

have been analysed. In Chapter 2, those missions are presented, and the data collected



24 Chapter 1. Introduction - The Sun

from their instruments, as well as some catalogues that have been utilised for the study
and developed during the PhD thesis. The specific methodologies that has been applied
and developed and the different data analyses are explained in each sub-study, which
are divided in the following chapters: Chapter 3, where the study of the PAD of the
suprathermal electrons is analysed to reveal the dependency with the solar cycle in the
heliosphere and also with the energy range of observation; Chapter 4, where the ICMEs
are analysed from different perspectives, such as the variation of the suprathermal electron
PADs and the statistical differences about characteristics of the FRs as based on Hidalgo’s
model (Hidalgo, 2016) and in-situ plasma measurements; Chapter 5, where a comparative
between the properties of impulsive SEPs and the suprathermal electrons is presented,
as well as the description of a type III radio burst tracer model and three case studies.

Finally, a brief summary, discussion, and future work are shown in Chapter 6.

The complexity of the SW implies the use of a wide variety of different approaches
in order to analyse its properties, as the coordinated multipoint observation, the de-
velopment of analytical models of different topologies of the IMF or new mathematical
approximation to the plasma properties. In this work some methods have been upgraded
and applied to the obtained data from different s/c (see Chapter 2). The three methods
are a mathematical characterisation for the PADs (Section 3.1), an updated model for
FRs (Section 4.2) and the development of a simple model to trace the type III radio bursts
(Section 5.1). Also, it must be mentioned the use in this work of different programming

tools which made the analysis feasible and are explained in Section 1.5.

Part of the content of this thesis study has been previously gathered in some inter-
national publications indexed on the first and second quartiles of the Journal Citations

Report in collaboration with researchers of multiple institutions.

1.5. Coding and Development

All the data analysis has been mainly performed using Python 3.7 (Van Rossum &
Drake, 2009), and sporadically BASH, C, Matlab and IDL. Python is a dynamically typed
programming object-oriented language. It has a comprehensive standard library which
easily allows to implement pieces of code with different specific purposes with the so-called
packages. In this work, some of the most supported packages for data analysis has been
used: Pandas (Wes McKinney, 2010), Numpy (Harris et al., 2020), Lmfit (Newville et al.,
2014, 2019), Matplotlib, Seaborn, Scipy, PyQt5, PyCDF, Sunpy and Astropy, among

many others.

Also, as a multitude of instruments from different missions have been analysed, a series
of tools and widgets were developed under the Amun Solar Application (Amun-SA) to
make the reading and processing data easier. Amun-SA allows to represent the data

of several heliospheric observatories and to use the different methodologies explained in
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previous Sections such as 4.2 and 5.1. The application can be found in a portable version

at http://espada.uah.es/gitlab/Fernando/amun—-sa.git.






Chapter 2
Instrumentation and Catalogues

The IMF topology could not be unravelled without spaceborne observatories that mea-
sure the properties of the plasma inside the heliosphere, because the Earth’s atmosphere
and magnetosphere act as a shield for the SW and particles with higher energy, as the CRs
or SEPs, as well as the atmosphere absorbs and reflects some electromagnetic wavelengths
too. The data used in this work are mainly provided by solar and heliospheric observato-
ries that form part of the National Aeronautics and Space Administration (NASA) and
European Space Agency (ESA) fleets.

Having multiple points of in-situ measurements and remote sensing observations to-
gether is necessary for understanding the large-scale structures in the heliosphere. Be-
sides, as it is impossible to have a full grid of observations of the SW, it is necessary the

development of new methodologies that help to reproduce the IMF topology.

2.1. Near-Earth Missions

Part of the data used in this thesis work is taken from the missions in Earth’s vicinity.
In particular, these missions are located at at the first Sun-Earth Lagrange point (L1,
~ 1.5 million km from Earth) as in this place the gravitational forces of both bodies
compensate each other, which makes easier to position s/c there and to have less attitude
manoeuvres as there are fewer gravitational disturbances. This point is out of the Earth’s
atmosphere and magnetosphere, what allows to have a full coverage of both electromag-
netic and particle measurements. However, the relatively close presence of the bow-shock
of the magnetosphere (65,000 km from Earth) might interfere sometimes, for example
with the presence of upstream particle events (e.g. Klassen et al., 2008). Being located
at L1 has also advantages for the Space Weather field, as it might be also possible to
forecast and anticipate events that may affect the planet. The main missions whose data

were used during the development of this thesis work are:

» Wind (Ogilvie & Desch, 1997) was launched in November 1, 1994 on a Delta II
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Figure 2.1: Currently operating solar (as in April 2020), heliospheric and magnetospheric observatories
and their relative position in the IP space. These observatories form the the Heliophysics System
Observatory (HSO). Some missions inside the magnetosphere (purple bubble) own an orbit which may
often cross the Earth’s magnetosphere boundary. Source: svs.gsfc.nasa.gov/30822.

rocket. It is now located at L1 although it has had multiple orbits along the mission
time, as a halo orbit around L1 with two Moon gravity assist manoeuvres per year,
or petal orbits going out of the ecliptic plane. It carries multiple instruments to
measure the in-situ conditions of the plasma, such as the composition, the magnetic
field, etc. Wind is part of the space programme Global Geospace Science (GGS).
These missions’ main objective is to study the regions where the SW interacts with

the Earth’s magnetosphere at different locations.

» Solar and Heliospheric Observatory (SOHO) (Domingo et al., 1995) is a mission re-
sulting from the international collaboration between ESA and NASA. It was launched
on December 2, 1995 on a Atlas Centaur II rocket. The mission has in-situ and
remote-sensing instruments onboard, although currently only some of them are still
active and providing data. In addition, SOHO not only provides heliospheric data,

but it is the mission that more comets has ever discovered (over 3,000).

» Advanced Composition Explorer (ACE) (Stone et al., 1998) is a NASA s/c that was
launched on August 25, 1997 from Cape Canaveral on a Delta II rocket equipped
with in-situ instrumentation. It began its nominal science operations on January 21,
1998 with a halo orbit about L1. The main objective of this mission is to analyse
the composition of the SW and the galactic CRs. This work uses data from the
Solar Wind Electron, Proton, and Alpha Monitor (SWEPAM) instrument (McComas
et al., 1998) and from the twin triaxial magnetometer onboard (Smith et al., 1998)
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originally designed as the spare model of the Wind mission. Besides, SWEPAM is a
modification of the spare model of the solar wind electron and ion sensors onboard
Ulysses (Wenzel et al., 1992), and it is designed to measure an energy range from ~1
eV to ~900 eV for electrons. The s/c is spinning every 64 s, so the instruments aim
to have a full view of the sky. ACE is considered to be in good conditions, and it is
going to be extended at least until 2024, once the propellant which keeps its attitude

control is totally consumed.

» Solar Dynamic Observatory (SDO) (Pesnell et al., 2011) was launched on Febru-
ary 11 2010 complementing the measurements of SOHO as it is equipped with re-
mote sensing instruments that allows to study in a wide range of wavelengths with
new-generation equipment allowing higher spatial resolution and acquisition cadence.
Besides that, combined with the described below STEREO mission, it allows an 3D
reconstruction of the Sun from the ecliptic plane perspective, which is crucial for
the understanding of the evolution of the solar features such as ARs or CHs, and

provides relevant information for the Space Weather forecasting.

There is an implicit limitation of these missions: their orbits are very closely located
in the heliosphere. This issue hampers the possibility of observing simultaneously other
parts of the Sun, being implausible to see what is close to the limb or behind the solar
limb from the point of view of the Earth, which does not allow for instance to keep track
of the evolution of solar features for longer than half solar rotation nor to observe the
source where SEPs release as they may occur on the non-observable regions, and studying
the global structure of the SW and the IMF. For these reasons, it is extremely helpful to
complete the observations and measurements with other s/c located at other points of the
heliosphere. Thus, the data from other heliospheric observatories is crucial for probing
the IMF, and this thesis work makes use of the twin s/c mission at 1 au Solar Terrestrial
Relations Observatory (STEREO) (Kaiser et al., 2008), and set the basis for future data
analysis from the two recently launched Parker Solar Probe (PSP) (Fox et al., 2016) and
Solar Orbiter (SolO) (Miiller et al., 2020; Forveille & Shore, 2020), which are located at

different radial distances during their orbit.

2.2. The STEREO Mission

This PhD work is primarily based on the analysis of different data sets provided by
instruments onboard the STEREO mission. It is a mission composed by two almost
identical s/c, STEREO Ahead (STEREO-A) and STEREO Behind (STEREO-B), that
were launched at the same time on October 25 2006. Their particular heliocentric orbit
(STEREO-A ~ 0.96 au and STEREO-B ~ 1.04 au on average) allows to have stereoscopic
imaging of solar features in the ecliptic plane, as it gives two new points of observations

close to the Earth’s orbit moving away from the planet in opposite directions with a
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Figure 2.2: Sketch of the orbit of the STEREO mission. Left: heliocentric trace of both STEREOs and
Earth; right: fixed Sun—Earth line and the relative position of both s/c. Credit: (Kaiser et al., 2008).

constant relative translation of ~ 22 degrees per year as Figure 2.2 shows. The superior
conjunction happened during summer 2014. In this period some technical problems were
reported in part because of the reduced communications due to the solar obstruction,
which derived into the loss of attitude control of STEREO-B, hampering the possibility
of acquire data from this s/c. On the contrary, STEREO-A is operating normally.

They are 3-axis stabilised s/c, i.e. they are facing the Sun continuously almost without
rotations to allow a continuous remote-sensing observation. Together with the missions
surrounding Earth and the earth-based telescopes, STEREO has allowed to reproduce the
geometrical topology of CMEs, observe SEP events with wide angular separation, keep
track of the evolution of the CHs or ARs, or among other things, measure the in-situ

properties of the plasma which allows to analyse the spatial and temporal variations.

Each s/c has onboard remote-sensing as well as in-situ instrumentation. The remote-
sensing instruments are part of the Sun Earth Connection Coronal and Heliospheric In-
vestigation (SECCHI), which consists of two heliospheric imagers, two coronographs and
an extreme ultraviolet telescope. Also, STEREO is equipped with the following in-situ

instrument suites:

= In-situ Measurements of Particles and CME Transients (IMPACT)! (Luhmann et al.,
2008) is composed by seven different instruments used to measure the characteristics
of the IMF, the distribution of plasma electrons, and the properties of the SEPs.

Those used in this work are:

IMPACT-MAG (Acuna et al., 2008) is a triaxial magnetometer located at the

boom of the s/c. It provides data with a cadence of 0.03 seconds in burst mode.

Inttps://stereo-ssc.nascom.nasa.gov/data/ins_data/impact/level2
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Solar Wind Electron Analyzer (SWEA) (Sauvaud et al., 2008) is able to measure
the DF of SW core and halo electrons from ~ 1 eV to 3 keV. ? It consists of a
hemispherical electrostatic analyser located at the s/c boom, which has a sectorised
field of view of 360 x 120 degrees with a geometrical factor at 0 degrees of 8.4 x
1073(sr - cm?). The team provides the PAD with 12 bins for 16 different energy
channels with an acquisition of ~ 2 counts per minute as a Level 2 data product.
During the period from 14 February 2008 to 16 April 2009 for STEREO-A, and from
16 February 2008 to 16 April 2009 for STEREO-B, the PAD data product covers a

slightly different energy ranges that affect some long-term analyses described below.

Solar Electron Proton Telescope (SEPT) (Miiller-Mellin et al., 2008) can measure
electrons from 20 to 400 keV and protons from 35 keV up to 6.5 MeV thanks to the
double-ended magnet /foil detector with a field of view of 52.8 degrees for electrons
and 52.0 for protons. The instrument is composed by four of these telescopes located
at different faces of the observatory. They are nominally pointing to the ecliptic north
and south, as well along the ideal Parker spiral in both directions. Data provided

has a time resolution up to 1 minute.

» PLAsma and SupraThermal Ton Composition (PLASTIC) (Galvin et al., 2008) mea-
sures the properties of protons, alpha particles, and heavy ions, such as the kinetic
proton temperature, the proton density, or the components of the bulk plasma ve-

locity.

» STEREO/WAVES (SWAVES) (Bougeret et al., 2008) captures radio-emissions by
the use of three orthogonal monopole antennas of 6 meters and covers from 10 kHz

to 16 MHz. The data provided by the team are sampled with a cadence of 1 minute.

2.3. Parker Solar Probe and Solar Orbiter

The STEREO mission faces a limitation on the observation it can perform, as well as
the Earth’s vicinity missions: they are almost at the same radial distance and in the same
plane of observation: the ecliptic. The first issue does not allow to measure the radial
evolution of the SW in the heliosphere, while the second one struggles the possibility of

having enough observational coverage to observe the polar regions of the Sun.

There are missions that have gone farther from the Sun as the two Voyagers (Stone,
1977) and already observed the physical properties of the heliopasue (the outer boundary
of the heliosphere. See Section 1.2.1). Another landmark case is the one done by the
recently launched NASA’s PSP, which is the mission that has approached the closest to
the star, and will have a maximum approach of 9.86 solar radii during the nominal mission
phase. With this probe it is possible to have a better understanding of the SW inside the

2 Although the SWEA was designed to measure from 1 eV to 3 keV, due to unexpected ionisation problems the energy
channels below 60 eV are not reliable (Fedorov et al., 2011).
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Mercury’s orbit and it complements other missions with farther orbits. Also, previous
missions as Ulysses (Wenzel et al., 1992), launched in 1990, already went out of the
Ecliptic plane, but without remote-sensing instruments onboard. Solar Orbiter (SolO)
is the recently launched ESA’s (February 2020, currently in cruise phase) heliospheric
observatory that will leave the ecliptic plane equipped with remote-sensing -as well as in
situ- instruments and with an orbit whose perihelion is located closer to the Sun than

Mercury’s orbit.

2.3.1. Parker Solar Probe

It was launched in August 12 2018 on a Delta IV Heavy. The mission will have a
lifetime of 7 years. Its orbit is approximately between Earth’s and 9.86 solar radii, being
the closest artificial object to reach that close to the star. The mission carries four different

suites of instruments to measure different properties of the Heliosphere. Those suites are:

» Electromagnetic Fields Investigation (FIELDS) (Bale et al., 2016) can acquire data
of different physical properties of the plasma such as the IMF, the absolute density,

the temperature or radio waves, among others.

» Integrated Science Investigation of the Sun (IS®IS) (McComas et al., 2016) measures
the properties of energetic particles such as electrons, protons, and heavy ions and it
is divided into two different instruments (EPI-Hi and EPI-Lo) for studying different

ranges of energy.

» Solar Wind Electrons Alphas and Protons (SWEAP) (Kasper et al., 2016) mea-
sures SW properties such as the velocity density and temperature of thermal and

suprathermal electrons, protons, and helium ions.

» Wide-field Imager for Solar Probe (WISPR) (Vourlidas et al., 2016) counts with
optical telescopes similar to the heliospheric imagers onboard STEREO and SolO

that allows to observe the solar corona and the inner Heliosphere.

These instruments have as main scientific objectives:

1. Trace the flow of energy that heats the corona and accelerates the SW.
2. Determine the structure and dynamics of the magnetic fields at the sources of SW.

3. Determine what mechanisms accelerate and transport energetic particles.

This thesis work tries to help in answering part of all of them, by providing a method to
characterise the PAD of the suprathermal electrons (1, Section 3.1), studying large-scale
structures as the ICMEs and the nominal Parker spiral (2, Sections 4.2 and 5.1) and by
looking at the characteristics of the propagation of SEPs (3, Sections 5.1 and 5.2).



2.3 Parker Solar Probe and Solar Orbiter 33

2.3.2. Solar Orbiter

SolO, launched on February 10 2020, is a nominally seven-year ESA mission -which
could be extended to 2030- and will approach the Sun to approximately 60 solar radii,
inside Mercury’s perihelion. At the extended phase of the mission, it will also leave
the ecliptic plane with an inclined orbit of > 25 degrees. The s/c is equipped with a
high-sophisticated shield that protects both in-situ and remote-sensing instrumentation.
SolO has six different remote-sensing instruments onboard, that can measure a wide
range of the electromagnetic spectrum, from white light to X-rays, with the following
instruments: EUV full-Sun and high-resolution Imager (EUI, Rochus et al., 2020), Solar
Orbiter - Heliospheric Imager (SoloHI, Howard et al., 2020), EUV spectral Imager (SPICE,
Anderson et al., 2020), and Spectrometer Telescope for ITmaging X-rays (STIX, Krucker
et al., 2020), and a coronograph (Metis, Antonucci et al., 2020) as well as a magnetograph
(Polarimetric and Helioseismic Imager, PHI, Solanki et al., 2020), which allows to measure
the magnetic conditions of the solar surface. In addition, the following in-situ instruments

onboard complete the payload:

» Energetic Particle Detector (EPD, Rodriguez-Pacheco et al., 2020). This suite counts
with several instruments that allow to measure different populations of the plasma
particles. It is able to measure composition, counting and DF's of suprathermal and
energetic particles from few keV/n to hundreds of MeV /n with directionality as it

owns multiple fields of view.

» Magnetometer (MAG Horbury et al., 2020). The magnetometer of SolO can provide
16 vectors (128 in burst mode) of the IMF with a cadence of < 0.01 s in burst mode
(< 0.1 s in nominal behaviour) and a sensitivity of 4 pT. Its sensors are located at

different points of the lowest magnetically perturbed place of the s/c: the boom.

» Radio and Plasma Wave analyser (RPW, Maksimovic et al., 2020) can measure
magnetic and electric fields, which are caused by plasma waves near the s/c, as well

as those due to radio bursts.

» Solar Wind Analyser (SWA, Owen et al., 2020) is a suite of sensors -Proton and Alpha
particle Sensor, Heavy Ion Sensor, and Electron Analyser System- that can measure
SW ion and electron bulk characteristics, as the density, speed, and temperature, as
well as the ion composition (from C to Fe). The Electron Analyser System is located
at the boom and has a full coverage of the sky (except the sector blocked by the s/c,
Figure 3 of cited paper).

SolO has as a main objective to answer the following four main scientific goals (Owens
& Forsyth, 2013; Miiller et al., 2020):

1. How and where do the SW plasma and magnetic field originate in the corona?
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2. How do solar transients drive heliospheric variability?
3. How do solar eruptions produce energetic particle radiation that fills the heliosphere?

4. How does the solar dynamo work and drive connections between the Sun and the

heliosphere?

Communications for data downlink, as well as commanding, are limited as the s/c is
several times eclipsed by the star and there are complex gravitational assist manoeuvres
and, in addition, all the instrumentation, specially the remote-sensing ones, generate a
huge amount of data. For this reason, the coordination between the different instruments
and the definition of some established operational mode scenarios are crucial to ensure
an efficient use of the telemetry budget and the achievement of the scientific goals of the
mission. With that purpose, SolO mission has a variety of Solar Orbiter Observing Plans
(SOOPs) that are described in Zouganelis, 1. et al. (2020). The data provided by the

instrument teams can be located at SolO archive soar.esac.esa.int/soar.

2.4. Catalogues

When studying the collected data from different observatories (either remote-sensing
observations of the Sun or in-situ measurements of the space plasma), one of the key points
is the identification of diverse patterns related to possible structures/substructures as well
as the definition of the nominal behaviour. The existence of previous catalogues makes
the classification and analysis of any type of solar phenomena easier, as well as could be
used for improving models or for feeding machine learning algorithms. The identification

of the different structures is, among others, important for the Space Weather discipline.

As this thesis work is based on the study of different populations of the electrons
to probe the IMF, it is important to characterise, to the extent possible, the magnetic
topology and conditions of the local plasma and its solar origin. It is also necessary
to identify the presence of SEPs, which carry information about their origin and their
travel to the observer (see Section 1.3.5), and to extract the information provided by
the suprathermal electron distributions, extremely dependant on the IMF conditions (see
Section 1.2.2). To achieve this, some catalogues have been used as well as some other
features have been collected and classified during the development of the work as described
in following Chapters. The following catalogues publicly available and based on data from

different missions have been used in this thesis:

» Shock catalogue®. Denominated the Heliospheric Shock Waves Database and
maintained by the University of Helsinki, contains a wide extended list of P shocks
observed by multiple missions, providing their orientation as well as other parame-

ters.

Shttp://ipshocks.fi
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» Solar Electron Event List*. This catalogue indicates the onset of multiple events
observed by the STEREO/SEPT instrument, indicating the onset of the electrons at
the range of 55-85 keV, as well as the time of the peak intensity. Also, some other
comments such as the type of event (see Section 1.3.5). It is maintained by part of
the IMPACT /SEPT team (University of Kiel, Germany).

» ICME Catalogue®. It is maintained by the STEREO/MAG team. It has a selec-
tion of different ICMEs observed by both STEREO s/c. The comments show some
properties of each MO, such as the presence of BDE or the relative value of plasma
B, among others. The selection of the ICMEs have been performed based on the
criteria enshrined by Jian et al. (2018, 2013, 2006a)

» SIR Catalogue®. It provides a catalogued of SIRs crossed by the two STEREOs.
There it is indicated the beginning, the end and peak in hydrostatic pressure inside
the structure. The list is also maintained by L. Jian and the SIR selection criteria
can be found in Jian et al. (2006b, 2019).

4www2 .physik.uni-kiel.de/STEREO/downloads/sept_electron_events.pdf
Snttps://stereo-ssc.nascom.nasa.gov/pub/ins_data/impact/level3/ICMEs.pdf
6https://stereo-ssc.nascom.nasa.gov/pub/ins_data/impact/level3/SIRs.pdf






Chapter 3

Studying Suprathermal Electron
Pitch-Angle Distributions

Chapter 2 introduced the dataset from different observatories and the catalogues
utilised in this work that aims to unravel the IMF topology for different SW conditions.
Charged particles such as the electrons, protons and ions travel along the IMF, so the
study of the PADs of these species can be very useful to discern the topology and condi-
tions of the field. The distribution of the particles depends on their origin, such as the
acceleration process, and the different conditions of the plasma they have encountered

until the arrival to the observatory, for instance the IMF topology, the turbulence, etc.

A great part of this thesis work is focused on the study of the suprathermal electrons in
the TP medium. They provide directional information as they are continuously emerging
from the Sun, and their gyroradius is smaller than the one of higher energy particles (< 22
km for 1 keV and 5 nT). These characteristics allow to probe IMF local lines and the
conditions that the population encountered from their emergence until their observation.
In addition, their directional distributions are well characterised because the detectors
have typically a wide field of view with smaller sectors and no loosing flux statistics (see

chapters 1 and 2), which allows a better directional distribution over 4.

The following sections are divided into three different topics: the description of a
characterisation method of the suprathermal electron PAD (Section 3.1); the analysis of
two of the most common PADs after the simple strahl typical of the unperturbed ambient
SW, the isotropy and the BDE, which can provide substantial information about the
local features of the IMF (Section 3.2); and the analysis of the variability over time of the
absolute anisotropy for a given energy, its dependency with the solar-cycle and also with
the heliomagnetic latitude (Section 3.3). The studies of this Chapter are mainly based on
data from STEREO/SWEA and ACE/SWEPAM instruments.
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3.1. Pitch-Angle Distribution Characterisation

The PAD function (i.e. DF vs PA) analysis may require of a mathematical process
in order to extract the information that provides its actual shape. There are previous
methods that aim to obtain different pieces of information from the PADs, such as the
degree of isotropy by using similar parameters to the variance of the DF (e.g. Crooker
et al., 2003) or the width of the strahl population by the use of Gaussian fitting (e.g.
Anderson et al., 2012; Graham et al., 2018). Nevertheless, there are other approaches
that try to reproduce the shape of the distribution and, from the derived mathematical
approximation, to extract the desired information. For example, Chen et al. (2014) utilises
Legendre polynomials applied to the directionality of energetic electrons trapped in the
Earth’s outer radiation belt to infer the PAD given a topology by using unidirectional or
omnidirectional flux from a point in the defined topology. Other examples are the ones
in Balogh (1971); Sanderson et al. (1983, 1985); Agueda & Lario (2016), that use the
same approximation for quasi-relativistic electrons in order to quantify the anisotropy,
among others. This work uses Legendre polynomials similarly to them, but the method
defined below has been applied in order to study the general shape of suprathermal
electron PAD data provided by STEREO/SWEA and ACE/SWEPAM (however, this
method can be applied to other species and populations) and characterised using signal
processing analysis. The definition and some of the analyses shown in this work were
already published in Carcaboso et al. (2020).

Under the assumption of a gyrotropic trajectory (i.e. the PAD equally behaves inside
the cylinder surrounding the angle of observation due to the helical movement of the
population), the suprathermal electron PADs can be characterised using an expansion of

the orthogonal Legendre polynomials on the cosine of the PA.

f0) = ZAZ-PZ-(cose) = ZFM) (3.1)

where 6 represents the PA| A; are numeric coefficients and P;(x) are the Legendre poly-

nomials, given by Rodrigues formula (e.g. Howlett et al., 2007):

N
P = 53 (3) G-y (3:2)

Legendre polynomials formally include infinite harmonics (i — o0). However, the ex-
perimental data constitutes a discretisation which limits the maximum meaningful order.
The process followed in this work has been to fit the summation of a certain number
of Legendre Polynomials to all the mentioned PADs data with total the total number
of sectors are covered by the IMF direction, and corrected for ion bulk flow by using a

least squares fitting algorithm Levenberg-Marquardt under the Python 3.6 Imfit package
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(Newville et al., 2014, 2019, see Section 1.5). Apart from that filtering, those fits not

converging by the algorithm are excluded.

Due to the discretisation, artificial oscillations at the boundaries of the studied interval
may occur. This problem is known as the Runge’s phenomenon and occurs when a poly-
nomial is fitted to a set of equispaced data points. For this reason, it is necessary to have
a well-conditioned approximation (Dahlquist et al., 2014), and the order of the harmon-
ics must accomplish ¢ < 2y/n (where n is the number of data points) if a least-squares
fitting is performed. As seen in the previous Chapter 2 Sections 2.2 and 2.3, the analysed
PADs cover 12 equiangular data points for every sample in the case of STEREO/SWEA,
and 20 points in the case of ACE/SWEPAM. Despite this last instrument provides more
points, in order to have directly comparable results, all of them are fitted up to the fifth

harmonic, which results from truncating equation 3.1. The obtained equations are:

Fy(0) = Ao (3.3)

Fi(0) = Ajcost (3.4)

Fy(0) = AQ%(360829 - 1) (3.5)

F5(0) = A3%(5CO$39 — 3cosh) (3.6)

Fy(0) = A4%(35cos49 — 30cos*0 + 3) (3.7)
F5(0) = A5%(63cos59 — 70cos®0 + 15c0s0) (3.8)

The shape of these six terms are shown in Figure 3.1 and the different coefficients A;
are obtained by fitting the summation of the six terms (equations from 3.3 to 3.8) to the
experimental PAD data points at a given time. Some examples of the performed fits to
experimental data can be found in Figure 3.2, where a period measured by STEREO-A

is observed.

Even Legendre Polynomial terms (i.e. Fy, F}y) are symmetric with respect to 90 degrees
(cosf = 0), while the odd ones (i.e. Fi, F3, F5) have antisymmetric shape. Also, Fj
corresponds to the mean value of the PAD. The actual shape of the experimental PAD
is determined by the relative contribution of each harmonic, and thanks to this, different

pieces of information can be extracted contemplating the following assumptions:

= As a first approximation, BDE can be considered as a symmetric distribution, peak-
ing at both the cosine of PA +1 and -1. An ideal counterstreaming would appear
when the second and fourth coefficients are positive and have much higher absolute
value than the others, while loss-cone PADs or 90 degrees depletions would also
present symmetry, but their identification requires further interpretation of the coef-

ficients. Finally, the butterfly distribution would appear when the second coefficient
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Figure 3.1: Distribution function of the Legendre Polynomials up to fifth order in arbitrary units. Even
harmonics are symmetric along cos(f) = 0, and odd harmonics are antisymmetric.
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Figure 3.2: STEREO-A/SWEA PAD for channel 120-190 eV on March 2012 (bottom). Zoomed boxes
shows the snapshots of the corresponding shown timestamps and represents the DF (blue dots) and the
Legendre polynomials fit (red line). Grey box is isotropic, green shows BDE -counterstreaming-, and

blue and red shows single strahl with outward and inward polarity, respectively.
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is positive, the fourth is negative and it contributes significantly to the final shape.

= A pancake distribution is a symmetric PAD too, but in contrast to the counter-
streaming case, the second coefficient must be negative and the second harmonic

must dominate over the others.

= The simple strahl distribution has a clear non-symmetric behaviour, peaking at cosine
+1 or -1 depending on the IMF polarity. For this reason, the odd harmonics are the

ones that contribute the most to the final shape.

» When the mean value (i.e. harmonic 0, determined by the Ay coefficient) prevails

over all the other terms, then the PAD would be isotropic.

The importance of the contribution of each term to the final PAD can be characterised
using a logarithmic relative power scale as it is commonly performed in signal processing
methods, with the calculation of a Signal-to-Noise-Ratio (SNR) coefficient. In this case,
the ’signal” would correspond to the harmonic/s desired for the study and the rest of the

harmonics must be considered the 'noise’ of the total PAD (see equation 3.9).

SNRdB = 10 . lOg]_O <77D)Sigéal) (39)

where Pgigna and Peise are the power calculated for one or for the summation of various

harmonics. The power of any harmonic/s is defined as:

P; ! /7r |, (0)%df (3.10)

T or

—T

As mentioned above, the second and the fourth harmonics are the ones that define the
symmetry of the PAD. For this reason, a more symmetric PAD will drop a higher SNR of
the sum of both harmonics (SN Rayy). In order to distinguish between the different types of
BDE and also the pancake, it is necessary to take into account the possible combinations
of the sign of each coefficient too. By looking at the weight of the coefficients and the

relation between all of them, a finer classification could be performed.

When the PAD is nearly isotropic, the possible contributions of the harmonics are
negligible compared to the value of Ay (mean value). For this reason, it is necessary to
quantify the predominance of the harmonics with respect to the Fy. Analogously to signal
processing methods, the ripple of the signal () can be used in this case to identify how
significant are the angle-dependent deviations. The ripple is an dimensionless coefficient
defined as:

=100 fz’: %] (3.11)
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where

foma = \/% JRECIRCE (3.12)

A perfect isotropy would be defined by the unique contribution of Fj to the final PAD
(v = 0). Furthermore, larger values of v can be interpreted as higher grade of anisotropy
in the PADs. The definition of a threshold in v (v;,) makes the identification of isotropic
and anisotropic periods easier, while the combined use of SN Ry4 and vy, allows to classify
the BDE periods in the SW. This permits a massive analysis of the data provided by the

previously mentioned missions.

3.2. Isotropy and Bi-Directional Suprathermal Electrons

In Section 3.1, two different coefficients were defined in order to quantify the anisotropy
(v, Equation 3.11) and the bi-directionality (SN Ra4, based on Equation 3.9) of any PAD.
In this Chapter, these coefficients are calculated for a long-term analysis of the PAD of the
suprathermal electrons acquired by STEREO/SWEA for the period March 2007 (after
both s/c went outside the Earth’s magnetosphere) until the end of July 2014 (before the
superior solar conjunction); for ACE from January 1, 1998 to September 25, 2005 (before
the instrument gain change) for part of the analysis and from September 25, 2005 to June
1, 2012 (before the mission control attitude change, where the s/c’s spinning axis varied
on October 23, 2012).

3.2.1. Defining the Isotropy

It is well established that there is a correspondence between plasma [ and the
anisotropy of suprathermal electrons in the SW, where the value of plasma S is an-
ticorrelated with the anisotropy (Crooker et al., 2003). High-$ plasmas are prone to
scatter suprathermal electrons, and this reduces heat flux coming from the Sun. In
this case, plasma [ is defined as the ratio of the gas pressure (calculated as P, =
N, KT, + N. KT, + Ny KTp., where N is the density, K the Boltzmann constant, and
T temperature, and p corresponds to proton, e to electrons and He to helium) to the
magnetic pressure. The latter is calculated as P, = B*/2uo (with B the magnetic
field and gy the magnetic permeability of vacuum), while the gas pressure is estimated
considering the contribution of protons, alphas and electrons as explained in Mullan &
Smith (2006), assuming 7, and an alpha/proton ratio constant with a value of 140,000 K
and 0.04 respectively (Newbury, 1996; Biirgi, 1992).

In order to validate the characterisation of the degree of anisotropy based on v, Figure

3.3 shows a 2D histogram of this parameter versus log,,(/) for the entire period under

Thttp://www.srl.caltech.edu/ACE/ASC/level?2/swepam_l2desc.html.
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study for the two STEREOs. In both cases, there is a clear decreasing trend of v (see also
Figure 4 in Crooker et al. (2003), where the authors characterise the anisotropy using the
variance of the experimental PAD data). This confirms that v can be used as a reliable
anisotropy index. It can also be noticed that values of v are bounded between ~ 1%
(log1o(y) = 0) and ~ 320% (logio(y) = 2.5), and that the contribution of the harmonics
to the final DF is rarely higher than 3.2 times the value of Ay.

There are observations where the actual contribution of the harmonics is negligible
with respect to the mean value of the DF. In other words, there is no clear predominance
of any direction (i.e. the distribution is isotropic), which drops the nonexistence of strahl
population. This aspect is very relevant for identifying the topology of the IMF and adds
relevant information about the factors that may affect those lines as previously shown in
Section 1.2.2. The typical situations that could explain the isotropy could be the total
smearing of the strahl population due to turbulent conditions or the existence of IMF
lines not connected to the Sun, so there is no distinguishable strahl population. For
this reason, in order to have a clear separation between the isotropy and the anisotropy,
a threshold value must be defined. Thus, the fit results obtained by STEREO-A were
analysed. Figure 3.4 represents a 2D histogram of the anisotropy coefficient v versus
the first order anisotropy. The two notorious branches correspond to simple strahl with
different polarities and it can be seen the existence of a region below ~ 15% where there
is no clear predominance from any direction. This value means that at least a 15% of the
PAD corresponds to the contribution of the harmonics, and has been defined as threshold
(ven = 15%) to discern between isotropy and anisotropy for the following analyses. Black

line in Figure 3.3 corresponds to 4.

As an example, Figure 3.5 shows a period observed by STEREO-A in September
2013 including two closely-spaced time intervals where the PAD becomes isotropic. Both
intervals are shaded in yellow for all panels. The panels represent the bulk plasma velocity
(a); proton density (b); panel ¢ shows the observed kinetic temperature in blue and the
yellow line represents an empirically predicted kinetic temperature based on the proton
speed as explained in Elliott et al. (2012); proton thermal pressure (d); IMF strength
(e) and the corresponding polarity derived from the azimuthal angle within +60 degrees
(green, positive; red, negative; yellow, undefined); panel f shows the azimuthal angle
of the IMF with the estimated angles of the Parker spiral based on the bulk velocity
(positive, green; negative, red), while ¢ indicates the latitudinal IMF angle; panel h
shows the three different components of the IMF in RTN coordinate system; plasma f
(7); panel j shows the anisotropy coefficient 7, which is coloured in red when the flux
is isotropic (v < v); panel k shows the SN Ryy; and panel [ shows the actual PAD for
SW suprathermal electrons with an energy of 119-194 eV (y-axis is the angle in degrees,

z-axis represents the DF in logarithmic scale).

The two highlighted periods are identifiable with very sharp boundaries, clearly pre-
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Figure 3.3: 2D histograms showing the relation between the log,, of the anisotropy coefficient v and the
logyo of the plasma S for the entire period under study (2007 — 2014) for STEREO-A (top) and
STEREO-B (bottom). Horizontal black line shows 7, (see text for details), and colour bar indicates
the number of events for each bin in logarithmic scale.
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Figure 3.4: Two-dimensional histogram showing the number of occurrences of the anisotropy coefficient
~ versus the result of A;/Ag, which represents the first order anisotropy value (see e.g. Tan et al., 2007).

senting the following SW signatures different with respect to the surroundings: discon-
tinuities in the bulk plasma velocity; IMF strength decrease, proton density and kinetic
temperature enhancements with the corresponding increase on the hydrodynamic pressure
and consequently, the plasma [ too; a sudden change in the polarity, going from predom-
inantly positive polarity to negative for the first interval, positive between the first and
the second, ambiguous for the second interval and positive afterwards, which suggests
sustained tangential crosses through the HCS; low values of the anisotropy coefficient
v, below the threshold which defines the isotropy, while the rest of the shown interval
is characterised by a strahl during a period with outward magnetic polarity and higher
values of v; the SN Ry remains below 0 dB during almost all the presented observation
due to the lack of symmetric PADs.

Using the defined threshold of 7, a complete survey of isotropic PADs has been
performed for both STEREOs, and it is gathered in the Catalogue of Isotropic Periods
presented in Section 3.2.4.

3.2.2. Defining the Bi-directionality

In order to establish a reliable criterion for the identification of BDE periods, observa-
tions of suprathermal electron PADs from ~ 119 eV to ~ 193 eV inside ICMEs (as they
are structures whose topology allows the observation of BDE. See Section 1.2.2) and in
the quiet SW are compared. The quiet SW is defined as the whole period under study
for both STEREOs, removing the transit of the catalogued ICMEs +12 hours, SIRs +12
hours and shocks £2 hours. A subset of those ICMEs observed by both STEREOs with
particularly long and clear periods of BDE was filtered by eye (see Appendix). After this
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Figure 3.5: STEREO-A observations during a period in September 2013 including two intervals of
isotropic flux of suprathermal electrons shaded in yellow. From top to bottom: SW proton speed,
proton density, proton temperature, IMF magnitude accompanied by its polarity (red, negative; green,
positive; yellow, ambiguous), IMF azimuthal angle in the RTN coordinate system complemented with
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the two possible nominal Parker Spiral angles (red, negative; green, positive) calculated from the proton
speed, IMF latitudinal angle in the RTN coordinate system, RTN magnetic field separated components,

plasma , the anisotropy coefficient for suprathermal electrons v (ripple, see Section 3.1), the
bi-directionality coefficient SN Ray (see section 3.1), and 119-194 eV suprathermal electron PAD
colour-mesh (y-axis is the angle in degrees, z-axis represents the DF in logarithmic scale).
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Figure 3.6: Histograms of the calculated SN Roy4 for the selection of ICMEs with longer periods of BDE
(red, listed in appendix ), and for quiet SW (blue).

selection, the data were filtered further using the above defined criteria of v > ~;, (i.e.
non-isotropic) and A, > 0 (i.e. not peaking near pitch-angle 90 degrees). Once they were
filtered, the SN Ry4 was calculated. In addition, the same procedure was performed for

the selection of quiet SW periods.

Histograms of the calculated SN Ry for each sample are presented in Figure 3.6. For
the quiet SW (blue), the distribution is almost symmetric, centred at a mean value of
SN Ryy of -3.40 dB. As expected, the distribution for the selected ICMEs (red) is sig-
nificantly shifted to higher values of SN R4, showing an asymmetric distribution with a
mean value of 6.59 dB, and a median value of 5.79 dB of a total of 370,875 fits. Both dis-
tributions intersect near 0 dB and show some overlapping due to the occasional presence
of BDE in the quiet SW (e.g. due to non-catalogued ICMEs, small scale transients or
post-ICME periods showing significant bi-directionality as it will be discussed in Chapter
4) and the absence of BDE during certain periods of the selected ICMEs too.

The median of the SN Ry, histogram for the selected ICMEs has been defined as a
threshold to set a reliable identification criterion of periods with clear BDE (SN Ry, = 5.79
dB). This restrictive threshold does not imply that values below do not correspond to
bi-directional PADs, but it assures that those above 5.79 dB are almost certainly bi-
directional. The stated threshold (SN Ry,) is used in following studies in sections 3.2.3,
4.1 and the previously mentioned catalogues (Section 3.2.4). It should be noted that this
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selection threshold is used for relative comparisons of different periods, and not as an
absolute indicator of BDE because this the criterion is very restrictive an BDE can be
present below the threshold. As well as the case of the isotropy, the defined threshold of
SN Ry, has been used to list BDE periods observed by both STEREOs as described in
Section 3.2.4.

3.2.3. Long-term Variation of Isotropy and Bi-directionality

In order to explore the solar-cycle dependency of suprathermal electron bi-directionality
and isotropy, the first four panels shown in Figure 3.7 represent the time variation of the
percentage of isotropy (blue) and BDE (green) for both STEREOs, with moving windows
of 3 months. The grey dashed lines show the mean percentage of the whole period under
study. On the first two charts, the red line corresponds to the radial distance to the Sun
of each s/c, while on the following two, the orange line indicates the time in hours per
month of transit of [CMEs listed in /CME Catalogue (see Section 2.4). The bottom panel
represents the daily average Sun Spot Number (SSN) and the average tilt angle of the
HCS (Hoeksema, 1995). As previously explained in Section 2.2, the energy range used
for the data product has a slight difference due to changes in the energy ranges of the
instrument, covering from ~ 127 eV to ~ 180 eV instead of the nominal range from ~ 119
to ~ 193 eV. The two vertical black lines of the first fourth panels mark the period where

this difference is present.

In spite of the small angular separation between STEREO-A and STEREO-B (less
than 11 degrees) during March—-May 2007, significant discrepancies were observed in both
isotropy and BDE. Some contribution of electrons escaping from the Earth’s magneto-
sphere at STEREO-B (Opitz et al., 2014) or a shielding effect of the magnetospheric
obstacle cannot be discarded as a possible source of this discrepancy at the earliest part
of the plots.

The isotropy (panels 1 and 2 in Figure 3.7) show periodic variations, roughly coinci-
dent with the orbital period for both s/c. However, while STEREO-B tends to always
observe more isotropy when it is located farther from the Sun, the origin of the periodic-
ity for STEREO-A is unclear and not obviously correlated with the heliocentric distance,
heliographic latitude nor planetary connections along the IMF (not shown in the Figure).
Since the amplitude of the heliocentric distance variation along its orbit is higher for
STEREO-B than for STEREO-A, the recurrence observed at STEREO-B could be the
result of increasing cumulative effects of scattering and/or disconnection events, however,
given the narrow interval of variation of heliocentric distances covered by both s/c (below
0.087 au for STEREO-B and below 0.012 au for STEREO-A), the ultimate origin of the

quasi-periodic behaviour at both s/c requires further investigation.

Apart from this periodicity, a prominent increase of the isotropy during late 2009

and early 2010 was observed by both s/c, in coincidence with the quick rise of the HCS
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Figure 3.7: Temporal variation of the time percentage during 3 months of isotropic periods (blue) and
bi-directional periods (green). From top to bottom: Percentages of time appearance calculated for a
running window of three months of isotropy for STEREO-A, isotropy for STEREO-B, and over-plotted
the heliocentric distance of both s/c¢; BDE for STEREO-A, BDE for STEREO-B, accompanied by the
time transit of ICMEs listed in ICME Catalogue (see Section 2.4); finally, SSN and latitudinal angle of
the HCS. (See text for more details)
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tilt angle, which marks the end of the solar minimum and the start of the rising phase
of solar cycle 24. It should be noted that suprathermal electron isotropy is frequently
observed near I[P HCS crossings (Crooker et al., 2003), therefore subject to the influence
of the global HCS tilt angle and the s/c latitude. For both s/c, the isotropy is overall
more frequent near solar minimum (2008-2010) than during the increasing phase of the
solar cycle (2011-2014), although this tendency is weak compared with the recurrent

fluctuations.

The bi-directionality (panels 3 and 4 in Figure 3.7) roughly follows an increasing trend
with the increasing solar activity level (SSN and HCS tilt angle). This means that bi-
directional periods are longer and more frequent during solar maximum than near solar
minimum. At the same time, the fraction of time corresponding to ICME transits (solid
line in panels 3 and 4) follows the same trend. This result matches what was expected,
as one of the properties of the ICMEs is to present BDE (Zurbuchen & Richardson,
2006), and the ICME occurrence rate increases during solar maxima (Owens et al., 2007;
Richardson & Cane, 2010; Li et al., 2018). It is also notable that STEREO-A observed a
local maximum in the rate of BDE during late 2009 and early 2010, just after the quick
increase of the HCS tilt angle.

3.2.4. Catalogues of Bi-directional and Isotropic Periods

Using the method described above, the PADs can be easily identified as isotropic or
bi-directional. This opens the possibility of having better identification of other types
of PADs. Both distributions (isotropy and BDE) have a special interest as they add
relevant information of the topology of the IMF as explained in Chapter 1. Two different
catalogues of isotropic and bi-directional periods have been created for STEREO-A and
STEREO-B. For collecting the candidates, a moving window (~ 20 minutes) was used
to calculate the time percentage where the imposed thresholds are fulfilled (see Sections
3.2.1 and 3.2.2). If the condition is fulfilled for at least 10 minutes of that moving window
(i.e. a 50 percent), the period is a candidate for the list. When two or more candidates
have a separation of less than 2 hours, they are considered as the same event. The
list shows the start and the end of each event, its duration and the column Catalogued
shows if the corresponding period coincides with some of the structures listed in Section
2.4. The catalogues of isotropy and BDE are already published and can be found in
cdsarc.u-strasbg.fr/viz-bin/cat/J/A+A/635/A79.



52 Chapter 3. Studying Suprathermal Electron Pitch-Angle Distributions

3.3. Anisotropy

3.3.1. Anisotropy Variation

The anisotropy coefficient v has been analysed for long periods of time in order to
analyse solar cycle, orbital position and energy dependencies of the suprathermal electrons
in the SW. Figures 3.8 and 3.9 show the 3-day and 5-day-averaged, respectively, values of
7 for both STEREOs and ACE for the available data of each mission (see Section 3.2.2).
In order to avoid misinterpretations, the period corresponding to the change in energy
ranges for STEREO/SWEA PAD has been avoid. This period goes from 14 February
2008 to 16 April 2009 for STEREO-A, and from 2008-02-16 to 2009-04-16 for STEREO-B
(see Section 2.2).

Figure 3.8 shows the anisotropy coefficient + for both STEREOs and ACE for similar
energy channels (STEREO/SWEA 252 eV, ACE/SWEPAM 272 eV). The data is filtered
using a Savitzky Golay smoothing (Savitzky & Golay, 1964). All the s/c present remark-
ably similar behaviour, even when there is a substantial longitudinal separation between
the s/c, although a consistent offset is almost all the time present. This offset could be
produced due to the radial distance difference between both STEREOs, and instrumental
differences for ACE’s case are not discarded. All of the missions have a clearer peak which
seems to repeat almost every ~ 13 months, and coincide with the lower values of isotropy
shown in Figure 3.7. The ultimate reason of this apparent periodicity, as well as the one

found in the isotropy, requires further study.

Figure 3.9 shows the anisotropy coefficient in the different energy channels of
STEREO/SWEA for both s/c. On the one hand, almost systematically the anisotropy
coefficient is higher for higher energy channels. Due to the predominance of an unique
strahl in the SW (corresponding to open IMF lines), this behaviour is in agreement with
the studies Fitzenreiter et al. (1998); Horaites et al. (2018), which found that the strahl
width narrows with energy. On the other hand, there are also periods where the lower
energy channels seem to be the ones more anisotropic, which is in agreement with the
postulations from Pagel et al. (2007); Bercic et al. (2019b) too, which found the opposite
behaviour, i.e. that the strahl population width broadens with the energy. It seems that,
on average, the tendency is to present higher anisotropy for higher energies, but in certain

sustained moments this tendency is not such, as Anderson et al. (2012) also pointed out.

In order to corroborate this assumption, the study of the data gathered by all the
energy channels of both STEREOs is presented in Figure 3.10. In every energy channel,
~ follows a distribution similar to a Maxwell-Boltzmann, with a peak higher than for the
previous channel, confirming the idea that higher energies present higher anisotropy most

of the time. The periods where this seems not to be the rule must be studied in detail.

Furthermore, as Figures 3.8 and 3.9 show, the same apparent periodicity previously

observed with regards to the isotropy (see Section 3.2.3) seems to exist also for the grade
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Figure 3.11: Yearly histograms of the anisotropy coefficient v calculated for the 272 eV energy channel
measured by ACE/SWEPAM (left); Monthly sunspot number in black and smoothed values in purple
(right). Red crosses indicate the median value of the histograms.

of anisotropy in all the channels and missions. None of the main peaks in the anisotropy
coefficient observed by each s/c seem to correspond to any planetary connection nor spe-
cific region in the heliosphere. Moreover, it can be seen a similar solar-cycle-dependency
behaviour, having higher anisotropy in solar maximum and lower in solar minimum, in
opposition to the isotropy. Figure 3.11 shows the temporal variation of the yearly nor-
malised histograms of the anisotropy coefficient « for the 272 eV ACE/SWEPAM energy
channel, which is the one with more available data for the period under study. The dis-
tribution is more spread and with a higher mean in the solar maximum, and narrower
with lower mean in the solar minimum, supporting the idea of the dependency with the
solar cycle and being more probable to have isotropy during solar minimum. This is also

coherent with the idea presented in the study performed in Section 3.3.2.

Besides all this, the quantification of anisotropy of the suprathermal electrons and its
analysis in the time domain allows also to study higher frequency periodicities, and even
finer with better instrument cadence, which could be useful for the analysis of turbulence

of the plasma.



56 Chapter 3. Studying Suprathermal Electron Pitch-Angle Distributions

3.3.2. Heliomagnetic Latitude Dependency

No obvious correlation of the isotropy or the ripple with the heliographic latitude was
found during the study in performed in Section 3.2.3. On the other hand, the excursions
above and below the heliographic equator for in-ecliptic s/c are very modest (£7 deg)
and therefore, not well-suited for the study of latitudinal variations. The last panel of
Figure 3.7 suggest that the s/c location relative to the HCS may play a role and therefore
the distance of the s/c to the HCS, or better, the angular separation between the s/c
magnetic foot-point and the neutral line at the SW source surface could be a relevant

parameter to organise the observations.

In this thesis work, the heliomagnetic latitude of a s/c has been calculated trying to
estimate the angular separation from the ballistic point up to 2.5 solar radii to the remote
HCS. For doing this, the calculations are based on the Potential-Field Source-Surface
(PFSS) model (Schatten et al., 1969; Altschuler & Newkirk, 1969; Hoeksema, 1984; Wang
& Sheeley, 1992) from Wilcox Solar Observatory, from where the HCS tilt angle is also
extracted (from now on, Wilcox Model, Hoeksema, 1995). Also, the nominal Parker spiral

topology based on the SW speed is assumed.

As explained in Section 1.2.1, there are two regimes of the SW that have different
properties, produced essentially by their origin in the star. Previous studies such as
Balogh et al. (1999) already show a dependency of the SW velocity and an estimation
of the heliomagnetic latitude. In order to see the dependency of the anisotropy of the
suprathermal electrons with their solar origin a similar process has been performed with
the data provided by the STEREO and ACE missions.

As an input, the Wilcox model needs to know the magnetic configuration of the Sun.
The magnetograms from the Earth-based Global Oscillation Network Group (GONG) can
give insight about the polarity and the strength of the magnetic field in the solar surface
from the point of view from the plane. There are no magnetograms that cover the entire
star, but there are methods to reconstruct what is in the non-observable regions of the
Sun. In this case, the synoptic maps provided by the Wilcox Solar Observatory have been

utilised in order to perform the heliomagnetic latitude calculation.

The estimation of the heliomagnetic latitude has been performed under the assumption
of a non-perturbed nominal behaviour of the Parker spiral, where the ballistic foot-point
of the IMF up to 2.5 solar radii based on the in-situ SW speed is calculated. The helio-
magnetic latitude is then calculated as the minimum angular separation of the foot-point

to the neutral line.

This method is more reliable when the Sun is in solar minimum conditions, as the
star’s magnetic field behaves as a simple dipole with a more defined and single neutral
line, while in solar maximum other considerations must be taken into account, such as

the eruptive events that would modify the magnetic field lines, but are not contemplated
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by the Wilcox model.

Figure 3.12 shows the mean value of the anisotropy coefficient v for the three mentioned
s/c during the quietest period of the solar minimum (June 2009-June 2011) sectorised
with 6 equi-angular windows of the heliomagnetic latitude. The three of them seem to
have the same behaviour, presenting lower v closer to the HCS, increasing monotonously
with the absolute value of the heliomagnetic latitude. The asymmetry of the windows is
due to the nonexistence of periods with latitudes higher than positive 60 degrees in the
heliospheric latitude. This is probably due to the existence of an offset between neutral

line and the ecliptic plane.

As previously pointed out in Crooker et al. (2003) and Section 3.2.1, the isotropy of the
suprathermal electron tends to be present during periods with high values of plasma f.
These periods usually occur within regions where two opposite polarities are interacting,
as it is the case of the HCS. In Section 3.2.3, an apparent relation between a sudden
increase in the tilt angle of the IP HCS and the time observation of isotropy was shown.
On the other hand, Figure 3.12 also supports the idea that the proximity to the neutral
line on the solar surface (which might not be the same to the HCS in the IP medium)
reduces the grade of anisotropy, as well as that as the farther the connection to this
line, the more anisotropic the flux is, reaching up to a factor of two for ~ |60| degrees.
The results also suggest that periodicity found in both isotropy and anisotropy might be
produced by the crossings of the HCS, whose tilt angle is varying over time, added to the
solar rotation. Nevertheless, further analysis with different latitudes and longer periods

are necessary.
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Figure 3.12: Mean value of the anisotropy coefficient v with respect to the heliomagnetic latitude
described in Section 3.3.2 for each observatory, calculated from June 2009 to June 2011 (Green: ACE;
red: STEREO-A; blue: STEREO-B. See text for more details). Error bars correspond to the standard

error of the mean.
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Interplanetary Coronal Mass

Ejection Research

The CMEs and their IP counterpart, the ICMEs are one of the most important manifes-
tations of the solar activity. They have a complex IMF topology which is distinguishable
from the surroundings, and it is important to understand how they behave and how they
evolve in the [P medium, interacting with their surroundings. For the Space Weather
discipline, they are one of the most relevant structures of the SW, as the might directly
affect the Earth surrounding conditions, and the satellite functioning, and it is important
to interpret their orientation from the in-situ measurements to infer possible perturbations
to the magnetosphere, among other things. Knowing the topology of these structures,
and how they evolve and interact with the ambient SW and other possible structures is

crucial too for having a better understanding of how they could affect the planet.

Considering the definition of isotropy and bi-directionality previously characterised in
Sections 3.2.1 and 3.2.2 respectively, a superposed epoch analysis of the [CMEs gathered in
the ICME Catalogue (see Section 2.4) has been performed in order to study the evolution
of these two types of PADs as seen in Section 4.1. Apart from that, Hidalgo’s model
has been updated, with some additional constrains and reduction of the free parameters
(Section 4.2). Then, a selection of periods with clear rotations in the IMF components
observed by both STEREOs has been performed and an individual Hidalgo’s model fitting

procedure has been done for every period (Section 4.2.3).

4.1. Variations of Isotropy and Bi-directional Suprathermal

Electron

4.1.1. Bi-directionality

During the transit of an ICME, the s/c sometimes observe noncontinuous BDE, or

even periods with total absence of them (Larson et al., 1997; Winslow et al., 2016).



60 Chapter 4. Interplanetary Coronal Mass Ejection Research

This is mainly due to the erosion processes or the reconnection at the footpoints that
suffer the magnetically closed structures, characterised by presenting counterstreaming of

suprathermal electrons, as previously shown in Section 1.3.3.

In order to study how BDEs are distributed during the transit of ICMEs, and in the
immediately trailing region, a superposed epoch analysis has been performed, considering
all the ICMEs listed on the /CME Catalogue (see Section 2.4) observed by both STEREOs
during the period under study (317 events in total, excluding those affected by data gaps).
The study has been performed by dividing the ICME time-transit into different sections,
and the time-percentage mean value of BDE (where SN Ry, is higher than the previously
defined threshold SN Ry;,) has been calculated for each of them. Later on, the average of
all the mean values in each section has been obtained. The MO has been divided into
four parts, while the sheath (if present) has been divided into thirds because of the lack
of statistics due to its shorter duration. Also, the interval following the ICMEs (from now
onward, post-ICME) has been studied, excluding those cases where any other catalogued
structure (ICME, SIR or IP shock) is present. The duration of this final region for each
event has been set as 1.2 times the total duration of each ICME, and has been divided
into four chunks. The criterion of 1.2 times the total duration of the ICME is selected
because it corresponds to the minimum time required to recover the quiet mean value
of BDE. Figure 4.1 shows a series of cumulative histograms of the time-percentage mean
value of BDE in every portion of the sheath (red), MO (blue) and post-ICME (green)
has been calculated. The error bars are the standard error of the mean. The ICMEs
have been classified into two different types: with and without shock (middle and bottom
histograms in Figure 4.1, respectively) based on the catalogues used throughout the study.
The horizontal dashed line corresponds to the time-percentage mean value observed in the
quiet SW, and the top panel shows the mean percentage of each sector for all the ICMEs,
where it can be observed that mean value is within the error bars of the last sector of the
post-ICME.

The average duration of the sheath region is 9.9 £+ 0.5 hours (15 events for ICMEs
without shock, and 67 for ICMEs with shock), while the MO has a mean duration of
24.3 £ 0.8 hours (139 events for ICMEs without shock, and 178 for ICMEs with shock).
Finally, the post-ICME region lasts for 34.6 + 2.0 hours (45 events for ICMEs without
shock, and 42 for ICMEs with shock). Note that post-ICMEs are not considered if another

catalogued event overlaps.

Based on the results shown in Figure 4.1, there is a clear tendency for both types
of ICMEs (with and without shock) to have a gradual increase of the time presenting
bi-directionality until the end of the first half of the MO, where it starts to decrease.
As shown e.g. in Feldman et al. (1999), there is a tendency of having longer periods
of BDE present inside of the ICMEs to be higher inside the MOs. The amount of BDE

time-percentage becomes maximum in the central part of the MO, more shielded from the



4.1 Variations of Isotropy and Bi-directional Suprathermal Electron 61

Bidirectionality - All ICMEs

35+ mmmm Sheath
mmmm Magnetic Obstacle
= Post-ICME
30- ---- Quiet sw. mean value
S os
()
()]
©
220
S
o
2 15-
0]
E
. '
o ~ ™ < o ~ ™ <
B3 i 5 B H H H H
) o o o e o e 8
= = = =
Bidirectionality - ICMEs with shock
35- mmmm Sheath
3 30- mmmm Magnetic Obstacle
= mmmm Post-ICME
%25* ---- Quiet sw. mean value
g 20
[}
t
o 15-
o
Y10
=
N AEEN
— o~ ™ < — o~ ™ <
#t H ** 3* B 3 H 3 *H
wn Ln u") @) (@) (@) (@) o o o o
= = = =
Bidirectionality - ICMEs without shock
35- mmmm Sheath
;@ 30- mmmm Magnetic Obstacle
- mmmm Post-ICME
%25 ---- Quiet sw. mean value
g 20-
(7]
et
o 15-
o
Y 10-
.E
}_. —— —— — -
— o~ ™ <
*H * H H
(.n m U'J

MO#1 -
MO#2 -
MO#3 -
MO#4 -

P

P

P

P

Figure 4.1: Histograms showing the mean value of the time-percentage of BDE for each interval during
all the ICMEs transits catalogued in ICME Catalogue for all the events (top), with shock at the
beginning (center), and without (bottom). The colours show the different catalogued regions (see text
for more details) and the labels correspond to equi-timed periods of the transit of those regions (S —
Sheath, MO — Magnetic Obstacle, P — Post-ICME). The error bars indicate the standard error of the
mean.
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surrounding fields and therefore less susceptible to erosion by reconnection. The presence
of BDE inside the sheath is a likely indication of the existence of some closed loops in

that region.

In the case of [CMEs with shock, the MO presents longer periods of BDE and the
difference between the amount of BDE inside the MOs and the sheath and post-ICME
is clearer than in the case of ICMEs without shock. A possible explanation is that those
events driving an [P shock constitute a subset of the fastest I[CMEs, which consequently
have less time for undergoing erosion during the IP propagation to 1 au. Another pos-
sibility could be the addition effect of the streamed electrons and those accelerated or
reflected in the shock, observing in-situ the summation of both distributions, as well as
a possible diffusion mechanism produced by the MO as explained in Rodriguez-Pacheco

et al. (2003) for the case of suprathermal ions.

On the other hand, I[CMEs without shock do not show a symmetric profile of the
percentage of BDE inside the MO, as one could expect considering that they are composed
by flux-ropes and the IMF lines crossed by the s/c are the same at the front and the rear
part. In contrast, the first half of the MO shows more BDE than the second one. This

could be an indication of stronger erosion in the trailing edge of the expanding MO.

In both cases, it is notable that the post-ICME contains periods with longer bi-
directionality than the quiet SW, especially for the ICMEs without shock, and that it
is decreasing gradually. The existence of BDE at the post-ICME indicates the presence
either of structures, or special IMFE conditions after MOs. Some of the multiple expla-
nations to this may rely in the existence of isolated closed lines in post-ICME, or the
presence of uncatalogued flux ropes (in /CME Catalogue) after the ones studied. Another
explanation could be the reflection of strahl occurring in converging IMF lines around the
ICME (or at the shock, if it exists) or generated loops after the eruption of the CME.

As an illustrative example, Figure 4.2 shows an I[CME with behaviour resembling the
average profile of BDE time-percentage previously shown in Figure 4.1, for the MO and
the post-ICME period. The ICME is preceded by a simple strahl with inward IMF and
followed by a ~ 1.5 days of BDE, and accompanied by a noticeable shock. The BDE
during the MO and the post-ICME period are easily identified by the enhanced values
of the SN Ryy -k) panel-. As previously seen in Section 3.2.1, panel j) shows the ripple
7. Periods corresponding to v < -y, are red-tagged (flagged as isotropic periods). In the
plot, this corresponds to the midday of the day of year 276 and during the sheath region
of the ICME. Isotropy during and after ICMEs will be discussed in the following Section
4.1.2.

4.1.2. Isotropy

Similarly to previous section 4.1.1, a study of the time-percentage of isotropy inside

ICMEs and during the post-ICME region has been performed.
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Figure 4.2: STEREO-A observations during an ICME observed on October 08-13 2011. The panel

contents follow the same format as in Figure 3.5.
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Figure 4.3 shows the same superposed-epoch sample of [CMEs presented in Figure 4.1
but, in this case, representing the fraction of time showing isotropy, defined as v < 4.
The grey-dashed line marks the average percentage of isotropy observed in the quiet SW
(as defined in Section 3.2.2). The MO (blue) presents the lowest probability of presenting
isotropy, always below the average isotropy in the quiet SW, while the sheath (red) and
the post-ICME (green) have higher values. Also, ICMEs with shock show higher rate
of isotropy in the sheath. Since the sheath is a compressed turbulent region (see e.g.
Kilpua et al., 2017), this isotropy could be partly due to enhanced scattering conditions.
The enhanced isotropy in the post-ICME region could be an indication of the presence of

formerly closed field lines that became fully disconnected from the Sun at both ends.

The ICME event previously shown in Figure 4.2 is a good example of the existence
of isotropy in the sheath region. Figure 4.4 shows one of the studied I[CMEs observed
by STEREO-B during solar maximum (October 2013), which clearly shows isotropy in
the post-ICME region. That ICME is preceded by a shock (vertical green-dashed line)
listed in Shock Catalogue (see Section 2.4) and presents clear signatures such as decreasing
SW speed, enhanced IMF, low plasma [, low proton temperature, and BDE. The MO is
shaded in green. The sheath is in between the shock and the MO, and the post-ICME
lasts until the end of 12th October (day of year 285).

4.2. Approaching the Flux Rope Topology

As previously seen, the topology of the ICMEs are complex and difficult to understand
due to their size and the casuistry derived from the surrounding conditions. One of the
best known type of MO is the MCs. They have been analysed from different perspectives
and another possibility to unravel their topology is by the use of analytical models. In
this thesis work, a model described in the series of articles Hidalgo & Nieves-Chinchilla
(2012); Hidalgo (2013) has been used for a statistical analysis of MCs observed by both
STEREOs. In those articles, the authors proposed an analytical model that can be fitted
to the three experimental IMF components of a MC and provide the orientation of the FR
axis in the IP medium, among other characteristics. Also, the model has been tweaked
in order to reduce the number of free parameters and obtain a global topology closer to

reality, as explained below.

4.2.1. Topology

The model assumes that the MCs have a closed magnetic topology formed by a single
magnetic FR, where the plasma is contained, and have non-force-free character, which in
this case, implies that the total pressure is not uniform (i.e. VP # 0) inside the structure

as it evolves during the expansion and may have further irregularities too.
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The global magnetic shape of the MC, according to the model, is described by a torus
whose legs (the closest part to the star) become narrower towards the Sun -where it
remains attached after the emergence-, with non-uniform cross section, as a consequence
of the expansion that occurs during the evolution in the IP medium. In addition, the
model defines the IMF of the structure as helicoidal lines which become narrower as closer
it goes to the axis of the FR’s cross-section. Figure 4.5 represents a three-dimensional
sketch of the model.

Figure 4.5: Recreation of an example of the global morphology of a MC according to Hidalgo’s Model,
with the legs attached to the Sun and the cross-section at the front part (i.e. the nose) is wider than at
the legs. The blue line represents the axis of the cross section -with only axial component-, while the
green one shows the boundary of the FR -with a mixture of axial and helicoidal field-. In between these
two, orange mesh reproduces the lines as an addition of both components.

The topology represents one of the biggest constrains in order to define the interface
conditions of the model. As explained in previous Section 1.3.3, the complexity of a model
implies having a larger number of free parameters. Nevertheless, simpler FR models (i.e.
with less parameters) can be found. For example, there are cylindrical models (e.g.
Nieves-Chinchilla et al., 2016) that only reproduce the orientation and section radius of a
hypothetical local FR with a cylindrical topology based on the surrounding IMF, but do
not provide information about the global structure. Simpler models can find a final result
more easily than the more complex ones as the parametric space is smaller, but at the
cost of being less accurate in the description of the topology of the structure (see Section

1.3.3 for more information).
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4.2.2. Mathematical description

4.2.2.1. Parameters

As mentioned above, the model can be fitted to three components of the IMF for a
selected period by making use of some mathematical procedures which allow to reconstruct
the global topology of the established FR.

After selecting the desired period, the first step lies in defining a reference system for
the own structure. Once everything is referenced to the same coordinate system, it is
necessary to solve the Maxwell’s equations analytically, where physical parameters are
calculated. The model assumes a very large global mean radius compared to the actual
cross-section radius. Then, it imposes a circular cross-section with the mentioned variation
of the radius from the nose to the legs of the torus, and this circular cross-section is later

modified by a factor, converting the circular section into an ellipsoid.

All these modifications are defined by a series of parameters that are the output of
the model, with an independent variable, which is the time that the s/c expends inside
the MC while it is propagating. The parameters weight the different components that
are on the equations defined in Section 4.2.2.3. A detailed description of Hidalgo’s model
is out of the scope of this work and is available in Hidalgo & Nieves-Chinchilla (2012)
and Hidalgo (2013). However, a brief description of the model parameters is provided
hereunder. The free parameters can be divided into two different groups depending on

their nature:

= Those related to physical plasma properties (Table 4.1).

= Those associated to the geometry and topology, as the orientation of the global

structure and also the cross trajectory of the s/c (Table 4.2).

Parameter | Description
Bg Representative of the poloidal magnetic field component
B((? Representative of the axial magnetic field component
« Related to poloidal component of the plasma current den-
sity
A Related to axial component of the plasma current density

Table 4.1: Parameters that define some physical plasma properties (IMF and current density) in
Hidalgo’s Model for MCs.

After obtaining the parameters from the fitting process, the global topology of the FR
is defined. There are also interesting properties that can be derived from the results of
the fitting, such as the following formulae:

cos(0)-cos(p)
\/170052 (0)-sin?(p)

» The maximum approach of the s/c to the axis of the FR, yy = 2
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Parameter | Description

C Establishes how wide the section is on the nose with respect
to the legs

i Shows the distortion of the circular cross section

Zy Distance between the point where the s/c impacts the FR
and the equatorial plane of the torus

10} Azimuth angle of the local axis for the given coordinate
system

0 Altitude angle of the local axis for the given coordinate
system

Table 4.2: Parameters that establishes topological characteristics of the MCs (section variation
orientation and deformation, impact factor, and orientation based on Hidalgo’s Model.

» Handiness defined as H = sign (gﬁg:g)) cos(@)) when cos(0) # 0, H = sign (ﬁig:g;)

when cos(f) = 0. If positive, right handed; if negative, left handed.

= The helicity of the FR defined as tan(d) = %.

r(t=x)—r(t=0)

» The expansion velocity of the torus, V.,, = ” )

4.2.2.2. Model Updates

During the development of this thesis work, two previously free parameters of the model
where set by the use of in-situ plasma measurements, reducing the degrees of freedom of
the model. These parameters were the time of transit of the s/c through the structure

and the expansion factor (tp).

The time transit is established by the difference between the last and first timestamps
of the measured magnetic field components, while ¢, requires to add the SW velocity as
an input. There are multiple approaches to infer the expansion of a MC in the [P medium
but, in this case, it was necessary the definition of a factor which depends only on the
time transit and not on the actual velocity, as there are many factors that could affect
the relative observed components of the expansion velocity, but not to the local transit.
For this reason, t, corresponds to the time span between the beginning of the MC and
the cross with the x-axis of the SW velocity curve once fitted to a first order function.
Negative values would correspond to a structure being compressed, while positive ones

are being expanded.

Furthermore, in previous versions of the model, the radius of the torus was fixed by
the position of the s/c. With almost-perpendicular crosses through the observer this
assumption does not suppose a big issue, but the error increases as far as the cross is
closer to one of the legs of the MC. Also, this assumption implied that the torus was not
attached to the Sun in some cases. Taking into account the angles of the global FR, the
correction of the radius has been performed as follows, assuming that the global topology
has to cross both the s/c and the Sun:
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R
o= 2|cos(¢)cos?(0) + sin?(0)|

(4.1)

where R represents half of the radial distance from the solar surface to the s/c at the

moment of the crossing through the MC.

4.2.2.3. Equations

The mathematical description below explains the model once the previous shown mod-
ifications are applied. As mentioned above, the first step consists on defining a coordinate
system inside the own structure (indicated by the sub-indexes M (), and it is necessary
to establish the position of the observer in that coordinate system for a specific instant .

The relative position is defined as follows:

Tyvo = ‘/sw(t + TMc)COS<¢> (42)
ymc = —Vsu(t + Thc)sin(¢)cos(0) — zosin(0)
z2ye = Viw(t + Tae)sin(0)sin(¢) — zocos(6) (4.4)

where V,, corresponds to the mean measured SW bulk speed, Th,¢ corresponds to the total
time duration inside the structure and the others unknowns are the free parameters defined
in previous Section 4.2.2. These Cartesian coordinates are transformed into poloidal and

toroidal ones by:

¢ = arctan e (4.5)
2 2
VZue T Yue ~ Po

O = arctan24< (4.6)
Tymc

X= sin(Q) (47)

where ( corresponds to the poloidal angle, © to the toroidal one, x to the distance with
respect to the local X-Y plane. The different components of the physical parameters

shown below are referenced to this coordinated system.

Additionally, the current density is composed by the summation of both toroidal and
poloidal components. Also, stationary conditions (at the time period when the s/c is
crossing the MC) are assumed, so this mean that the variation of the conditions of the
plasma, such as for its density, is zero. Furthermore, the model asumes a neutral plasma,

which implies that 7j, = —</j.. This condition together with the Maxwell equations
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allow to obtain the plasma current density components:

350 = Mto — t)sin (%) (4.8)
, afty —t)x |cosg
Jro = —= A‘ 2 (4.9)
being
A = cosh <—p077 + C’sm(%)) (4.10)

The magnetic field is also composed by poloidal and toroidal magnetic field, as well as a

radial one. These are defined as follows:

¢ _ BS - (ty —t) - rase - cos(C)sin (%)

B - 4.11
A= po - jtue - ruc (4.1)
)
B® = By (tg — t) |cos <§) ‘ + to - Jpmc - Tme (4.12)
B (to — t)sin (§) + poau(ty — t)r?
BX = —2c0s(C) - sign(sin©)— (to — t)sin (3) + poalts )i (4.13)

A-C

The final magnetic field components referenced back to the internal MC Cartesian

coordinate system are then:

Bz ye = —sin(C)cos(©) B¢ — sin(©)B® — cos(()cos(0©)BX (4.14)
By = —sin(()sin(0) B¢ + cos(©)B® — cos(()sin(0) BX (4.15)

N Csin(C)xAcos(©/2)

Bzye = cos(¢)B¢
e © 2po

B® — sin(¢)BX (4.16)

Once the parameters are calculated, it is necessary to reference all to the coordinated
system of the magnetic field components again. To do this, the following transformation

is performed:

B, = Bxyccos(¢p) — Bynesin(p)cos(0) + Bzycosin(p)sin(6) (4.17)

B, = Bxyesin(¢) + Byuccos(¢)cos(0) — Bzyccos(p)sin(0) (4.18)
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B, = Byucsin(0) + Bzyccos(0) (4.19)

The fitting process can be performed by different algorithms. The one used in this
thesis work is Levenberg-Marquardt (e.g. Lourakis, 2005), which applies small variations
to the parameters until the absolute value of the difference between the real data and
the synthetic one finds a clear minimum. The different components of the magnetic field
defined in equations 4.17, 4.18, 4.19 are subtracted independently to the measured ones
in order to find the possible minima. The obtained geometrical parameters would be
referenced to the one used in the measured IMF components. Note that in this thesis

work the magnetic components are defined in RTN coordinates.

4.2.3. Flux Ropes in the Solar Wind

4.2.3.1. Identification

The classification of the different structures observed in the heliosphere allows a better
understanding of the SW, like for instance how it evolves in different regimes, and also
provides insights about their solar origins. It also opens the possibility to develop auto-
mated classifiers and can be used as inputs for Space Weather applications, or onboard
algorithms for operation changes like the shock detection developed for the SolO/RPW
instrument, which triggers a synchronised burst-mode acquisition of all the in-situ instru-
ments onboard (Walsh, A. P. et al.; 2020).

A variety of catalogues have been used for this work, such as for ICMEs, SIRs or shocks.
One of the main parts of the ICMEs are the MOs, and those presenting a FR topology
and certain characteristics such as the low plasma 3, low temperature, enhanced magnetic
field strength, etc. are denominated MCs (Zurbuchen & Richardson, 2006). Although the
presented [CMFE Catalogue compiles a wide number of them, it does not focus on the
classification of the different MOs that can be found, as well as it is also centred on the

more noticeable I[CMEs and does not pay attention to the smaller structures.

Aiming to supply these scarcities, the in-situ plasma data provided by both STEREOs
during the period 2007-2014 were analysed by eye at different time scales, performing a
selection of the potential transits of FRs through each s/c. A FR in this case is defined
by a clear rotation of the IMF components while crossing the structure. All the gathered
periods with a FR topology can be found listed at the Appendix (Table 2). Timestamps
of the boundaries are indicative and they are selected based on discontinuities of any of

the observed SW parameters.

4.2.3.2. Analysis

The updated version of Hidalgo’s model (see Section 4.2) was fitted one by one to these

periods and both physical in-situ plasma properties and the fitting results were analysed.
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Figures 4.6 and 4.7 show two examples of the selected periods with the results of the
performed fits. Both figures show similar format as previous Figure 3.5, avoiding the

defined coefficients related to the suprathermal electron PADs.

Figure 4.6 shows observations from STEREO-A from July 5, 2008 to July 6, 2008
presenting decreasing bulk plasma speed, with relative low proton density and colder
temperature than the expected as defined in Elliott et al. (2012), and also low thermal
pressure, enhanced magnetic field strength and the subsequent low plasma . The ob-
tained fit is marked as dashed curves for the different components and angles of the IMF.
The selected period has the clearest rotation and is accompanied by a clear suprathermal
BDE in the range from 257.3 to 366 eV. The beginning of the period was selected based on
the temperature drop and change in the IMF components tendency. Same last criterion
was used for defining the end. The fit results draw an orientation of the MC of ¢ = 80
degrees and 6 = 170 degrees (crossing the nose and contained in the ecliptic plane). The

rest of the parameters can be observed in Table 2.

Figure 4.7 shows measurements performed by STEREO-B from June 6, 2008 to June 8§,
2008. The selected FR shows decreasing bulk plasma speed and low proton density. The
temperature in this case is similar to the one expected, and the thermal pressure is lower
with respect to the surroundings. This fact and the enhanced magnetic field strength also
drops a low plasma . The dashed curves correspond to the result of the fitting process
and shows the period with the FR topology. The changes in density and temperature,
as well as the changes of the tendency in the components of the IMF delimit the period.
This period is also characterised by the non-existence of BDE, but contains an intense
and smeared flux of suprathermal electrons as compared to the surroundings. The fit
results draw an orientation of the MC of ¢ = 165 degrees and 6 = 100 degrees (observer
very far from the nose and structure inclined with respect to the ecliptic plane). The rest

of the parameters can be observed in Table 2.

With regards to the Space Weather discipline, one of the key points to be able to
forecast potential damages on Earth is to know the orientation of the ICMEs, because
when the magnetic field of the structures is the opposite than the one of the Earth’s
magnetosphere the odds of reconnection highly increase; or if they are oriented in the
same direction, the magnetosphere suffers compression and could induce geomagnetic
storms (Gonzalez et al., 1994), among other possibilities. In order to see any dependency
of the properties of the FR within the solar conditions, Figure 4.2.3.2 shows the different
orientations obtained from the performed fits for each year of the solar minimum of the
solar cycle 23 and rising phase of the solar cycle 24. Most of the structures are observed
with an angle ¢ close to 90 degrees (i.e. close to the nose of the MC). The tilt angle 6 shows
a predominance of more inclined structures. This behaviour seems to be stronger during
the years of the rising phase of the solar cycle. The tendency is similar to the one obtained

by Nieves-Chinchilla et al. (2019), although the tilt angles are considerably higher in this
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thesis work. Nevertheless, these results require further analysis and a comparison with
the orientation of the original seed CME, in order to validate the results from the updated

model, as well as analyse other solar cycles.

Other interesting property of the FR is the actual cross-section of the structure (which
is not necessarily corresponding to the transit time of the s/c), as it is directly proportional
to the FD depletion and time duration as shown in Dumbovi¢ et al. (2018). For this
reason, same Figure represents the section (proportional to the diameter of each circle).
The different sections of a single FR go from approximately 20 - 10° km (~ 0.01 au) to
~ 140-10° km (~ 0.1 au). This result differs from the one shown in Burlaga et al. (1981),
where they found that the cross-section could reach up to approximately 0.25 au. This
might be due to the stricter criteria of selection of the period of the FRs followed in this

work.

To have a better understanding of the circumstances of each event, the representation
is accompanied by their colour-coded mean velocity. In the Figure, it can be seen that
the amount of catalogued FRs is higher in the rising phase of the solar maximum as it
was expected, because the number of ICMEs is higher in the solar maximum (e.g. Owens
et al., 2007; Richardson & Cane, 2010; Li et al., 2018). Furthermore, there is no apparent
relation between the section or orientation of the FRs and the velocity or the phase of

the solar cycle.
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Figure 4.8: Scatter plot representing the orientation of each fitted FR for each year. Colour indicates
the average speed during the transit of the FR and the size of the circle represents the cross-section
radius as inferred from Hidalgo’s model. Note: 2007 and 2014 panels do not cover the full year.






Chapter 5
Energetic Electrons

Energetic electron measurements can be used to trace the IMF topology, as well as to
extract information from the environment. In particular, impulsive and anisotropic SEPs
can add knowledge from the solar source and the path they follow until they reach the
s/c. This is because these electrons travel very quickly (tens of minutes since the release
to 1 au), they are directly affected by the conditions of the followed path (mainly the
topology of the structure and the turbulence of the IMF), and the source can usually be
identified, allowing the study of their origin and acceleration. These measurements add
substantial information which contributes to the knowledge of the local topology, main

focus of this thesis work.

In this Chapter, two different approaches are used for studying the topology of the
IMF from impulsive SEP electrons. Section 5.1 shows a simple model that aims to re-
produce the path of the electrons as they excite the local plasma emitting type III radio
bursts for two different conditions: ambient SW and inside FRs based on the time differ-
ence of the onset of the burst. Section 5.2 shows the connection between the previously
validated suprathermal electron anisotropy coefficient v and the arrival of the impulsive
SEPs in a statistical analysis, which helps to understand if the conditions that affect the

suprathermal electrons might also directly or indirectly affect the more energetic ones.

5.1. Radio Burst Tracer Model

Impulsive SEP events often are associated to type III radio bursts. As described in
Section 1.3.2, the radio bursts are produced by the beam of energetic electrons which
excite the local plasma. This Section describes the development of a simple model which
aims to trace the beam of electrons travelling in the IP medium. The characterisation of
the radio burst allows the indirect estimation of the IMF lines, as they strongly constrain
the path that the electrons follow. With two or more observatories and the assumptions

described below, the model is able to remotely estimate the trace the IMFE topology.
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5.1.1. Plasma Density and Radio Emissions

When SEPs, specifically electrons from ~ 10 keV to ~ 100 keV, propagate through
the corona and the IP medium often excite the local plasma during their travel (Reames,
2017). This excitation (i.e. oscillation) produces plasma oscillations denominated Lang-
muir waves that can generally produce radio waves, and it is directly proportional to the
square root of the plasma density (e.g. Graham et al., 2012) at the location of the excited
plasma. Additionally, the density profile tends to be inversely proportional to the radial
distance to the star (Khnlein, 1996), so the emission of the type III radio bursts shows
higher frequency when it is produced closer to the star and reduces its frequency when the
exciter beam is moving away. There are several models that try to reproduce the radial
variation of the plasma density in the corona and in the heliosphere. In this work, the
model explained in Mann et al. (1999) is used to estimate the plasma density in the IP
medium as a dependency of the radial distance and subsequently, the plasma frequency
within an error of approximately 8 %. The expression (Equation 14 in Mann et al. (1999))

1S:

N(r>_Nm< L )_a (5.1)

where N is the density, r is the radial distance, Ny, = 6.53 em ™3, Rig, = 150 - 10 km,
and o = 2.16.

Besides, assuming the whole plasma has no net charge and ignoring the thermal be-
haviour of the particles, the Coulomb force will act over any kind of displacement of a
single or a group of charged particles (generally electrons as their movement is much easier

nee?

than the ions’) that will oscillate with the plasma frequency vpe = /1% /27 [Hz], where

ne corresponds to the electron density, e is their electric charge, m* is their effective mass,
and g( represents the permittivity of free space. This frequency corresponds to radio

wavelengths for normal conditions of the SW plasma.

As mentioned in Section 1.3.2, the variety of radio bursts are related to different sce-
narios of the propagation of SEPs in the IP medium. This model focuses on the case of
the impulsive events which usually generate type III radio bursts, as they generally have
a narrower beam which is easier to track and can travel in the inner part of structures
such as the MCs (see e.g. Gomez-Herrero et al., 2017). Type III radio bursts typically are
linked to impulsive quasi-relativistic electron events, which are observed in-situ in the IP
medium, although there is some controversy on the possibility that the population that
generates the radio emission is the same as the one detected in-situ by energetic electron
detectors (see Section 1.3.2).
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5.1.2. Measuring Distances with Time Differences

Due to the large distances between the source at the Sun and any of the available s/c,
the emission of the radio bursts is measured minutes after the release (~ 8 minutes at
1 au, as the speed of light is 299.8 - 105 m/s). If the released beam that produces the
radio burst moves away from the observer, the emission would take progressively longer
to arrive to the observer, while if the beam moves towards the observer, the time travel
would decrease.

5.1.3. Defining Interface Conditions

The model uses as inputs the radio spectrograms of at least two observatories and
their orbital positions. By looking at the onset time of the type III radio burst for each
frequency channel (which depends on the density), it is possible to infer a hypothetical
sphere where the source could be (Section 5.1.1), while by focusing on the time difference
between those onsets, it is feasible to deduce whether the source is closer or farther to
one of the observatories (Section 5.1.2). Taking this into account, it is possible to roughly
trace the propagation of the beam. In order to do this, it is important to know the release
time, which must be seen by the observers. The error of the estimation would be reduced
if the number of observers increases, as well as the relative distance between them or their

instrumental cadence.

Additionally, by considering ideal topologies of the IMF, it is possible to estimate the
most similar magnetic topology where the beam is propagating along, and obtain not only
the discrimination between different topologies, but also some of their properties such as,
for instance, the velocity of the SW as described below. In this work, two simplified
common topologies are considered: the nominal Parker spiral and the MCs. The reasons
for selecting these two schemes are because the Parker spiral is expected to be the most
common one, and because the frequent release of CMEs makes plausible the propagation
of SEPs inside these structures and their study can add substantial information about

the global topology.

Assuming there are no curves, the Parker spiral can only vary its length (by reducing
the curvature) depending on the velocity of the SW, while the MCs can have different
orientations, radius and section diameter. In this case, the beam of electrons is considered
to travel along the axis of the MC and, as a first approximation, the global axis of the MC
could be considered as a circumference (see Section 4.2). Summing up, the parameters are:
the SW velocity and the longitude for the Parker spiral, and the radius and orientation
for the MCs. The parameters can be reduced to three if there are evidences of the
beam passing through one of the observers (SW velocity for Parker spiral, two angles of

orientation for MCs).

In order to perform this analysis, some additional assumptions must be considered:
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» The radio-emission is generated by a narrow electron beam with a single speed.

= There is no significant turbulence, so the electrons propagate along the defined

topologies.
= There is no absorption nor refraction of the radio emission in the IP medium.

= The first onset is considered to be the fundamental harmonic (which is usually more

intense and shows lower frequencies).

= Density and other parameters inside the MCs can be considered similar to the one
found in the ambient SW (Crooker et al., 2000). The radial density variation follows
the model shown in Mann et al. (1999), and Equation 5.1.

5.1.4. Model Representation

The model presented in this work would fit the onset profiles of the radio intensity at
different frequencies of two or more observers. Figure 5.1 shows a sketch of a hypothetical
beam (curved yellow arrow) propagating along a nominal Parker spiral and two observers
(s/c A, green; s/c B, blue). Left panels show the onset times of the type III radio burst
for four different frequency channels of the two s/c, shifted in time to coincide with the
first observation. The bottom panel shows both observations together and the red line
represents the time difference due to the time travel to each s/c. This difference can be
related with the lengths of the different straight lines from the theoretical position of the
radio source (pink dots) to each observer. The beam is approaching first to s/c A and
going farther from s/c B. For this reason, the radio emission arrives earlier to s/c A than
to s/c B. The circumferences correspond to different radial distances and indicate the

theoretical density and the corresponding frequency as explained in Section 5.1.1.

5.1.5. Fitting Process and Considerations

Changing the assumed IMF topologies and their parameters (SW speed for the case of
the Parker spiral; orientation and global radius for the MCs) would drop different onset
profiles. When comparing these onsets to the ones observed by at least two s/c, a fitting
could be performed. Due to the technical difficulties of establishing a reliable onset for
all the channels, in this thesis work a visual fitting is performed based on the different
scenarios drawn by the variation of the parameters. The two proposed topologies are
analysed. The assumption of the event occurring in the nominal Parker spiral would be
consider first, and the velocity of the SW would be varied to change the path length
until obtaining the best fit. Later, the beam is considered to be inside of a fraction of
circumference (corresponding to part of the axis of a MC), which rotates from 0 to 360
degrees in latitude and longitude, and varies its radius, and whose radio-emission trace

is compared with the observed one for obtaining the best fit. Once both scenarios are
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Figure 5.1: Sketch of a hypothetical propagation of a beam (curved yellow arrow) which originates a
radio emission observed by two separated s/c (A, green; B, blue). Left panels show the onset for
different frequencies at the two s/c and the time difference due to the light propagation. See text for
more details.

obtained, the most similar result would be considered as the most probable one and would

drop the ideal parameters.

It is also feasible to add some constrains that could help the model to have a more
accurate result. For example, it is possible to check the coordinates of the source or
the existence of CMEs with remote-sensing observations or, furthermore, the position of
the beam at a certain moment if there are direct measurements of the particles through
one of the observers. This last case is analysed in the following Section 5.1.6 for four
different events measured by both STEREOs. Apart from the work here shown, there
are other pieces of information that could be extracted from the differences in the radio
burst time profiles (and not only from the onset time difference) observed by the s/c, as
the intensity, the width of the radio burst, the lack of emission at specific frequencies or
the antenna pointing, among others. Also, other topologies may be implemented, as well

as the absorption of specific frequencies by the SW or the obstruction of the Sun.

5.1.6. Application

In order to show the reliability of the type III radio burst tracer model described above,
some already studied SEP events associated with type III radio bursts have been selected
for a comparative analysis. These events are accompanied by in-situ SEP observations,

with a localised solar source but with different conditions of the IMF and correspond to:

1. The events studied in Gémez-Herrero et al. (2017). According to the authors, two



84 Chapter 5. Energetic Electrons

impulsive and very anisotropic SEP events were detected and the particles were
traveling along the longest leg of a MC, with sunward direction, in both 2 and 3
December 2013.

2. One of the events studied in Klassen et al. (2012). A train of type III radio bursts were
observed during 26 February 2011 in quiet slow SW conditions and a correspondence
with some electron spikes with energies below 300 keV was found. These events were

very anisotropic and with short duration.

3. In 2 May 2014, when the STEREO mission was close to the solar conjunction, with
a separation of 38 degrees, an impulsive event was simultaneously observed by both
s/c with similar electron intensity profiles. This event was analysed in Klassen et al.
(2015) and some scenarios were proposed to explain that wide observation of an

impulsive event. In this thesis work, a comparison with their results is performed.

All the events are analysed assuming that the beam generating the radio emission
corresponds to 10 keV without energy loses, as the obtained results are considerably much
closer to the real observations than for higher energies (not shown). This may suggest
that the energy of the beam of electrons that provokes the radio emission is closer to 10
keV supporting previous works as e.g. Haggerty & Roelof (2006) or that the electrons
are being strongly decelerated during the first phase of their travel in the lower corona
as Reid & Kontar (2013) proposes, but further analyses are required. Apart from that,
as the selected studies measure the SEP flux enhancement in-situ, the model forces the
exciter beam to have a cross through the s/c that observes the particles. This allows to

reduce the parameters of the fitting process.

5.1.6.1. 2 and 3 December 2013 Events

Figure 5.2 and Figure 5.3 show the STEREO/SWAVES observations of two radio bursts
in 2 and 3 December 2013. They are accompanied by the the best model fit obtained
by eye for the axis of a MC (upper panels). In addition, the results obtained for the
nominal Parker spiral (bottom panels) are also presented in order to compare the best
results of both topologies. The obtained parameters of the fitting process are in the title
of the panels (© corresponds to the angle with respect to the ecliptic plane; ¢ is the angle
within the ecliptic plane; PS states for Parker spiral).

The first two left panels show the radio spectrograms observed by STEREO-A and
STEREO-B respectively. The spectrograms are time shifted to remove the delay between
the observations at the beginning of the type III radio burstand synchronise the first
release onset. In order to see the time differences of the rest of onsets in frequency, the
third panel shows a discretised addition of the two spectrograms. The discretisation has

been performed with a threshold value of 8 dB. Blue colour corresponds to only one s/c
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measuring the intensity over the threshold, while pink corresponds to the two of them

observing an intensity over 8 dB.

The three panels also show the model prediction of the emission produced by the beam.
Warmer colours correspond to the beginning of the emission, and corresponds to the same
colours as shown in the orbit plot (right one). This last panel shows the orbital position
of the different objects (red, STEREO-A; blue, STEREO-B; green, Earth; yellow, Sun)
as well as the obtained path of the beam. Dashed line represents 1 au orbit. The two
spheres are centred in both s/c and have 1 au radius (~ 8 light-minute). If the beam goes
out, the travel time would increase for the corresponding s/c, and would decrease when

approaching to its centre.

The best fit (upper panels) suggest that both events are more likely to happen inside
a closed structure, and both of them may occur in MCs with different orientations. The
beam of electrons seems to propagate at first further from STEREO-B and then approach-
ing again, as shown in the mentioned paper. The article also states that the inclination
of the MCs with respect to the ecliptic plane, based on the version of the Hidalgo’s model
described in Hidalgo (2013), are 45 degrees in the first case and -53 degrees for the second
case. The type III radio burst tracer model suggests that the inclination with respect to
the ecliptic are 20 degrees (first case) and 300 degrees (-60°, second case). The obtained
results support the previously suggested orientation of both MCs, which can be found

almost perpendicular to each other.

The best result for the Parker spiral topology (bottom panels) draws an unrealistic

scenario of the SW presenting a velocity of 200 km/s.

5.1.6.2. 26 February 2011 Event

Figure 5.4 shows the second event under study, occurred in 26 February 2011 at 6:25
with the best results for both topologies as it was presented in the previous one. The beam
of electrons was only observed in-situ by STEREO-A. Both STEREOs had a separation
of approximately 180 degrees with a distance between them of almost 2 au (~ 16.5 light-
minute). The separation can be noticed on the third panel, as the time delay between
the onsets of the radio burst seen by both s/c at lower frequencies is increasing with
time, as the beam is approaching STEREO-A. It can also be noticed that the radio burst
observations stop at some point for STEREO-B, probably because the exciting electron
beam is being hidden by the Sun (i.e. the beam is aligned with the Sun and STEREO-B).
The best results of the model cannot fully reproduce the behaviour of the visible part of
the radio burst by STEREO-B. Nevertheless, it draws that the event occurred in similar
conditions of a nominal Parker spiral with a velocity of approximately 300 km/s. These
conditions are very similar to the ones of the shortest leg of a MC in the ecliptic plane,
and further analyses would be required in other studies to discern which would be the

actual topology.



86 Chapter 5. Energetic Electrons

STA - MC: © = 160.0 (deg)® = 35.0 (deg)
STEREO-A STEREO-B STA + STB

Location
1
~N '/')
= : : 0
g SR 1
[y %
-1
= 0
0 {—=1
12:00 11:00  12:00
Time (UTC)
STA - PS: Velocity = 200 (kms-1)
STEREO-A STEREO-B STA + STB
A ; ! ; . | -
1 ' i,
i | 1 I
10% Location
] _ i1
~ 102£ e
g SERTN T o
g 5 L
£ vl
103,E 5 at 1
; S 0
0 1 =1

Time (UTC)

Figure 5.2: Radio burst released at 11:04 2 December 2013 corresponding to the SEP event studied by
Goémez-Herrero et al. (2017). Radio spectrograms with the corresponding fits and orbital position (red,
STEREO-A; blue, STEREO-B; green, Earth; yellow, Sun) and the modelled beam (Top: axis of MC,
Bottom: Nominal Parker spiral, PS). See text for more details.
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Figure 5.3: Radio burst released at 18:55 3 December 2013 associated to the second event studied by
Gémez-Herrero et al. (2017) with the corresponding fit. Panels follow the same format as in Figure 5.2
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Figure 5.4: Radio burst released at 06:25 26 February 2011 studied by Klassen et al. (2012) and the
best obtained fits. Panels follow the same format as in Figure 5.2.
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5.1.6.3. 2 May 2014 Event

Finally, Figure 5.5 shows the best fit obtained for the 2 May 2014 event observed by
both STEREOs for three different assumptions of the beam geometry: reaching STEREO-
A, reaching STEREO-B and in an intermediate point in a nominal Parker spiral (FR cases
were discarded because of the null similarity). As it can be seen, none of them can fully
reproduce the behaviour of the measured type I1I radio burst. This event is a clear example
of the limitations of the model: the distance between the observatories is relatively close
(38 degrees of separation and 0.65 au of straight-line, ~ 5 light-minute) and the time
difference between the observations is practically zero for the analysed cadence, which
highly constrains the potential of the model. In addition, the two proposed topologies
cannot describe the onset profile of the type III radio burst. This could be due to the
strong assumptions of the model for the beam propagation or because the actual topology
is significantly different to the ones proposed. Nevertheless, due to the proximity of the
observations and the similarity of their intensities, it is clear that the beam of electrons is
propagating between the two s/c or in the same cone of ejection as proposed in Klassen
et al. (2015). The increase of the number of observers with different positions in the IP

space could help to better understand the propagation of the beam.

5.2. Quasi-relativistic and Suprathermal Electrons Comparison

As previously shown, suprathermal beams of SW electrons continuously flow outwards
along the IMF lines with an energy between ~ 60 eV and ~ 3 keV, and solar activity
phenomena such as flares and CMEs often release a considerable number of SEPs (energies
higher than 2 keV). The impulsive-type SEPs are accelerated at the solar corona as a
consequence of magnetic reconnection and travel following the IMF and the physical
processes associated with the IMF may affect the behaviour of both the ubiquitous SW

suprathermal electrons and the transient SEPs.

A comparative statistical study between the suprathermal electron anisotropy as given
by the coefficient v and SEP travel time measured by the STEREO mission is performed
below in order to discern any correspondence between processes that may affect these
two different populations and improve the understanding of their heliospheric transit.
Thus, it is necessary to analyse the SW conditions too, as both populations are extremely

dependant on the properties of the accompanying plasma.

Previous work by Graham et al. (2018) found indications of a correspondence between
the IMF path length calculated using SEP arrival times and the strahl width (i.e. scatter-
ing of the strahl population), which may be indicative of the turbulence of the IMF, the
effect of path travelled along the IMF (including possible distortions away from large-scale

Parker spiral) and the semi-constant scattering processes that occur within the SW. To
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Figure 5.5: Radio burst released at 05:01 2 May 2014 studied by Klassen et al. (2015) and the
propagation of the beam crossing STEREO-A (top), STEREO-B (middle) and an intermediate point
(bottom). The rest of the panels follow the same format as in Figure 5.2.
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understand better the SEP propagation due to the IMF conditions, different SW scenarios

have been compared.

The different [P structures define the IMF path length. The effective path length of
the particles then would be shorter or larger depending on the structure they travel along.
For this reason, it is necessary to have an idea of the SW conditions at the moment of
the SEP propagation and thus, the different catalogues presented in Section 2.4 are used.
Also, in order to supply the lack of uncatalogued events, the SW classifier described in
Xu & Borovsky (2015) is utilised. This last work describes an empirical method that
categorises the SW into four different cases using the magnetic field strength (B), the SW
velocity (vgy), the proton density (IV,) and the proton temperature (1) as inputs. Based

on the following conditions, the SW is categorised into one of each defined types:

0.841- B - N—0.315 . T—O.222 . V—O.171 > 1 (Ql)
877 X 10—11 . T X Bl.42 i V3.44 i N—2.12 > 1 (QZ)
0.0561 - T - B0.752 . VO.445 X N—1.14 <1 (Q3)

On the one hand, if @)1 is true, then according to this study the local SW would
correspond to an ICME. On the other hand, if (), is satisfied, the SW would correspond
to a CH-originated plasma (i.e. so-called fast SW). Finally, if the Q3 is true, the in-situ
plasma would correspond to a sector-reversal-region and if all of them are false, then it

would be a streamer-belt-origin (i.e. slow SW) plasma.

The STEREO/SEP catalogue (see Section 2.4) is taken as a basis for the statistical
analysis. Each of the events is identified by an onset timestamp based on quasi-relativistic
electrons measured from 55 to 85 keV, and the onset is estimated at the moment that the
I-minute mean flux is higher than the 50-minute mean value of the defined window plus
4 standard deviations for two consecutive data acquisitions. When there is poor statistic,
lower time resolutions are used. The resolution used for each event is gathered on the dt
column of the catalogue (for this study, only those with a dt equalling 1 minute are used).

The peak time and peak intensity are also collected, although it is not used for this study.

Impulsive and anisotropic events carry information more representative of the IMF
lines, as they are mainly well connected to the source region and their angular spread is in
general much narrower than for gradual events. The catalogue does not indicate whether
the listed events are impulsive, gradual or mixed. Thus, it is important to exclude from
the analysis those that are susceptible of being considered gradual, as their source regions
are extensive, and the acceleration is prolonged over time. A selection of the clearest
events with a sudden increase in the intensity time profile, preferably with anisotropic

behaviour, with apparent no coexistence with type II radio bursts has been performed.
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After the filtering, 42 events were selected!, and the type III radio burst onsets were
determined by eye for both STEREOs. The temporal delay between the onset and the
radio burst was calculated after performing the time shifting of the radio measurements
to be according to the actual release of the emission. The radio waves time travelling is
estimated as t = @, where 7. corresponds to the radial distance of the s/c, Rgyy, is

the solar radius and c¢ is the speed of light.
Figure 5.6 shows an example of one of the analysed events observed by STEREO-B

on December 22 2009. The panels provide relevant information of the plasma properties,
as well as of the particle profiles for different energy ranges, radio data and the orbital
position of the two s/c. Top panel shows the speed of the SW, accompanied by the orbital
position of both STEREOs (red, STEREO-A; blue, STEREO-B; yellow, Sun. Black
dashed line corresponds to l-au-radius circumference and the green one corresponds to
the Sun-Earth line). Following three panels show the angles of the IMF as in Figure
3.5, and the magnetic field strength. After that, the anisotropy coefficient v for the
suprathermal electrons in the energy range from ~ 180 eV to ~ 366 eV. Below, the radio-
spectrograms of both STEREOs (shifted to remove the light propagation time). The
STEREO-B spectrogram also contains the local plasma frequency (black curve) and the
particle onset (red vertical line) as in the catalogue. The following two panels represent
the intensity measured by the energy channel 65-75 keV of STEREO/SEPT for the four
different telescopes and their pointing with respect to the IMF direction (i.e. PA). Below
them, their colour-coded PAD is shown. The rest of the panels represent the velocity
dispersion for the four telescopes. The diagonal line represents the expected onset time
profile based on a nominal Parker spiral with a longitude of approximately 1.2 au (derived
from the bulk speed) with a beam released at the time of the onset of the type III radio
burst.

The event occurs in a quiet period with velocities around 350 km/s. The IMF follows
the direction of the nominal Parker spiral most of the time with no fluctuations and the
strength is around 4 nT. Suprathermal electrons present a relative high grade of anisotropy
as a consequence of the low turbulence. The quasi-relativistic electrons show a noticeable
anisotropy, as the beginning of the event is almost seen only by the sunward-pointing
telescope. The time delay between the type III radio burst and the onset of the electrons
is approximately 34 minutes. Nevertheless, the expected time for electrons with those
energies, and the calculated Parker spiral length, should be approximately 23.5 minutes
for electrons of 65 keV. This time difference is a systematic behaviour for impulsive events

and it is an unsolved issue as described e.g. in Haggerty & Roelof (2002).

It is expected that the SEPs arrival occurs earlier if the SW is faster, as the Parker
spiral length would be shorter (i.e. less curved, Parker, 1958). The purpose of this work

IEvents from STEREO/SEP catalogue:

STEREO-A: 31, 67, 80, 82, 84, 132, 133, 134, 136, 137, 146, 168, 181, 223, 224, 352, 366, 391, 417, 632, 650, 654, 662,
717, 719

STEREO-B: 37, 45, 76, 91, 99, 114, 323, 334, 335, 338, 340, 362, 473, 474, 477, 709, 726
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Figure 5.6: SEP event observed by STEREO-B on November 3 2009 and tagged as number 31 in the
STEREO/SEP catalogue. From top to bottom: SW speed (left) and orbital position (right; red for
STEREO-A, blue for STEREO-B and yellow for Sun); azimuthal and latitudinal angles, and strength of
the IMF as in Figure 3.5; suprathermal electron anisotropy coefficient «y (ripple); radio spectrograms as
seen by STEREO-A and STEREO-B; electron intensity for the four STEREO/SEPT telescopes;
angular pointing of the telescopes; combination of the field of view of the telescopes and the observed
intensity; intensity for each inverse velocity (derived from the energy channel) relative to the speed of
light for the four STEREO/SEPT telescopes. See text for more details.
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is to check if the conditions that affect the PAD of the suprathermal electron population
also affect the quasi-relativistic electron propagation, independently of the actual path-
length. For this reason, instead of considering the time difference between the radio burst
and the arrival of the particles itself, the results are compared to a hypothetical nominal
Parker spiral path as a function of the mean bulk speed during the propagation of the
SEPs. The path L is estimated as:

Tdiff = Tsc — RSun

19 Viw \ >

(5.2)
1 Q
B = E‘f/;;u - arcsinh (rdiff . V:u)
L=A+B

where 7. corresponds to the orbital radial distance of the s/c, Rgy, is the solar radius,
Viw 1s the SW speed, and 2y corresponds to the sidereal solar rotation rate at the equator

(2.87-1075 [s71]), as it is representative of the longest possible case scenario.

Figure 5.7 compares, for the selected events, the anisotropy coefficient v for suprather-
mal electrons (ripple) and the ratio between the length travelled by the particles (derived
from the time difference between radio burst and particle onsets) and the theoretical
Parker spiral length. The value of v is the mean value calculated in the period between
the particle onset and twenty minutes earlier, and the error bar corresponds to the stan-
dard error of the mean. The reason of averaging twenty-minute intervals is because it is
approximately the time corresponding to the shortest selected SEP event. Every event is

tagged based on the catalogues and the Xu and Borovsky classifier described before.

The relation between the logarithmic anisotropy and the normalised estimated arrival
Parker length presents a Pearson correlation of -0.58 overall, which suggests that the
circumstances that delay the arrival of the SEPs are related to those which isotropise
the suprathermal electrons. One of the key conditions that smears the strahl population
is the turbulence in the IMF during its propagation. This idea supports previous works
as the already mentioned Graham et al. (2018), where the turbulent conditions of the
IMF tends to isotropise the strahl population, as well as hinders the propagation of the
SEPs. It can also be observed that there is no apparent relation between the different
structures and the relative length, which is unexpected because there are evidences of
the significant differences in both length and turbulent conditions between each topology.
Nevertheless, previous works such as Kahler et al. (2011) suggest that although the IMF
lines are longer inside the FRs (increasing the propagation time), the delay is decreased
due to the non-turbulent conditions. Further analyses with different approaches may be

performed in order to clear up this issue.
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Figure 5.7: Scatter plot of the average anisotropy coefficient v of suprathermal electrons from ~ 180 eV
to ~ 366 eV versus the relation between the nominal Parker spiral length based on the SW speed and
the theoretical one inferred from travel of the particles calculated from the time delay between the type
IIT radio burst and the time arrival of the SEPs as catalogued in the STEREO/SEP catalogue. Error

bars in y-axis correspond to the standard error of the mean.

Colours: (Based on the catalogues listed in Section 2.4) green: MO; blue: post-ICME; purple: SIR
before the SI; pink: SIR after the SI; yellow: close to shock; grey: uncatalogued.
Symbols: (Based on the SW classifier. See text for details.) x: ejecta; x: CH; V¥: sector reversal; e:

streamer belt.






Chapter 6

Summary and Conclusions

6.1. Summary

The IMF is variable and complex in both, large and small, temporal and spatial scales.
Besides, the Earth’s magnetosphere and atmosphere do not allow a direct study of the SW
nor to observe certain wavelengths with ground-based instruments. Consequently, having
space-based observatories is crucial in order to achieve complete observational coverage.
Since the beginning of the space age, the heliospheric observatories were equipped with
in-situ and remote sensing instruments to measure plasma properties and observe the
solar atmosphere, respectively. Many of them are located orbiting Earth or in quasi-
stable orbits around the region between Earth and Sun L1 (such as ACE, SOHO or SDO)
so there is permanent communication (and therefore near-continuous observations), to
measure the Earth’s surroundings and forecast potential solar phenomena that may affect
the humans. However, using only these missions to study large-scale structures within the
SW is almost impossible, since they are all located in the same very small region of space.
Deep space observatories at different radial distances, angular locations in the ecliptic

plane, and heliographic latitudes thus provide much-needed diversity of measurements.

The twin mission STEREO travelling near the Earth’s orbit provide observations of
the Sun with wider angular separation. This allows a wider analysis of the large-scale
structures and allows to measure the IMF conditions from different from different view-
points, complementing the L1 missions. This property together to the huge amount of
data provided by the two s/c for seven years, covering the solar cycle 24, are the reasons

why this mission and ACE have been utilised the most in this thesis work.

Other missions as PSP allow measuring over a range of radial distances close to the Sun,
and SolO will provide in-situ measurements out of the ecliptic while also getting closer
to the Sun and providing remote-sensing observations, making it the most complete solar
mission so far. Unfortunately, the recent launch of these missions did not allow to include
them in this study, although the here developed methods will be used as part of future

work and are extensible to these missions too.
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The analysis of the data provided by these missions makes possible to have a closer
approach to the complexity of the SW properties, such as the IMF. Moreover, it is neces-
sary to examine not only the general large-scale plasma and magnetic field properties but
also different particle populations from different solar sources and their behaviour. These
particles act as an astronomic multi-messenger for the Sun. In particular, electrons in all
energy ranges (thermal, suprathermal and quasi-relativistic) can provide valuable infor-

mation about characteristics of the magnetic field topology and the solar source region.

The main focus of this thesis work is to analyse properties of the more common IMF
topologies from different perspectives, mainly using suprathermal and energetic electron
distributions as probes to extract the information. The work has been divided into three
main topics which focuses on the characterisation of the suprathermal PADs and the anal-
ysis of their long-term variation (Chapter 3), the study of the ICMEs as global structure
and how the suprathermal electrons are affected by their properties (Chapter 4), and the
analysis of the more energetic electrons to infer characteristics of the IMF and how the
two different populations (suprathermal and energetic) are affected by similar conditions.

The results of these analyses are presented in the following Section 6.2.

In this thesis work, it has been addressed the characterisation of the IMFE for under-
standing different topologies (with special interest in the nominal Parker spiral and the
ICMEs) using different complementary approaches, like the use of different electron popu-
lations, such as suprathermal, SEPs and generators of type III radio emission, and the use
of the previously developed Hidalgo’s model (Hidalgo, 2013). Apart from the results, it is
important to highlight three varied methods that have been applied to different scenarios

(described in Chapters 3, 4, 5) for studying the SW plasma properties:

= A characterisation method of suprathermal electron PAD. The shape of
suprathermal electron PADs in the SW carries relevant information about the phys-
ical conditions at the solar source and during the IP propagation, as well as about
the large-scale topology of the IMF. In particular, the presence of BDE is often a
signature of closed magnetic field structures, while the presence of isotropic periods
could be an indicator of disconnection from the Sun by reconnection, or of enhanced

[P scattering.

The characterisation presented in this thesis work has been proved and allows not
only to identify BDE and isotropy in the SW, but also to obtain the intensity, the
mean flux, the anisotropy, and the classification of different types of PADs by com-
paring the Legendre Polynomials fitting coefficients. Previous methods such as An-
derson et al. (2012); Chen et al. (2014) or Graham et al. (2017) were only designed
to study a specific characteristic of the PADs.

Applying signal processing analysis to the Legendre Polynomials, two different
thresholds (v, and SN Ry,) can be used for a simple identification of isotropic and
BDE periods. Isotropy is efficiently identified selecting those PAD with v < 15%.
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The clearest BDE intervals can be selected using the combined condition SN Ry > 0,
v > 15% and A; > 0. These cuts have been validated using extensive samples of
STEREO/SWEA data during 2007-2014 (see sections 3.2.1 and 3.2.2). Although the
selected threshold criterion is very restrictive for BDE (i.e. there are periods that
could be not identified as such), establishing a common criteria allows long-term
studies using the same dataset. The method is well suited for automatisation, and

can be used directly for Space Weather applications.

» Update of the Hidalgo’s model Hidalgo (2013). As part of the most commons
structures of the SW, the FRs are also analysed by using a FR model previously
developed Hidalgo (2013). The model has been improved reducing the number of
free parameters by introducing other plasma measurements, such as the bulk speed,
and the interface conditions have been tweaked to have a closer approach to a more

realistic scenario. Also, these modifications have been applied to a statistical analysis
of FRs observed by the STEREQO mission.

= Development of a simple model to trace quasi-relativistic electrons. A
model based on the time difference between multiple observatories at different lo-
cations of the observed onset time of type III radio bursts has been developed for
tracking the radio-source related to impulsive SEPs in the heliosphere, and it has
been applied to distinguish if the propagation takes place along the nominal Parker
spiral (and infer the corresponding SW speed) or inside a MC (and infer the orien-

tation of the structure).

Furthermore, thanks to the performed analysis and to the methodology, it has resulted

in the following catalogues (Chapters 3 and 4):

» Catalogue of periods of BDE observed by both STEREOs from 2007 to 2014 (Sec-
tion 3.2.4). This catalogue constitutes a very useful data product for the analysis
of different magnetically closed structures and interactions between different SW

regimes.

= Catalogue of periods of isotropic suprathermal electron fluxes observed by STEREO
mission from 2007 to 2014 (Section 3.2.4), which provides relevant information about

magnetic interaction (erosion, reconnection) among other characteristics.

= FR catalogue observed by STEREO from 2007 to 2014 (Section 4.2.3), for helping
the identification and understanding of partially or totally uneroded structures in

the SW.
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6.2.

Conclusions

6.2.1. Suprathermal Pitch-Angle Distribution Research

6.2.1.1. Long-Term Variation

The long-term behaviour of the fraction of time when the suprathermal electrons show
isotropy or bi-directionality has been studied separately for STEREO-A and STEREO-B.

This analysis draws the following conclusions:

The BDE increases with the SSN, at the same time as the number of ICMEs does.
The sudden change of the tilt angle of the HCS between late 2009 and early 2010 is
accompanied by a large increase in the isotropy rate observed by both s/c (reaching
maximum values), as well as in the BDE rate observed by STEREO-A.

As reported by previous studies, anisotropy anticorrelates with the plasma g and
BDEs are frequently found inside ICMEs.

There are recurrent fluctuations of the isotropy with an apparent periodicity of almost
13 months. The ultimate origin of these periodicities is uncertain and requires further

investigation.

The isotropy is more frequent in solar minimum than during the increasing phase,

although this tendency is weak compared with the fluctuations described above.

6.2.1.2. Energy and Latitude Dependency

The PAD of the suprathermal electron population shows a clear dependency with the

energy. Higher energy channels tend to show stronger grade of anisotropy, and vice-versa,

although in some transient periods this behaviour could be the opposite as shown in

Section 3.3.1. The analysis of the time variation of the anisotropy coefficient v for the

available energy channels draws the following conclusions:

The anisotropy is commonly higher for higher energies, as shown in the studies
Fitzenreiter et al. (1998); Horaites et al. (2018). There are also long periods (few
weeks) where the lower energy channels are more anisotropic, which is in agreement
with the postulations from Pagel et al. (2007); Bercic et al. (2019b). Both tendencies
were already gathered in Anderson et al. (2012), where it is suggested that focusing
and scattering are competing during the propagation and depends on the variability
of the IP conditions, and that the dependency with energy is probably due to different

coexisting scattering mechanisms.

There is a dependency between the grade of anisotropy and the solar cycle, tending
to cover wider ranges in solar maximum and lower in solar minimum, probably as a

consequence of the higher variability of the SW conditions.
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» The anisotropy coefficient v shows several apparently periodic maxima, similarly to
the isotropy. The most intense corresponds to an almost-13-month periodicity. The

ultimate cause of this behaviour is still unknown and remains under investigation.

= The anisotropy coefficient v increases with the heliomagnetic latitude (defined as the
minimum distance of the magnetic foot-point to the neutral line) during the quietest
period of the solar minimum during Solar Cycle 24. This is indicative of that the

strahl population is less isotropised when having higher heliomagnetic latitudes.

6.2.2. Interplanetary Coronal Mass Ejection Research

6.2.2.1. Suprathermal Electron Pitch-Angle Distribution inside Interplanetary Coronal

Mass Ejections

Using a superposed epoch analysis for a large sample of events, the percentage of BDE
and isotropy during the transit of ICMEs and in the post-ICME region (defined as 1.2
times the total duration of an ICME; see Section 4.1) has been analysed. The main

conclusions of this analysis are:

= On average, the amount of BDE tends to gradually increase in the sheath (when
it exists), reaching maximum values during the transit of the middle part of the
MO. It drops at the exit of the MO and gradually decreases in the post-ICME
period (defined as 1.2 times the duration of the ICME), which still shows a notable
amount of BDE. The observed behaviour can be interpreted in terms of erosion
by reconnection with the ambient IMF, i.e. the intervals preceding and following
the MO contain some closed field lines mixed with reconnected field lines that were
formerly closed. Alternatively, these BDE intervals could result from the reflection
in converging lines around the ICME or at the shock or the sheath, or to a particular

diffusion mechanism from the sheath inside the MO.

» Contrary to Shodhan et al. (2000), the results suggest that BDE periods are more
concentrated in the middle part of MOs, rather than being randomly distributed,

which is consistent the inner parts of the MCs being less eroded by reconnection.

= [CMEs with shock present larger periods of BDE inside the MOs than those without
shock. The distinction between MO and sheath and post-ICME in terms of BDE is
also clearer for ICMEs with shock. This behaviour suggests that slow ICMEs (those
not driving a shock) show a higher degree of erosion by reconnection due to their

longer transit times to 1 au.

= [sotropy is much less common inside the MO than in ambient SW, and even less far
from its boundaries. This can be interpreted as a direct consequence of the smooth

magnetic field (which implies weak scattering conditions due to less turbulence) and
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predominantly closed topology (not reconnected) inside the MO. On the other hand,
isotropy is more common in the surroundings of the MOs (sheath and post-ICME
regions) than on average SW. This is a possible indication of the presence of discon-

nected field lines and/or stronger scattering conditions.

6.2.2.2. Flux Rope Statistical Analysis

Periods presenting IMFE FR topology have been selected from STEREO mission obser-
vations. In total, the number of catalogued events is 362 observed by both s/c. On the
other hand, the Hidalgo’s model has been updated reducing the number of parameters
and defining the global radius dependant on the orientation of the structure (see Section

4.2). Using the updated model, a series of fits have been performed for all the F'R periods:

s The FRs generally show same characteristics as the signatures that define the MCs
(Zurbuchen & Richardson, 2006), and the number of events and the total transit time

increase with the solar activity, which is coherent and agrees with previous works.

= The velocity of the structure it is not related to the phase of the solar cycle and there
is no apparent relation between the velocity nor the phase of the solar cycle and the

cross-section of the FR as derived from Hidalgo’s model.

= The cross-section of the studied event ranges from ~ 0.01 au up to ~ 0.1 au , which
differs in a factor of two to previous studies as e.g. Burlaga et al. (1981), where they
mention that their radial dimensions were approximately 0.5 au. The reason for this

could be the strict criteria for the selection of the boundaries of the FRs.

= The FR preferred tilt angle tends to be closer to 90 degrees, i.e. according to the
model, the structures are in general found vertical rather than with small inclinations
with respect to the ecliptic plane. In addition, there is an apparent relation with the

rising phase of the solar cycle, where more inclined structures are found.

6.2.3. Energetic Electron Analysis

6.2.3.1. Type III Radio Burst Tracer Model Case Studies

A simple type III radio burst tracer model defined in Section 5.1 is able, using mul-
tipoint observations, to distinguish whether the observations are better suited to an im-
pulsive event propagating along the nominal Parker spiral (e.g. Klassen et al., 2012) or
inside a MC (e.g. Gémez-Herrero et al., 2017). Besides that, it allows to estimate of the
SW velocity and the orientation of the MCs. However, the simplification of the IMF
topologies does not allow to explain the observations performed by two relatively close
s/c, as the one previously studied by Klassen et al. (2015). The proximity and the peculiar
propagation of the beam hinders the potential of the model, but opens the possibility for

future implementations and updates.
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6.2.3.2. Statistical Analysis of Impulsive Solar Energetic Particle Events

The comparison between the time arrival of impulsive SEP events and the anisotropy
coefficient ~ for the suprathermal electrons suggests that there is a tendency to have
shorter estimated SEP path-length when ~ is higher (i.e. when suprathermal electrons
are more anisotropic). This correlation seems to indicate that the conditions that may
affect the suprathermal electrons also have an influence on the propagation of the SEPs;,

supporting previous works as Graham et al. (2018).

The correspondence of the travelling time and the anisotropy could be explained in
terms of the turbulent conditions of the IMF. Turbulence causes the strahl to scatter, as
well as it hinders the propagation of the SEPs, indicating that the conditions that affect

one population affects the other too.

Apart from that, there is an unexpected lack of correlation between the propagation,
turbulence and the topology where the event is taking place, as there are significant
differences between the different IMFE topologies. On the other hand, there are studies
as Kahler et al. (2011) suggesting that despite the path is longer inside FRs, the time
propagation is decreased due to the non-turbulent conditions. Further analyses with more

candidates and different approaches should be considered to discern this issue.

6.3. Future Work

The PAD characterisation method presented here can be extended (for instance, using
more harmonics if the angular resolution of the instrument is higher, the raw obtained
coefficients and their sign, three dimensions and other SNR calculations) to characterise
multiple interesting PAD features (such as the pancake or butterfly distributions) or their
properties (e.g. width of strahl), and use it as input for machine-learning based classifiers
(instead of the raw data) or for automatic detection of ICMEs by using the BDE, among
other Space Weather applications. Also, an analysis of the data from future missions such
as SolO or PSP will contribute to the understanding of the different PAD and especially
how the BDE and the isotropy vary with the heliocentric distance and the heliographic
latitude. This method opens up new ways for a better understanding of the energy

dependence of the strahl, its width, and their relation to solar energetic particle events.

The updates of the Hidalgo’s model have simplified it by reducing the number of
parameters using plasma data and get a closer approach to the actual topology of the
MCs by adjusting its global radius to its orientation. Still there are some limitations and
room of improvement to get a more accurate results introducing new inputs such as the

hydrodynamic pressure or constrains based on multipoint observations.

The type III radio burst tracer model has shown that with a simple density model and

two observatories it is possible to extract relevant information of the type III radio burst
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observations. Nevertheless, the model has some limitations, which could be reduced by
being less restrictive in the assumptions, having better cadence, more observers or adding

the direction-finding data product provided by the radio instrumentation, among others.

As mentioned above, some unexplained phenomena require further investigation, such
as the presence of periodicity of the isotropic periods (and in the grade of anisotropy), the
dependency with the latitude and the radial distance, the ultimate cause of the suprather-
mal electron BDE presence after the ICMEs, or the apparent lack of correlation between
the anisotropy, the IP structure and the arrival time of the SEPs. The massive analysis
of all the electron populations observed by three or more s/c is crucial for understanding
the evolution of the SW in several conditions by the use of physical plasma magnitudes

and the electrons for all energies.

In order to broad our understanding of the IMF topologies and evolution, and how the
electrons behave with the different conditions, the following studies are proposed based

on the methods and results explained in this thesis work:

» Long-term SW analysis. Compile and analyse suprathermal electron PADs for
all the available missions in order to find the origin of the periodicities, the radial

evolution, etc.

= Multipoint ICME evolution. Compile ICMEs observed by several s/c and com-
pare the angular, radial and latitudinal differences for different electron populations.
Also, study the source region and the eruption of the CME and compare with the

observations in-situ.

= SEP statistical analysis. Improve the radio emission model to trace SEP events
by using multipoint observation s/c. On the other hand, find and analyse multipoint
SEP events, study the dependency and behaviour of the populations with the solar
cycle and compare to suprathermal electrons measurements, trying to understand

their connection to different 1P structures.

Accomplishing these research goals will contribute valuable pieces of information
needed to answer two of the key heliophysics science objectives of the SolO mission:
How and where do the SW plasma and magnetic field originate in the corona? and indi-
rectly, How does the solar dynamo work and drive connections between the Sun and the
heliosphere? Also, it will open the possibility to analyse in more detail and efficiently
data from past and future missions, as well as other scientists as the developed tools for

analysing the data, will be shared.
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Basics about Charged Particle Motion inside Magnetic Fields

Single Particle Motion

The SW is a plasma mainly composed by charged particles with a total neutral charge,
and the electric and magnetic forces are the ones dominating the plasma in the [P medium.
The motion of these particles is governed by the Maxwell equations. In the vacuum, these

equations are:

V-E= g (Gauss's Law) (1)

V-B=0 (Gauss's Law for magnetic field) (2)
VxE = —%—Jf (Faraday’s Law) (3)

V x B = poJ + po 8088—; (Generalised Ampere’s Law) (4)

where E corresponds to the electric field, B corresponds to the magnetic field, p is the
charge per unit volume, gy corresponds to the electric permitivitty of vacuum, pg is the

magnetic permeability of the vacuum and J is the current density.

The following paragraphs summarise those aspects included in the thesis work related
to the free motion of particles within the IMF, whose contribution to the bulk plasma
can be considered negligible in general terms (Meyer-Vernet, 2007). The SW is a neutral
plasma, but the motion of the particles (with positive and negative charges) with different

directions constitutes electric currents (and so magnetic fields).

The basic equation of motion for a particle subjected to electric and magnetic fields is:

ﬁ:%:q(ﬁxé—i—ﬁ) (5)

—

being p’ the momentum of the particle (p'= mv)

The parallel component of the velocity of the particle with respect to the magnetic field
(B) remains constant, while the perpendicular force produces a circular motion with a ra-
dius known as the Larmor radius o gyroradius (Equation 6) and an angular gyrofrequency

or cyclotron angular frequency described in Equation 7 .

muv

e ()

re =
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where a = arctan(%) and corresponds to the PA of the particle with respect to the

magnetic field direction.

_ 4B
_m

(7)

Wy

The summation of both components produces an helicoidal movement of the particles.
If an external force is applied to the particle (e.g. the one produced by an electrical field

to a charged particle), a drift velocity Vp is produced as given in Equation 8.

‘fD:

|

B
X 5 (8)

A variation of the magnetic field would change the gyroradius of the particle as de-
rived from Equation 6, and an additional perpendicular drift is produced, as described in
Equation 9. When a particle is travelling along magnetic field lines that are converging
(i.e. when the strength, B, increases), the Lorentz force acts reducing the parallel speed

of the particle.

2 —

At a certain point, the particle is reflected back to the weaker magnetic field where it
was coming from. This is produced when the perpendicular force (defined as mv?sin?(«a))
reaches its minimum (at o = 7/2) to compensate the deceleration (because there are no

energy losses). This effect is denominated mirroring.

Particle Distributions

The IP plasma is complex and the populations (i.e. species and energy intervals) that
form the SW are often studied as a whole in order to explain the global behaviour. In
addition, it can be instrumentally impossible to measure all particles at the same time,
especially for low energies. For these reasons, it is necessary to define a probabilistic
mathematical expression as a function of different properties of the bulk of particles.
Nevertheless, mainly due to the lack of statistics, it could also be possible to study the
properties of a single particle. The mathematical expression is denominated Distribution
Function [f(ry, 7y, 72,04, vy, v;)], which defines the probability of finding a particle with the

different velocity components (v,,v,,v,) in a specific point in the space (r, 7y, 7).

For example, suprathermal electrons are almost continuously emerging from the Sun
to the IP medium and carry a great amount of the SW heat flux. When a plasma is in
equilibrium it can be reproduced with a Maxwellian distribution (fs(v), see Equation

10). This behaviour is a consequence of the particles being randomly and isotropically
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distributed following a Gaussian distribution. This is the case of the SW electron ther-
mal core population. Nevertheless, the presence of a magnetic field can produce some
anisotropy in the plasma as the charge particles travel along the field lines as described
above. This is the case of the strahl population. The non-Maxwellian distribution of the
suprathermal tails correspond to halo population, and it can be described as a Kappa
distribution (f,(v), see Equation 11). The Kappa distribution tends to Maxwellian when
Kk — 00 (Zouganelis, 2008).

3/2 9
fulv) =n (27:7:3) “rp (_27;23) (10)

o) = D (14 ) (1)

ko2 T(k —1/2) Rv2

where kp is the Boltmann constant, I'(z) = (z — 1)!, T' the equivalent temperature, v is

the velocity of the particles, v, is the effective thermal velocity, m is the mass of specie.

The strahl population is then the closer related to the IMF as well as the existence of an
interchange between the halo population and the strahl which can provide information of
the conditions of the SW. When the halo population becomes part of the strahl is produced
in focusing processes, while when the strahl becomes part of the halo is produced by
scattering . These two processes can be explained as it could be done for a single particle

as described above and it could be extrapolated to more energetic charged particles.
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Magnetic Obstacle Candidates with Clear Bidirectionality

Table 1 shows a selection of the candidates with long and clear periods of BDE observed
by STEREO-A and STEREO-B utilised for defining a threshold in the SN R4 coefficient
in Chapter 4. The events were presented in the series of papers Jian et al. (2018, 2013,
2006a).
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Candidate

=]
o

Start
date (UTC)

End
date(UTC)

Candidate
no.

Start
date (UTC)

End
date (UTC)

2008-07-05 06:34

2008-07-06 18:00

2009-07-11 23:10

2009-07-13 05:45

2009-10-16 21:35

2009-10-17 22:16

2009-11-01 08:00

2009-11-03 02:00

2009-12-09 09:00

2009-12-10 23:13

2010-12-15 10:20

2010-12-16 04:00

2011-01-16 05:40

2011-01-17 10:10

OO | O U W= | W DN| —

2011-02-01 10:25

2011-02-02 18:40

Ne

2011-03-12 00:25

2011-03-12 16:47

—_
o

2011-03-19 23:34

2011-03-21 01:30

—_
—_

2011-03-23 06:55

2011-03-24 23:17

—
\V]

2011-04-06 09:40

2011-04-06 23:41

[
w

2011-07-23 09:41

2011-07-24 11:45

—
IS

2011-11-26 01:30

2011-11-26 13:30

—
ot

2011-11-27 00:20

2011-11-28 05:00

[
(@]

2012-01-25 22:10

2012-01-26 22:00

—_
-3

2012-03-04 10:34

2012-03-04 22:00

—_
o]

2012-03-17 04:10

2012-03-18 06:00

—_
©

2012-03-20 05:00

2012-03-20 14:45

[\~
o

2012-07-11 09:10

2012-07-13 04:00

[\]
—_

2012-07-16 00:45

2012-07-16 18:00

2012-07-17 03:40

2012-07-18 00:25

\]
w

2012-10-05 16:10

2012-10-07 12:00

STEREO-A
)
)

o
=

2012-10-11 22:38

2012-10-13 02:30

[\]
ot

2012-11-12 15:23

2012-11-13 15:05

[\
[«

2012-11-26 15:00

2012-11-28 01:22

[\]
3

2013-04-23 00:00

2013-04-23 19:30

[\]
o

2013-05-03 05:50

2013-05-04 16:10

\]
Ne}

2013-06-27 16:17

2013-06-28 00:37

w
o

2013-08-10 17:24

2013-08-12 07:00

w
—

2013-08-22 23:15

2013-08-24 23:25

w
[\S]

2013-09-21 18:20

2013-09-22 23:20

w
w

2013-10-23 04:12

2013-10-24 11:37

w
=~

2013-11-04 20:00

2013-11-06 01:30

w
ot

2013-11-12 02:00

2013-11-13 03:00

w
(o))

2013-11-14 09:00

2013-11-14 21:00

w
3

2013-12-02 06:00

2013-12-04 07:40

w
[o¢]

2014-02-06 11:34

2014-02-07 20:30

w
=}

2014-02-16 15:06

2014-02-17 16:15

S
[en)

2014-03-08 02:38

2014-03-08 23:12

S~
=

2014-04-10 06:05

2014-04-10 15:35

W
)

2014-04-12 11:40

2014-04-12 20:33

S
w

2014-06-10 04:10

2014-06-10 23:50

STEREO-B

44

2008-10-19 01:02

2008-10-20 11:32

45

2008-12-31 02:00

2009-01-01 07:20

46

2010-09-19 23:22

2010-09-20 06:45

47

2010-12-02 09:55

2010-12-03 11:11

48

2011-01-18 00:00

2011-01-18 09:38

48

2011-03-07 19:10

2011-03-08 17:21

49

2011-03-11 15:18

2011-03-12 12:00

50

2011-04-01 04:00

2011-04-01 13:50

50

2011-06-01 17:35

2011-06-02 18:00

51

2011-06-17 07:40

2011-06-18 04:00

52

2011-10-04 02:00

2011-10-04 12:40

53

2011-12-02 16:03

2011-12-03 11:00

54

2012-01-11 17:43

2012-01-12 13:42

55

2012-01-17 07:30

2012-01-18 09:00

56

2012-01-19 01:46

2012-01-19 16:43

57

2012-03-09 01:00

2012-03-09 11:30

58

2012-03-11 01:34

2012-03-12 21:51

59

2012-03-30 01:37

2012-03-30 08:30

60

2012-04-17 09:40

2012-04-18 09:05

61

2012-05-09 13:30

2012-05-10 10:40

62

2012-05-13 03:00

2012-05-14 04:30

63

2012-06-18 23:47

2012-06-20 10:00

64

2012-07-04 11:40

2012-07-05 12:50

65

2012-07-24 20:00

2012-07-25 12:00

66

2012-09-04 05:30

2012-09-05 20:58

67

2012-09-23 23:38

2012-09-24 09:46

68

2012-10-26 04:00

2012-10-27 10:00

69

2012-11-04 01:22

2012-11-05 18:00

70

2012-11-20 02:00

2012-11-20 12:40

71

2012-11-28 07:37

2012-11-29 07:00

72

2013-03-08 08:00

2013-03-10 08:45

73

2013-04-09 23:40

2013-04-10 14:00

74

2013-05-04 15:00

2013-05-06 09:40

75

2013-06-02 12:15

2013-06-06 08:52

76

2013-07-05 07:04

2013-07-07 01:47

7

2013-08-22 13:00

2013-08-23 07:00

78

2013-09-16 04:20

2013-09-17 00:25

79

2013-10-08 17:25

2013-10-09 23:35

80

2013-11-05 02:43

2013-11-05 23:47

81

2013-11-06 13:38

2013-11-07 14:00

82

2013-12-18 02:05

2013-12-20 15:00

83

2013-12-21 08:25

2013-12-22 00:00

84

2013-12-29 04:12

2013-12-30 14:00

85

2014-04-01 04:53

2014-04-01 21:37

86

2014-05-08 21:00

2014-05-10 08:23

87

2014-06-10 00:00

2014-06-10 17:10

Table 1: Table showing the selection of the candidates with long and clear periods of BDE observed by
STEREO-A and STEREO-B.
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Flux Rope Catalogue

Table 2 shows a selection of periods observed by the STEREO mission presenting a
clear and sustained smooth rotation was done by eye as explained in 4. Then, a series of
fitting of the updated version of Hidalgo’s model (see Section 4.2) was performed in order

to obtain the different parameters.
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