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The Sun produces eruptive events that release protons, electrons as well as heavier
nuclei (e.g. He-Fe) into the heliosphere. These particles are accelerated up to rela-
tivistic energies in at least two distinct processes, i.e., solar flares and shocks driven
by coronal mass ejections (CMEs) or their interplanetary counterparts (ICMEs).
Particles in the interplanetary (IP) space are known as solar energetic particles
(SEP). The energy spectrum of SEPs contains the footprint of the acceleration pro-
cess. The spectrum can, however, be disrupted by transport effects.

In this thesis we study the energy spectrum of solar energetic electrons (SEE) mea-
sured by the Energetic Particle Detector (EPD) on board the Solar Orbiter (SolO)
spacecraft. We use the orthogonal distance regression (ODR) to fit the spectrum
of 43 SEE events observed between November 2020 and March 2022. We fit the
spectrum with four different mathematical models used in previous studies: a single
power-law, a single power-law with an exponential cutoff, a broken power-law and
a broken power-law with an exponential cutoff. We then choose the best model to
describe each event.

The broad energy range of EPD (25-475 keV) allows us to conduct a detailed anal-
ysis of the spectra and investigate the possible presence of separate spectral breaks
and their relationship to two specific transport effects, for example Langmuir wave
generation and pitch-angle scattering. In order to study whether the SEE spectra
have more than one break we employ an indirect method of restricting the energy
range used in the fits to the separate instruments or combinations of instruments of
EPD. The combinations of instruments used in our analysis are STEP (2-80 keV),
EPT (25-475 keV), STEP+EPT (2-475 keV) and EPT+HET (25 keV-30 MeV). We
compare our results to previous observational and modeling studies that discuss the
presence and underlying mechanism of different spectral breaks.

We found strong evidence of the presence of two distinct spectral breaks at
~ 20 £ 13.2 keV and ~ 70.0 & 30.5 keV. We also found evidence that the lower
energy spectral break is caused by Langmuir wave generation. We could not,
however, find the expected dependencies for the higher break in terms of pitch-angle
scattering.

Keywords: Solar Energetic Particles, Solar Energetic Electrons, Energy Spec-
tra, Spectral Break, Spectral Index, Transport Effects, Pitch-Angle Scattering,
Langmuir Wave Generation.
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Abbreviations

au Astronomical Unit

CME Coronal Mass Ejection

DOF Degrees Of Freedom

EPD Energetic Particle Detector

ESA European Space Agency

EPT Electron Proton Telescope

HET High Energy Telescope

HXR Hard X-Ray

ICME Interplanetary Coronal Mass Ejection

IP Interplanetary

NASA National Aeronautics and Space Administration
ODR Orthogonal Distance Regression

RS Solar radius

SEE Solar Energetic Electron

SEP Solar Energetic Particle

SEPT Solar Electron and Proton Telescope

SolO Solar Orbiter

STEP Supra Thermal Electrons and Protons sensor

STIX Spectrometer/Telescope for imaging X-rays



1 Introduction

The Sun produces eruptive events that release particles into the heliosphere and
accelerate them in at least two processes, i.e., solar flares and shocks driven by
coronal mass ejections (CMEs) or their interplanetary counterparts (ICMEs). These
energetic particles (i.e., protons, electrons and heavier ions) in the interplanetary
(IP) space are known as solar energetic particles (SEP) and the processes that
accelerate such particles are known as solar energetic particle events (e.g. Reames,
2013; Desai and Giacalone, 2016; Miteva et al., 2017; Bruno et al., 2019). SEP events
are distinct into two main categories: impulsive and gradual. Impulsive SEP events
accelerate particles as a result of reconnection in solar flares in the low corona and
are associated with short time scales, while gradual SEP events accelerate particles
over large angular extents in near-Sun CME-driven shocks, are generally long-lasting
and have larger fluences (the time integral of flux) (Masuda et al., 1994; Reames,
1999, 2013; Desai and Giacalone, 2016; Vlahos et al., 2019; Chiappetta et al., 2021).
This is shown in the intensity time profile of Figure 1 as a low, gradual and long
lasing rise. On the other hand, impulsive SEP events last only a short period of
time (see intensity-time profile in Figure 1).

During the early observations of SEP event it was believed that solar flares
were their sole source. This assumption, along with later observations, lead to the
formation of a phenomenon known as the solar flare myth (Gosling, 1993; Reames,
1999). Later findings of a possible close association between SEP events and type
IT and IV radio bursts lead to a new theory according to which SEPs could also be
accelerated by shock waves that accompany the solar flares (e.g. Wild et al., 1963;
Lin, 1970; Desai and Giacalone, 2016). The two-phase acceleration process, however,
took years to be accepted by the scientific community and only after detailed multi-
spacecraft analysis of flares and their association to radio bursts, researchers started

welcoming the two-class theory (Gosling, 1993; Reames, 1999; Desai and Giacalone,
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Figure 1. The historical two-class picture of SEP events showing the difference
between gradual and impulsive SEP events. On the top right (a) an illustration
of an event with wide angular extent associated with CME-driven shocks. Below
this, the flux time profile with a long lasting gradual rise. On the top left (b)
the illustration of a flare-associated event. This type of event requires a magnetic
connection to the source in order to be seen because of its limited angular range.
Below, the time profile of such event with a clear limited time extent. (Reames,
1999)



2016). And so, the historical two-class picture had emerged (see Figure 1).
Furthermore, flare related events were believed to be the primary acceleration
mechanism for solar energetic electrons (SEE) whereas ions were believed to be pri-
marily accelerated by CME-driven shocks (Cane et al., 1988; Masuda et al., 1994;
Reames, 1999; Barnard and Lockwood, 2011). It is, however, challenging to make
a clear distinction between flare-accelerated particles and particles accelerated by
CME-driven shocks, as most gradual SEP events are also associated with an impul-
sive part (Vlahos et al., 2019). Figure 2 illustrates the close association between the
reconnection region of flares and the CME-driven shocks that produce type II radio

bursts (Cliver et al., 2004; Kahler, 2007).
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Figure 2. Illustration showing the close association between the reconnection region
of flares and the CME-driven shocks that produce type II radio bursts. Electrons
are accelerated in the flare region over short time scales. (Cliver et al., 2004; Kahler,
2007)

The role of CME-driven shocks in accelerating SEEs is still under debate. Nev-
ertheless, their ability to accelerate electrons to a few keV is demonstrated by the
presence of type II radio bursts (Aschwanden, 2002; Krucker et al., 2010; Guo and

Giacalone, 2012; Laurenza et al., 2016; Dresing et al., 2022). The small and large



extents of SEP events are not yet clearly associated with the extent of the source
region. During widespread events, it is also hard to disentangle whether the wide
particle spread is caused by the field line spread close to the Sun, i.e., the injection
process, acceleration or transport effects (Dresing et al., 2014; Gomez-Herrero et al.,
2015; Kouloumvakos et al., 2015; Lario et al., 2016; Dresing et al., 2018; Mann et al.,
2018; Dresing et al., 2021). There are still many unknowns in terms of the underlying
acceleration process, but thanks to the new and highly sophisticated technologies of
recently launched missions, such as Solar Orbiter, we are on our way to shed more

light on this.

2 Theoretical Background

2.1 Solar Energetic Particle Spectra

When we talk about particle energy spectra, we refer to intensity as a function of
energy (see Figure 3). During an SEP event particles are injected into the interplan-
etary space and their intensity or flux can be measured by a spacecraft for different
energies. For each energy channel of an energetic particle detector we can measure
a corresponding intensity for a certain particle population. A particle energy spec-
trum can be determined in various ways either by integrating the intensity over the
whole duration of the event (fluence spectrum), by taking the intensity at a specific
time or by taking the peak intensity at each energy channel. The energy spectrum
is the collection of these intensities as a function of the corresponding energy. The
intensity peak at different energies is not expected to happen at the same time. Due
to velocity dispersion, particles at lower energies can be delayed by minutes or even
hours compared to the higher energy particles (Lin et al., 1995).

The characteristics and variability of SEP energy spectra can provide important

information about the acceleration processes involved (Klein and Trottet, 2001; Vla-



hos et al., 2019). Typically an SEP spectrum is associated with a power-law shape.
Ellison et al. (1985) argued that the power-law spectrum of protons accelerated by a
shock should have an exponential cutoff at high energies caused by an increasing dif-
fusion coefficient. The diffusion coefficient used by Ellison et al. (1985) was inferred
from observations of interplanetary shock acceleration (e.g. Ellison, 1981; Ellison
and Eichler, 1984). Cohen et al. (2005) argued that the presence of this rollover
or spectral break in fluence spectra should depend on the type of diffusion process.
Generally, the shapes of fluence spectra and peak intensity spectra are similar and
the power-law indices agree within 0.2 (Krucker et al., 2007). Mewaldt et al. (2012)
found that the fluence spectrum of energetic protons does in fact present a break
and a double power-law is more suitable to represent it (see Figure 3). The term
spectral break implies a sudden change in spectral index. This, however, can be
misleading as the change in spectral index can be quite smooth at times (Strauss
et al., 2020). The relationship between the steepening of the spectrum and the
physics of the shock remains still unclear (Mewaldt et al., 2013; Vlahos et al., 2019).
It is also unclear whether shocks accelerate electrons up to higher energies and what
the energy spectrum of such acceleration process should look like (Yu et al., 2022).
The energy spectrum contains the footprint of the acceleration process. The spec-
trum can however be disrupted due to a variety of effects such as transport effects

(Laurenza et al., 2016; Mewaldt et al., 2005; Dresing et al., 2021; Fraschetti, 2021).
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Figure 3. Example of proton fluence spectrum from Mewaldt et al. (2013) with a
double power-law fitting function from Band et al. (1993).

2.2 The Effects of Transport on Energetic Particle Spectra

Investigating the transport of SEPs and more specifically solar energetic electrons
(SEE) in the heliospheric plasma is important in order to understand the role that
these effects have on observed spectra and spectral properties (Kontar and Reid,
2009; Strauss et al., 2020). These effects can make the distinction between acceler-
ation processes and transport effects extremely challenging (Laurenza et al., 2016;
Dresing et al., 2021).

Solar flares are known to efficiently accelerate electrons and the spectrum of the
accelerated SEEs usually displays double power-law shape with a spectral softening
after the break (Krucker et al., 2009; Kontar and Reid, 2009; Desai and Giacalone,
2016). The spectrum of SEEs is comparable to hard X-ray (HXR) spectra. Both
are characterized by double power-law shape and display spectral breaks at similar
energies. It is also commonly accepted that HXR spectra contain the footprint
of the acceleration mechanism (Kontar et al., 2002; Krucker et al., 2009; Dresing

et al., 2021). This correlation is often viewed as support to the theory that electrons



propagate scatter-free to 1 astronomical unit (au) (Wang et al., 2006). Krucker
et al. (2009) argue that, although it might be true that these spectral breaks are
a direct reflection of the acceleration mechanism of SEEs, we cannot rule out the
possibility of other processes being involved. Energy dependent transport effects,
such as Langmuir waves, could significantly distort the observed electron spectrum
(Kontar, 2001). Krucker et al. (2009) studied the spectral shapes of SEE events
measured by the Wind spacecraft between 1 and 300 keV. They found that the
majority of the SEE spectra displayed a double power-law shape. The mean energy
of the spectral breaks was ~ 60 keV. Figure 4 shows the distribution of the break

energies found in the study.
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Figure 4. Histogram of the break energies in the 2009 statistical survey of 62 SEE
events. (Krucker et al., 2009)

On the one hand, the close association between the spectral indices of in situ
observed SEE spectra and HXR spectra points towards the scatter-free propagation
theory, but on the other hand, the close association of such events to Type III
radio bursts suggests otherwise, as an electron beam can excite Langmuir waves

(Ginzburg and Zhelezniakov, 1958; Lin et al., 1981; Kontar, 2001; Gosling et al.,



2003; Cane, 2003; Ledenev et al., 2004). Kontar and Reid (2009) studied the effects
of electrostatic electron plasma waves (i.e., Langmuir waves) on the propagation
of solar energetic electrons via modeling. They found that for an injected single
power-law spectrum the overall observed spectrum was closer to a broken power-
law. The lower energy electrons below the break energy do not propagate freely but
are rather limited by the generation and absorption of Langmuir waves. This results
in a harder spectrum below a certain energy where the particle-wave interactions
are important and cause energy loss in the lower energy electrons. In the study,
Kontar and Reid (2009) found that for all the simulations the break energy ranged
between 4 keV and 80 keV, which is consistent with the observational results found
by Krucker et al. (2009). So, the 60 keV break could be explained by Langmuir wave
generation. Figure 5 shows an example of a modelled SEE spectrum with a break
caused by Langmuir wave generation found by Kontar and Reid (2009). Kontar and
Reid (2009) also found that the break energy and the respective fluence at the break
energy are clearly correlated. This dependence is shown in Figure 6. They argue
that this correlation should be present in case the break is caused by Langmuir wave
generation. The energy loss caused by the transfer of energy from the electrons to
the Langmuir waves is what causes the break in the spectrum. They also mention
this correlation should be taken with care, since the break energy depends on various
factors such as the spectral index of the injected solar electrons.

Another statistical study that analyzed the SEE spectra was conducted by
Dresing et al. (2020) using STEREO observations. The electrons were measured
between 45 and 425 keV and the break energy found in this study, ~ 120 keV, was
significantly higher compared to the previous results of ~ 60 keV found by both
Krucker et al. (2009) and the simulations done by Kontar and Reid (2009). The
break energy is, however, similar to the results found by Lin et al. (1982). The

distribution of the break energies found by Dresing et al. (2020) are shown in Figure



10

Fluence [em® keV]!
-
<L

ek
[=]
o

1 10 ' 100
Energy [keV]

Figure 5. Example of an SEE spectrum with a break caused by Langmuir wave
generation by Kontar and Reid (2009).
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Figure 6. Example of the dependence between the fluence at the break energy and
the break energy of an SEE spectra with a spectral break caused by Langmuir wave
generation. (Kontar and Reid, 2009)
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Figure 7. Histogram of the break energies in the 2020 statistical study of impulsive
events observed with STEREO/SEPT. Dresing et al. (2020)

As suggested by Kontar and Reid (2009), if a spectral break is caused by Lang-
muir wave generation, there should be an anti-correlation present between fluence
at the break break energy and the break energy itself. No such anti-correlation
was found by Dresing et al. (2020). The lack of such correlation could mean that
another effect is responsible for the spectral break at higher energies. Dresing et al.
(2020) pointed out that the energy range the Solar Electron and Proton Telescope
(SEPT) makes it impossible to detect spectral breaks below 70 keV and so, limits
the position of the break to higher energies. This makes unclear whether the higher
energy spectral break actually corresponds to a possible second break.

Strauss et al. (2020) studied the effects of pitch-angle scattering on the spectrum
of the same sample of events as Dresing et al. (2020) through modelling. In their
study, Strauss et al. (2020) focused on the energies above the spectral break and
neglected the energy-loss processes that affected the lower energy part of the spectra

(<60 keV) in the study conducted by Kontar and Reid (2009). Strauss et al. (2020)



12

studied their transport model for various spacecraft distances from the Sun and
different energies. They found that for smaller distances (< 1 au) and energies
below 100 keV, the originally injected spectra remains the same. On the contrary,
at higher energies and 1 au when pitch-angle scattering becomes significant, this
manifests as a spectral break. Observational results by Droge et al. (2018) also
confirmed that lower energies suffer little pitch-angle scattering.

Strauss et al. (2020) point out that, for SEE spectra, since the lower energy
particles below 60 keV suffer energy losses due to Langmuir wave generation and
higher energy particles above 100 keV are affected by pitch-angle scattering, the
energy spectrum in between these energies should be the most accurate reflection of
the acceleration mechanism involved. Figure 8§ illustrates an energy spectrum with
two spectral breaks, where the middle part would be the least affected by transport
effects (Dresing et al., 2021).

In practice this distinction is not so straightforward. If we compare the distribu-
tions of the break energies found by Krucker et al. (2009) and Dresing et al. (2020)
shown in figures 4 and 7 we can clearly see that the energy range where the breaks
occur do overlap. This can make it fairly difficult to distinguish between breaks that
may be caused by Langmuir wave generation and pitch-angle scattering.

In situ measurements of SEEs are essential to study and understand SEP trans-
port, acceleration and injection (Dresing et al., 2021). Recently launched space
missions such as Solar Orbiter (SolO) will allow us tackle these questions thanks to

its large energy range and varying distance from the Sun.
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Figure 8. Illustration of an energy spectrum with two spectral breaks. The part
of the spectrum below the first break suffers from energy loss by Langmuir wave
generation, while the part of the spectrum above the second break is affected by
pitch-angle scattering. The middle part is the least affected by transport effects.
(Dresing et al., 2021)

3 Methodology

3.1 The Solar Orbiter Mission

In this thesis we will be using data from the Energetic Particle Detector (EPD)
on board the Solar Orbiter (SolO) spacecraft. Solar Orbiter is a Sun-observing
spacecraft developed by the European Space Agency (ESA) in collaboration with
National Aeronautics and Space Administration (NASA) designed to obtain detailed
in situ measurements of the plasma properties, electromagnetic fields and energetic
particles in the inner heliosphere (Miiller, D. et al., 2020). SolO makes observations
of the Sun from a varying eccentric orbit moving as close as ~ 60 solar radii (RS)
to the Sun, or 0.284 au (Miiller, D. et al., 2020). During the mission the orbital

inclination will be raised to about 24° (Miiller, D. et al., 2020). The close distance to
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the Sun will make the measurements less distorted by transport effects (Rodriguez-
Pacheco et al., 2020).

Solar Orbiter combines in situ measurements with high-resolution remote-sensing
observations of the Sun to resolve some of the most fundamental science questions
in the field (Miiller, D. et al., 2020). These include investigating the sources of
the solar wind, the causes of eruptive releases of plasma and magnetic field from
the Sun, often in the form of CMEs, the evolution of CMEs and their interaction
with the ambient solar wind flow, and the origins, acceleration mechanisms, and
transport of solar energetic particles that will advance our understanding of their
spectral properties (Rodriguez-Pacheco et al., 2020).

The in situ instruments that provide combined measurements include the Ener-
getic Particle Detector (EPD; Rodriguez-Pacheco et al., 2020), the Magnetometer
(MAG; Horbury et al., 2020), the Radio and Plasma Wave analyser (RPW; Mak-
simovic et al., 2020) and the Solar Wind Analyser (SWA; Owen et al., 2020). The
remote-sensing instrumentation includes the Polarimetric and Helioseismic Imager
(PHI; Solanki et al., 2020), the X-ray Spectrometer (STIX; Krucker et al., 2020), the
Extreme Ultraviolet Imager (EUI; Rochus et al., 2020), the Spectral Imaging of the
Coronal Enviroment instrument (SPICE; Anderson et al., 2020), the Visible light
and ultraviolet coronal imager (METIS; Antonucci et al., 2020) and the Heliopheric
Imager (SoloHI; Howard et al., 2020).

The combination of in situ and remote-sensing observations is one of the key
features of SolO. In particular the combination of EPD (Rodriguez-Pacheco et al.,
2020) and STIX (Krucker et al., 2020) allows for a comparison between the electron
spectrum observed in situ and the electron spectrum at the solar flare inferred from
X-ray measurements (Krucker et al., 2007). This is one of the main research topics
of the combined STIX and EPD working group to which this thesis will contribute.

The EPD (see Section 3.1.1) onboard Solar Orbiter is a suite of multiple sensors,
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which measure particle intensities over a wide range of energies (from suprathermal
to relativistic energies) and for different species (e~, protons, and heavy ions) in
different directions (Carcaboso-Morales et al., 2021). STIX is a hard X-ray imaging
spectrometer, which covers the energy range from 4 to 150 keV. STIX observes
hard X-rays bremsstrahlung emissions from solar flares and provides diagnostics of
the hottest (> 10 MK) flare plasma while quantifying their location, spectrum and

energy content of flare accelerated non-thermal electrons.

3.1.1 The Energetic Particle Detector

The Energetic Particle Detector (EPD) is an instrument suite comprising different
sensors that measure the properties of electrons and protons from suprathermal
energies up to low-energy galactic cosmic rays with high temporal resolution up to
1 s. These measurements are performed over a partially overlapping energy range.
EPD consists of the following units: The SupraThermal Electrons and Protons
(STEP) sensor, the Electron Proton Telescope (EPT), the High Energy Telescope
(HET), the Suprathermal Ion Spectrograph (SIS), and an Instrument Control Unit
(ICU). The lower energy ions and electrons are covered by STEP and EPT, while
HET measures the high energy range. (Rodriguez-Pacheco et al., 2020; Miiller, D.
et al., 2020; Wimmer-Schweingruber et al., 2021)

In this thesis we will be using STEP, EPT and HET electron data. STEP
measures electrons at supra-thermal energies (2-100 keV) (Mueller et al., 2008;
Rodriguez-Pacheco et al., 2020). The gap between the low-energy particles mea-
sured by STEP and the high-energy particles measured by HET, is covered by the
EPT that measures electrons between 40 keV and 400 keV (Rodriguez-Pacheco et al.,
2020). Its detection principle is similar to previous missions such as the SEPT sensor
on board STEREOQO. The EPT is integrated together with HET and consists of two

double-ended telescopes, one pointing sunward and anti-sunward along the nominal
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Parker spiral and the other pointing southward and northward (Rodriguez-Pacheco
et al., 2020). HET covers the high energy range and measures electrons between 300
keV and 15 MeV (Rodriguez-Pacheco et al., 2020). STEP does not directly measure
electron flux. In order to get the electron count rate, the data needs to go through
a subtraction method (Rodriguez-Pacheco et al., 2020).

Table I summarizes the key electron measurement capabilities and data products
of STEP, EPT and HET. The table includes important information such as the
cadence of the data, the number of energy channels for each instrument as well as
the number of fields of view and their energy ranges.

Table I. Summary of key EPD measurement capabilities for electrons for STEP,
EPT and HET.

STEP EPT HET
Energy range 2-80 keV 25-475 keV MeV  0.3-30 MeV
# of FoVs 1 (15 sectors) 4 (sunward, 4 (sunward,
anti-sunward, anti-sunward,

north, south) north, south)

FoV size per aperture 28° x H4° 30° 54°
Geometric factor [cm?sr] 8 x 1073 0.01 0.27
Max. time resolution 1s ls 1s
# of energy channels 48 34 4

3.2 Event Selection

The event selection for the analysis in this thesis is based on a combined event list
of EPD and STIX on board the SolO spacecraft.
The main criteria for the event list, compiled by a dedicated working group, is

an observed SEP event in EPD and a corresponding flare observed in STIX. The
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overall goal will be to compare EPD and STIX spectra to learn about the acceleration
and transport effects of SEPs and understand their connection and effect on SEP
spectra. Numerous studies in the past have investigated the correlation between
spectral characteristics of hard X-ray spectra and in situ observed spectra and have
found correlations of as high as 0.8 between the two (Kahler, 2007; Miteva et al.,
2017; Dresing et al., 2021). These past studies have been limited by energy range
and energetic particle instrument resolution (Lin et al., 1982; ?; Krucker et al., 2009;
Dresing et al., 2021). SolO may help solve these limitations.

Instrumental issues regarding STEP, EPT and HET have also been taken into
account during event selection. Although most of the analysis in this thesis was
done by excluding the first HET channel, which was clearly not following the trend
of the rest of the data and is known to suffer from issues with preliminary calibra-
tion, we later decided that it is best not to use HET data before October 12th 2021
due to connection and instrumental issues. The instrument team uploaded a patch
with a new calibration to fix the aforementioned issues. We use solo-epd-loader
(https://github.com/jgieseler/solo-epd-loader.git) to download the data
from Solar Orbiter’s archive (SOAR, http://soar.esac.esa.int/soar/). The
EPD team changed the data product of STEP after October 2021 and the loader is
not yet updated towards this. Thus, we do not use STEP data after this date.

Table II includes the 43 events that have been used in the analysis along with

an approximate peak time of each event.
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Table II. The table shows the event number as well as the date and an approximate
peak time of the 43 events used in the analysis.

Event Number FEvent Peak Time | Event Number FEvent Peak Time
1 2020-11-17 09:32 | 23 2021-09-28 06:23
2 2020-11-17 18:26 | 24 2021-10-09 06:33
3 2020-11-18 13:14 | 25 2021-10-28 15:26
4 2020-11-18 14:15 | 26 2021-11-01 01:28
5 2020-11-19 05:48 | 27 2021-11-09 16:39
6 2021-02-15 13:11 | 28 2021-12-04 05:01
7 2021-03-05 16:15 | 29 2021-12-04 13:13
8 2021-04-17 16:17 | 30 2021-12-05 07:13
9 2021-05-07 18:52 | 31 2021-12-05 19:25
10 2021-05-09 13:53 | 32 2021-12-06 05:34
11 2021-05-22 01:24 | 33 2022-01-01 13:43
12 2021-05-22 02:52 | 34 2022-01-08 01:28
13 2021-05-22 06:48 | 35 2022-01-13 12:59
14 2021-05-22 15:53 | 36 2022-01-13 14:02
15 2021-05-22 21:31 | 37 2022-01-18 17:31
16 2021-05-23 04:34 | 38 2022-01-20 05:55
17 2021-05-23 09:19 | 39 2022-01-29 23:09
18 2021-05-23 11:03 | 40 2022-02-08 21:38
19 2021-07-24 00:25 | 41 2022-03-05 23:52
20 2021-08-26 18:07 | 42 2022-03-10 20:50
21 2021-08-26 23:18 | 43 2022-03-14 17:14
22 2021-08-28 05:01
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3.3 Determining and Fitting a Peak Intensity Spectrum

To study the shape of SEE spectra measured by SolO we first need to determine
the peak intensity at each energy channel of the three electron-measuring EPD
instruments (i.e., STEP, EPT and HET) and then fit the spectrum with a suitable
function.

Figure 9 shows an example of an SEE spectrum measured by SolO. The lower
and fainter points correspond to the pre-event background and the the higher points
correspond to the background-subtracted peak intensity measured by STEP, EPT
and HET. The gray points represent data that are excluded from the spectrum and
the later fit. Points are excluded either because the peak intensity does not rise
above the background by at least three standard deviations (30), the relative error
in determining the intensity is high (over 50%) or if there are too many data gaps
in the temporal coverage of a certain channel so that these gaps cover more than 10

% of the observation time in the channel.
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Figure 9. Example of an SEE spectrum measured by SolO on 07 May 2021. The
lower and fainter points represent the background, while the higher points represent
the intensity measured by STEP, EPT and HET. The gray points represent discarded
data.
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To make sure we are analysing the right peak we produce time series plots to
visualize the event. When determining the peak we need to take into account ef-
fects such as velocity dispersion. We also subtract the background from each energy
channel and correct for ion contamination for EPT by using the simulated response
functions of the telescope. These responses tell us how much each ion channel con-
tributes to each of the electron channels. We then calculate this contribution for
each time step and subtract the ion contributions from all the electron channel. The
method was provided to us by the instrument team (F. Espinosa, private commu-
nication). We repeat this process for one-, two- and five-minute averaged data and
choose the best time averaging after each fit (see Section 4.4). The process of deter-
mining the peak intensities and making the fit is explained in detail in the following

subsections.

3.3.1 Finding the Intensity Peak

For each event listed in table II we choose to analyze peak spectra and, therefore,
we determine the peak intensity (Krucker et al., 2009; Dresing et al., 2020) at each
energy channel of STEP, EPT and HET. To make sure that we are analysing the
right peak, as there might be multiple peaks in the data and following the event,
we produce separate time series plots for the three EPD sensors to visualize the
event. The STIX/EPD common event list also provides us with an approximate
flare time observed by STIX. We assume that the observed flare corresponds to
the parent acceleration region of the SEE event observed by EPD. The flare time
helps us narrow down the time at which the event is measured by SolO. Knowing
the spacecraft distance from the Sun and assuming the solar wind speed to be for
example 400 km /s we can calculate an approximate travel time of the particles from
the Sun to the spacecraft along the Parker spiral (Dresing et al., 2020). We define

a small time window around the time SolO sees the event and take the maximum
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intensity within this window. Figure 10 shows an example of a time series of the
electron intensity measured by EPT. The gray area marks the background window
that is used to determine the mean background value. This is then subtracted from
the peak intensities. The black vertical lines define the beginning and end of the
search window. The green vertical line defines the maximum (peak) intensity within
that window. If the peak intensity does not rise significantly above the background
(30) the peak is marked with a blue dashed line. If the relative error of the intensity
after the background subtraction is high (over 50%) the peak is marked with an
orange line and, finally, if the data gaps within the search window cover more than
10 % of it, the peak is marked with a gray line.

The search window in Figure 10 is defined as fixed non-shifting search window,
meaning that the search start and end time marked by the vertical black lines and
the time interval in between the black lines, are the same for all energy channels.
This fixed non-shifting search window is not ideal in all cases. Often, especially in
the STEP energy range, we need to take into account velocity dispersion, which
causes electrons at lower energies to arrive to the spacecraft much later than their
high-energy counterparts and are, therefore, detected with a certain delay. Figure 11
is an example of such case for STEP. In the figure we can clearly see that by using a
fixed non-shifting search window the peak wanders out of the search window. In the
upper part of the figure (lower energies) the search window covers the peak, while
at higher energies (the lower part of the image) the peak remains on the left of the
search window, since the higher energy electrons arrive to the spacecraft sooner. In
this special case, we can also see a second peak, which corresponds to another event.

The second peak is detected at the higher energies instead of the real peak.
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EPT, L2, 2020-11-17, 5min averaging, bg subtraction off, ion correction on
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Figure 10. Example of a time series of the electron intensity measured by EPT.
The figure only shows part of the available energy channels. In the figure the black
vertical lines define the beginning and end of the search window used to find the
intensity peak. The green line marks the maximum (peak) intensity within that
window. The gray area marks the background window that is used to determine the
mean background value. This is then subtracted from the peak intensities.
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STEP, L2, 2020-11-18, 2min averaging, bg subtraction off

7
10 00409 - 0.00457 T Ty
I
6 | M
10 L

(Y

-

10 100483 - 0.00531

10°

10" |_0.0054 - 0.00578 M

10° W

\\
¢

- 106 00705 -000 G_MW \-\'\,-Jl
% \Lﬁ%
5 :
= NE
B S 106 0.01069 - 0.01171 MeV \.\/
0
105 w

10" [ 0.01509 - 0.01643 MeV
10°

10° | 0.0195-0.0204 MeV

10°

10° | 0:03135-0.03277 MeV Fﬂww
o [y iy

10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00

i

Time

Figure 11. Example of a fixed non-shifting search window for an event with clear
velocity dispersion in the STEP energy range. The figure only shows part of the
available energy channels. In the picture we can also notice a second event close
by. The real peak is detected at lower energies (upper part of the image), but
the peak remains on the left of the search window in the lower part of the image.
In cases such as this one, a fixed non-shifting window is not ideal because the
electrons at lower energies arrive to the spacecraft much later than their high energy
counterparts. The peaks are marked by differently colored lines if they don’t fulfill
all our quality requirements and the energy channels corresponding to the peak are
then automatically excluded from the spectrum.
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To avoid this problem the search window should move according to the velocity
dispersion. Firstly, we need to determine an approximate value for the Parker spiral
length. The charged particles travel along the spiral to arrive to the spacecraft so
the spiral length provides a lower limit to the travel distance. The Parker spiral

length L is calculated as follows (Parker, 1958):

1v Q v 2
_ —Jsw . . 2 sw
L 570 o (r TS)\/(T Ts) ( q ) +1
0 o (1)
+1n » (T—T‘S)-f-\/(v ) (r—rg)?+1

where € is the solar rotation frequency, v, is the solar wind speed (we assume it
to be 400 km/s), r is the distance from the Sun’s surface and rg is the radius of the
Sun.

Next, we determine the correction coefficient § for electrons with a certain energy

and then calculate their speeds:

2
Me.oC?
Y W (L 2
’ \/ (EkJFme,OCQ) @)

v=/0"c (3)

here Ej is the kinetic energy of the electrons, m.( is the rest mass of an electron,
c is the speed of light and v is the speed of an electron with kinetic energy Fj.
Knowing the travel distance L and the particle velocities, along with the injection
time at the Sun, we can calculate an approximate time of arrival of the electrons to

the spacecraft for each energy channel:
L
T =T + - (4)

where T},; is the injection time at the Sun, L is the travel distance (equal to the
Parker spiral length) and v is the velocity of an electron with kinetic energy FEj.
These calculations are done for each energy channel of STEP, EPT and HET using

the geometric mean energy to find the best possible search window for each energy
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bin and correct for the spectral shape within each energy channel. Figure 12 shows
an example of a fixed moving window for the same event as in Figure 11. The
window is fixed in terms of length but is moving, meaning it has a different start
and end time for each energy channel according to velocity dispersion. The start
and end time of the search window are denoted by black vertical lines. The green
vertical line denotes the peak intensity and the blue line marks the excluded peak
as explained for figure 10. The gray area is the part of the background that will be

subtracted from the peak intensity and follows the velocity dispersion as well.

STEP, L2, 2020-11-18, 2min averaging, bg subtraction off
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Figure 12. Example of a time series with fixed moving window. The black vertical
lines define the beginning and end of the search window (for details see Figure 11).
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STEP, L2, 2021-05-23, 2min averaging, bg subtraction off

10’ D'D%w N
8
6x10 Lﬁ‘\’lmﬂ,f
" I
106 B483 - 0.00531 MeV T'm.
6x10 I
|
1

4x10;
3x10

10 054 - 0.00578 MeV -\'\U
6x10°
. M
x

Lo

——

o0
=]

- 0.00795 26D 0506 rr T
[14]
= 10°
57 ;
&g 0.01069 - 0.01171 MeV/
g 106 M _HM

10°
0.01509 - 0.01643 MeV /JJL"‘L\,_.
105 %

0.0195 - 0.0204 MeV lL.n.--I
5 %‘pﬁ’d

10

10" 1" 0.03135 - 0.03277 MeV JJJJL"L:-"
. W%W Wﬂf‘“

02:00 03:00 04:00 05:00 06:00 07:00 08:00

Time

Figure 13. Example of a moving search window to identify the intensity peak with
varying length (for details see Figure 11).

Velocity dispersion combined with particle scattering can cause the intensity
peaks to spread out at lower energies. To tackle this problem, we can define a second
slope to make the search window wider at lower energies. This option creates a
moving search window which also changes length depending on the energy channel.
Figure 13 shows an example of such moving search window. As seen from the
figure, the intensity peak spreads out significantly at lower energies and gets much
narrower at higher energies. The non-fixed window guarantees that we find the

actual intensity peak at all energy channels without cutting it off or including a
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potential different and unrelated peak.

3.3.2 Fitting the Energy Spectra

One of the key parts of this thesis and in general in analyzing SEP, or more specif-
ically SEE, spectra is the fitting process. We wrote a Python-based program that
enables us to fit four different functions to the spectra and choose the most suitable
model to describe its shape. As previously mentioned, we defined the peak intensity
spectra using one-, two- and five-minute averaging. The reason for this is to check
whether or not a bigger averaging introduces a bias to the fit results. This will be
explained in more detail in section 4.4.

We use the scipy.odr package of Python to fit the data including uncertainties
for both energy and intensities. The energy bin width serves as uncertainty for the
energy and each intensity value has an uncertainty based on counting statistics. We
also fit both together and separately each instrument (i.e. STEP, EPT and HET)
because we want to study the possible effects this may have on a spectral break.

This will be explained in section 4.2.

The possible fitting functions The software contains four different functions

that can be fit to the peak spectrum:

o (T e
I(E) = I (EEO)V e (%) (7)
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equation (5) corresponds to a single power-law with power-law index 7, (see Figure
14), equation (6) is a broken power law transitioning between power-law indices 7,
and 9 about the break energy Ej, (see Figure 15), equation (7) is a single power
law function with power-law index 7, and an exponential cutoff point at an energy
of E. (see Figure 16) and equation (8) is a broken power law transitioning between
power-law indices v, and v, about Ej, with an exponential cutoff point at an energy
of E. (see Figure 17). Iy is a differential flux defined at the reference energy of
Ey =0.1 MeV and « describes the sharpness of the transition between power-law
indices (the higher the value of « the sharper the transition).

These equations are a revisitation of the equations introduced by Ellison et al.
(1985). Equations (6) and (7) are the same equations used by Strauss et al. (2020).
In contrast to the single power-law function with a cutoff used by Ellison et al.
(1985) we square the energy in the exponent to make the cutoff more pronounced.
Equation (8) also has a squared energy in the exponent and is the only function that
might be able to detect two breaks in the spectrum among the four models that we
are using.

As previously mentioned, we also produce fits to each instrument separately and
also to combinations of them (e.g. STEP+EPT, STEP+EPT+HET and EPT+HET).
Figure 14 and 16 are examples of fits to only STEP data with two different func-
tions, single power-law and single power-law plus cutoff respectively. Figure 15 is
an example of a combined fit to STEP and EPT data and Figure 17 is an example
of a combined fit to STEP, EPT and HET data. The dashed purple line in Figures
16 and 17 marks the cutoff energy and the dashed blue line in Figures 15 and 17

marks the spectral break energy.
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Figure 14. Example of a single power-law fit to STEP data corresponding to an
event on 07 May 2021. For more details see Figure 9.
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Figure 15. Example of a broken power-law fit to STEP+EPT data corresponding
to an event on 07 May 2021. The dashed blue line marks the spectral break energy.
For more details see Figure 9.
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Figure 16. Example of a single power-law+-cutoff fit to STEP data corresponding to
an event on 26 August 2021. The dashed purple line marks the cutoff energy. For
more details see Figure 9.
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Figure 17. Example of a broken power-law+cutoff to STEP+EPT+HET data cor-
responding to an event on 07 May 2021. The dashed purple line marks the cutoff
energy and the dashed blue line marks the spectral break energy. For more details
see Figure 9.
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Guess values, random values and the choice of the best fit In order to make
a fit we first need to provide, what we would call, guess values for each variable in the
possible fitting functions (eqs. (5)-(8)). The choice of the values for each parameter
should not be random. We chose the guess values based on findings from previous
studies (Krucker et al., 2007; Krucker et al., 2009; Kontar and Reid, 2009; Dresing
et al., 2020; Strauss et al., 2020).

The spectral index v, should always be smaller than ~;. Kontar and Reid (2009)
found ~; to be between —2 and —2.5 in their simulations and -, to be between -3
and -5. This is close to what Krucker et al. (2009) found in their study, where the
mean value for y; was —1.9 and 7, was —3.6. The value found by Dresing et al.
(2020) for v, was slightly different with a mean of —2.94, while the mean value for o
was —3.55, almost the same as what Krucker et al. (2009) found. Kontar and Reid
(2009) found the spectral break energies to be between 4 keV and 80 keV. The break
energy found by Krucker et al. (2009) was within that range, 60 keV, while Dresing
et al. (2020) found it to be 120 keV. Strauss et al. (2020) found various values for
a from as small as 3 in the smoothest transitions to as high as 46 in the sharper
ones. By definition the cutoff energy should be higher than the break energy. I is
the intensity at a fixed energy Ej close to the break energy. We fix this energy to
be 0.1 MeV.

Each fit is done using the following fixed set of guess values:

1. v = -1.9
2. Y2 — -2.5
3. o= 17.16

4. E, = 0.06 MeV or 0.1 MeV

5. E. = 0.12 MeV
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6. Iy = 1000 /(s cm? sr MeV)

As a next step we use the software to choose the best mathematical model
between equations (5)-(8) to fit the data. The software fits, for each event, the four
equations and chooses the best fit based on the reduced x? (=x?/DOF, Degrees Of
Freedom). The output of the ODR function includes the residual variance, which
corresponds to x?/DOF.

Instead of just using the fit resulting from the guess values, we programmed
the software to iterate through a randomly selected combination of values for each
parameter listed above. Each parameter (v, 7o, o, Ep, E. and Iy) has a pre-defined
list of values based on results from previous studies (Krucker et al., 2009; Kontar
and Reid, 2009; Dresing et al., 2020; Strauss et al., 2020) from which these random
values will be chosen. The random values are not chosen from one extreme of a list
to the other. We take into account the guess value and choose the random part
within 20 % of the list’s length from the guess value. Each one of the mathematical
models is fit again to the data using the randomly selected combination of values.
The reduced x? resulting from the fit is compared to the one from the previous fit.
The result with the smaller reduced y? value is be chosen as the so-far best result.
This process can be repeated an iteration-amount of times. So, the program itself
does a certain number of iterations per fit run. In our case we chose the number of

iterations to be 20.
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4 Data Analysis

4.1 Unexpected Hardening of the Spectra

During our analysis of the fitting results, we came across a few cases in which instead
of having the usual spectral break, where 5 is smaller than ~;, we found the opposite.
This resulted in an unexpected upturn, where the spectrum hardens after the break.
Usually, this could be a sign of ion contamination, but we correct for it when we
determine the peak intensities (see section 3.3.1). Other explanations for this could
be further instrumental issues or a combination of two acceleration mechanisms.
Since our main focus is studying spectral breaks that could be related to findings in
previous studies, we exclude these cases as they are related to a different scenario.

Figure 18 shows an example of such upturn.
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Figure 18. Example of fit with spectral hardening after the break corresponding to
an event on 17 November 2020 (at ~ 9:30). The fit is applied to EPT data. The
gray points are excluded from the fit (see section 3.3 for more detail).
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4.2 Searching for Different Spectral Breaks

In our analysis we investigate the presence of two separate spectral breaks. We study
the effects that fitting instruments (STEP, EPT and HET) separately or together
have on the spectral shape and the chosen mathematical model. There are cases
in which the spectrum might have two separate breaks, one at lower energies in
the STEP energy range and one at higher energies in the EPT (or HET) energy
range. An example of such case is shown in Figures 19-21, which show the same
measured spectrum with a fit to different energy ranges. By fitting only STEP data,
the software finds the break to be at 23.1 + 3.0 keV (Figure 19), if we fit only EPT
data instead we find a break at 60.4 +£13.0 keV (Figure 20). When we fit the data
together, the software points towards the more prominent break, in this case the

one at lower energies (Figure 21).
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Figure 19. Example of fit to STEP data with a spectral break at 23.1 £+ 3.0 keV
. The gray points are excluded from the fit (see section 3.3 for more detail). The
spectrum corresponds to an event on 26 August 2021.
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Figure 20. Example of fit to EPT data with a spectral break at 60.4 +13.0 keV. The
gray points are excluded from the fit (see section 3.3 for more detail). The spectrum
corresponds to an event on 26 August 2021.
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Figure 21. Example of fit to STEP and EPT data with a spectral break at 30.5 +13.0
keV The gray points are excluded from the fit (see section 3.3 for more detail). The
spectrum corresponds to an event on 26 August 2021.
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The only mathematical model out of the four listed in section 3.3.2 that could
possibly point toward a second break is the broken power-law with the exponential
cutoff (eq. (8)). In this case, the software could not locate the second break with
equation (8), since the high-energy behavior is well represented with a power-law.
Thus, it still remains an open issue if the spectrum in this event hosts two breaks
or not..

Figures 22-23 show another example of an event where we find two possible
spectral breaks at 22.2 +3.0 keV (Figure 22) in the STEP energy range and at 69.2
+23.0 keV (Figure 23) in the EPT energy range. In this case, when we fit both
instruments together, the software finds the best mathematical model to describe
the shape of the spectrum to be a broken power-law with the exponential cutoff
(Figure 24). We see that the break energy found when fitting STEP and EPT
together is the same as if we fit only STEP data. The cutoff energy is 208.9 +37.0
keV, far from the break found when fitting only EPT data.

Fitting multiple instruments together could potentially hide a second less promi-
nent break, as it is clear that our fitting method tends to choose only the most
prominent one. For this reason, it was important for our analysis to also fit the data

for each instrument separately.



37

1
: "Electrons"
6 : 6, =-1.90£0.17
1061 w_ " | — 5,=-2.62+0.08
Do % : a=123.69
L Ey=1222
d +3.0 keV
I STEP
4 | 1
s 10 ' + EPTsun
[0] : 4+ HET sun
_B*E : <4 First HET channel
g ) 102! ' Y, + excluded from fit
S ' ”ﬂfﬂ
-+ 1
£0 H lt
(2] : ¢ 4
~ 1 ‘
100_ : *
1 t —_—
1
1
1 -
1 .
1
10724 1
i | f
1
1

102 10t 100 10
Energy (MeV)

Figure 22. Example of fit with spectral hardening after the break. The fit is done
to EPT data. The gray points are excluded from the fit (see section 3.3 for more
detail). The spectrum corresponds to an event on 22 May 2021.
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Figure 23. Example of fit with spectral hardening after the break. The fit is done
to EPT data. The gray points are excluded from the fit (see section 3.3 for more
detail). The spectrum corresponds to an event on 22 May 2021.
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Figure 24. Example of fit with spectral hardening after the break. The fit is done
to EPT data. The gray points are excluded from the fit (see section 3.3 for more
detail). The spectrum corresponds to an event on 22 May 2021.

4.3 Intensity Offset Between STEP and EPT

Another important issue to take into account when fitting data from two separate
instruments, is cross-calibration. From Figure 25 we can clearly see that the STEP
and EPT energy channels that are overlapping are actually observing different in-
tensities (marked by a blue square in the figure). This could influence the fit results.
From Figure 27 and 26 we can see the difference between the break energies and
the other parameters of a fit to the original data (Figure 26) and a fit to spectra
where STEP intensity data has been shifted by a factor of 0.8 to align it to EPT
data (Figure 27). In this case, as for almost all events, which have been analyzed in
this thesis, with a clear shift, the differences are within the fitting uncertainties, but
the actual uncertainty of the parameters could still be larger. Given that the shift
does not affect the parameters significantly, we do not apply a shift to the data in

the further analysis.
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Figure 25. Example of a spectrum in which the STEP and EPT energy channels
are not aligned (marked by the blue square). The spectrum corresponds to an event
on 07 May 2021.
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Figure 26. Example of a fit to a spectrum in which the STEP and EPT energy
channels are not aligned.The spectrum corresponds to an event on 07 May 2021.
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Figure 27. Example of a spectrum in which the STEP and EPT energy channels
are aligned by appling a shift factor of 0.8 to EPT intensity data. The spectrum
corresponds to an event on 07 May 2021.

4.4 Selection of the Best Time Averaging

The spectral fitting was done using three different time averagings of the intensity
data: one minute, two minutes and five minutes. The main reason for this is that
different events have different statistics and one time resolution may not work for all
events. To make sure that a certain averaging does not introduce a systematic bias
to the fitting results or hide the real peak of the event by averaging too much, we
compared the values we get for the break energy Ej, when fitting the spectra with
differently averaged data. We repeated the same process also for the spectral index
v and reduced x? (see Appendix A), but focused on Ej as it is the most relevant
parameter for our analysis.

We calculated the difference between the value we get for one averaging and
another (e.g., the difference between E, for one minute averaged data and E, for

two minutes averaged data). The smaller this difference is, of course, the better the
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values agree with each other, meaning there is no significant difference between the
two averagings. We also calculated the standard deviation of the differences to see
how much the values vary from each other.

We plotted the values to visualize the differences, these are shown in Figure 28.
Each row in the figure represents a fit to a different instrument or their combination
(EPT, STEP, STEP+EPT and EPT+HET, respectively). The first column repre-
sents the values we get from one-minute averaged data (x axis) versus the ones we
get for two-minute averaged data (y axis). The second column represents the values
we get from on- minute averaged data (x axis) versus the ones we get for five-minute
averaged data (y axis). And, lastly, the third column represents the values we get
from two-minute averaged data (x axis) versus the ones we get for five-minute av-
eraged data (y axis). Above each panel we write the number of events we have for
each type of fit. The numbers vary because some events cannot be fit in the lower
or higher energy range. The diagonal black line in each panel represents the zero or
equality line, where the value for two different averagings would be the same. The
diagonal blue line represents the mean value of the difference between the value for
one averaging and another (e.g. the difference between Ej, for one-minute averaged
data and FEj, for two-minute averaged data). The blue area represents the standard
deviation of the differences of the values from the mean value.

A significant shift (i.e., outside the standard deviation range) of the blue line
representing the mean of the difference, either upwards or downwards, would indicate
the presence of a bias, while the closer the data points are to the black line, the better
the values agree with each other. We also point out that the axis in the panels do
not always have the same range.

We note from Figure 28 that there is no systematic difference between the aver-
agings. Since there was no noticeable deviation or bias introduced by the different

averagings, for each event we chose the fit to use in the analysis by comparing the
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reduced y2. This means that the final data set is not based on a specific time aver-
aging but rather contains the fit with the lowest reduced y? value out of the three

time averagings.
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Figure 28. The Figure shows the comparison between the values of the break energy
E, for different averagings of the data: one, two and five minutes. Each column
of panels shows the values of Fj found for the different averagings compared to
each other. Each row represents the fit to a different combination of instruments:
EPT, STEP, STEP+EPT and EPT+HET, respectively. The black line represents
equality. So, the closer the data points are to the line, the more similar they are.
The blue line represents the mean value of the difference of the Ej, values. The blue
area represents the standard deviation of the difference between the FE, values in
each panel.
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5 Results

In this section we summarize the results of our analysis. For all the 43 events
in our list we fit STEP, EPT, STEP+EPT, STEP+EPT+HET and EPT+HET
data. However, HET data before October 2021 cannot be used due to instrumental
issues, which affect the relative intensity levels of the different energy channels.
Also, we do not have STEP data for events after October 2021 since the data
products have changed after this date. For these reasons, we decided not to use the
STEP+EPT+HET fits in our analysis.

The main focus of our analysis is studying spectral breaks. By fitting different
energy ranges we want to test if there are different break points in the spectrum and
if so, study how the break energies are distributed in our sample of energy spectra
and their possible connection to a specific transport effect by comparing them to
previous results and predictions. Table III summarizes the mathematical model
that best describes the spectrum measured by each instrument or combination of
instruments. The gaps in the table indicate that the data was either not good enough
to be fit or that there was no data available for that specific event. A fit is excluded
from the analysis if it shows a spectral hardening after the break, which results in an
upturn at high energies. Out of the fits to STEP data 15 have a broken power-law,
two a single power-law, three a broken power-law with an exponential cutoff and
one a single power-law with an exponential cutoff. The fits to STEP+EPT data
produced 18 broken power-law fits and five broken power-law with an exponential
cutoff fits, but no single power-law nor single power-law with an exponential cutoff.
Six of the fits to EPT+HET data were broken power-laws, three were broken power-
laws with an exponential cutoff and one was a single power-law with an exponential
cutoff. Out of the fits to EPT data 25 have a broken power-law, 16 a single power-
law, one a broken power-law with an exponential cutoff and one a single power-law

with an exponential cutoff.
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Table III. Event list with final type of fit.

Event yyyy-mm-dd-hhMM  STEP [2-80 keV] STEP+EPT [2-475 keV| EPT [25-475 keV| EPT+HET [25 keV-30 MeV]
2020-11-17-0932 Broken pl Broken pl Broken pl

2020-11-17-1826 Broken pl Broken pl Broken pl + exp cutoff
2020-11-18-1314 Broken pl Broken pl Broken pl

2020-11-18-1415 Single pl Broken pl Single pl

2020-11-19-0548 Broken pl Broken pl Single pl

2021-02-15-1311 Broken pl Broken pl Broken pl

2021-03-05-1615 Broken pl Broken pl + exp cutoff ~ Broken pl

2021-04-17-1617 Broken pl Broken pl Broken pl

2021-05-07-1852 Broken pl Broken pl Single pl

2021-05-09-1852 Single pl Broken pl Broken pl

2021-05-22-0124 Broken pl Broken pl Broken pl

2021-05-22-0252 Broken pl Broken pl Broken pl

2021-05-22-0648 Broken pl Broken pl + exp cutoff  Broken pl

2021-05-22-1553 Broken pl Broken pl Single pl

2021-05-22-2131 Broken pl Broken pl + exp cutoff ~ Broken pl

2021-05-23-0434 Broken pl Broken pl

2021-05-23-0919 Broken pl Broken pl Exp cutoff

2021-05-23-1103 Exp cutoff Broken pl + exp cutoff ~ Broken pl

2021-07-23-0025 Broken pl + exp cutoff Broken pl + exp cutoff ~ Single pl

2021-08-26-1807 Broken pl + exp cutoff Broken pl Broken pl

2021-08-26-2318 Broken pl + exp cutoff Broken pl Broken pl

2021-08-28-0501 Broken pl Broken pl

2021-09-28-0623 Broken pl Broken pl Single pl

2021-10-09-0633 Broken pl

2021-10-28-1526 Single pl Broken pl
2021-11-01-0128 Broken pl Broken pl
2021-11-09-1639 Single pl Broken pl
2021-12-04-0501 Single pl

2021-12-04-1313 Broken pl Broken pl
2021-12-05-0713 Single pl

2021-12-05-1925 Single pl Exp cutoff
2021-12-06-0534 Broken pl Broken pl + exp cutoff
2022-01-01-1343 Single pl

2022-01-13-1402 Single pl

2022-01-14-1313 Broken pl

2022-01-16-1924 Broken pl

2022-01-18-1731 Broken pl Broken pl
2022-01-20-0555 Broken pl Broken pl + exp cutoff
2022-01-29-2309 Single pl

2022-02-08-2138 Single pl

2022-03-05-2352 Broken pl

2022-03-10.1830 Broken pl Broken pl + exp cutoff

2022-03-14-1714 Single pl Broken pl
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For events before October 2021, the spectrum always shows a double power-law
shape or a double power-law shape with an exponential cutoff. The events where,
e.g., EPT shows a single power-law shape, a break is found either when fitting STEP
data alone or when fitting STEP and EPT data together, and vice versa. Only for
events after October 2021, for which we only have EPT and HET data, we find
cases were the spectrum does not present a spectral break, but has single power-law
shape.

Table IV shows the mean values and standard deviation of the break energy Ej,
the energy corresponding to the exponential cutoff E,. and the spectral indices v,
and . for different types of fits. For the break energies and v, we include together
both the break found by a broken power-law fit and a broken power-law fit with an
exponential cutoff. For E. we include together the exponential cutoff from both a
single and double power-law with an exponential cutoff. The first value of 7, in the
table is the mean of all the v, values found for all events regardless of the type of
mathematical model. We also count the spectral index found in single power-law
fits as y; in this case. For the second, third and fourth values of v; we separate
between broken power-law or broken power-law with an exponential cutoff, a single
power-law and a single power-law with an exponential cutoff, respectively.

From table III we can see that when we fit STEP and EPT data separately for
a same event, we still find, in most cases, the best mathematical model to describe
the spectrum to be a broken power-law. From the values of Ej in the table it is clear
that there seem to be at least two separate breaks in the spectra, one at ~ 20 keV in
the STEP energy range and one at ~ 70 keV in the EPT energy range. The standard
deviation of the breaks indicate that there is significant variation, especially in the
fits to EPT data. In this case, we are most likely combining different breaks together
(i.e. the ones at lower energies and the ones at higher energies). The high mean

break energy found in EPT+HET fits might be partially caused by a few outliers in
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the high HET energies. The sparse energy coverage by HET, with only four energy
channels, might also play a role. Also, we only fit eight events with this combination
of instruments. So, poor statistics can influence the result as well as is reflected by
the standard deviation, which is almost as large as the mean value itself.

Figure 29 shows the distribution of all break energies. The left panel compares
the distributions of the break energies found in STEP fits and STEP+EPT fits.
As we already saw from the mean break energies, the distributions are similar and
overlapping. The right panel shows instead the distribution of the the spectral
breaks in EPT and STEP-+EPT fits. As expected from the mean values in table IV
there is a clear distinction in the two distributions, which might be an indication
of two separate spectral breaks. In our analysis we are only using equations from
previous studies. For this reason, we do not have a mathematical model that can
fit two separate spectral breaks. When we fit STEP and EPT data together the
software usually finds only the most prominent break, which is why we also fit the

two instrument data separately.
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Table IV. This table summarizes the mean values plus/minus the standard deviation
of the break energy E,, the energy corresponding to the exponential cutoff £, and
the spectral indices v; and 9 found by fitting different instrument combinations
to all the events in our study. For the break energies and s we include together
both the break found by a broken power-law fit and a broken power-law fit with
an exponential cutoff. The first value of ; in the table is the mean of all the v,
values of all events regardless of the type of mathematical model. We also count the
spectral index found in single power-law fits as ; in this case. For the second, third
and fourth values of v; we separate between broken power-law or broken power-
law with an exponential cutoff, a single power-law and a single power-law with an
exponential cutoff, respectively. For two values of v, (STEP and EPT fits for v
of sigle power-law with an exponential cutoff) it was not possible to calculate the
standard deviation because there was only one event with that specific type of fit.

Fit Parameters Type of Fit

STEP EPT STEP+EPT  EPT+HET
Ey [keV] 19.4 £ 132 729+ 30.5 34.0£26.7 164.8 + 147.3
E. [keV] 63.0 £ 6.4 84.7+27 150.7 £44.1 7T79.4 £ 599.1
1 all fits -1.79 £ 0.7 -246 +£0.7 -1.67+0.8 -3.18 £ 3.3

~1 broken pl & broken pl + cutoff -1.83 £0.8 -2.36 £ 0.8 -1.67 0.8 -2.59 + 2.3

~1 single pl -1.89 £ 0.5 -2.65 + 0.7
~1 single pl + cutoff -0.91 -1.76 -2.24 £ 0.3
Y2 -3.46 £ 1.1 -4-06£10 -3.77 £1.2 -5.36 £ 4.9

Figure 30 shows the comparison between the spectral breaks found by fitting
either STEP and EPT separately or together for the same events. The blue diagonal
line represent equality, i.e., where the value of the break is the same for the two fits.
From the first panel on the left (break energy of STEP vs EPT fit) and middle panel
(break energy of STEP+EPT vs EPT fit) we can see that only a few points seem to
agree on the values of the break energies, these correspond to the overlapping parts
of Figure 29. While it is clear from the third panel, which shows the break found in
a fit to STEP data vs STEP+EPT data, that almost all the values agree with each
other. We can conclude that, most of the time, the most prominent break seems to

be the one at lower energies. This does not mean that there is not a break in the
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Figure 29. Distribution of the break energies. Left panel: the distribution of
the break in STEP fits in yellow and the distibution of of the spectral breaks in
STEP+EPT fits in red. Right panel: the distribution of the break in EPT fits in
gray and the distibution of of the spectral breaks in STEP+EPT fits in red.

EPT energy range, but rather that the break is less prominent and not identified

when fitting the data of both instruments together.
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Figure 30. The left panel shows the break energy found by fitting only EPT data
vs the break found by fitting STEP data. The middle panel shows the break energy
found by fitting EPT data vs the one found by fitting STEP+EPT data. The right
panel shows the break found when fitting STEP and EPT data together vs the one
found when fitting only STEP data.

Since we found evidence that there might be two different breaks in the spectrum,
we investigated whether these breaks could be related to the processes proposed in

the literature, as discussed earlier in this thesis (see Section 2.2). An anti-correlation



20

between the intensity at the break energy and the corresponding break energy would
be consistent with the break being related to Langmuir wave generation. Whereas
an anti-correlation between the radial distance from the Sun and the break energies
or a positive correlation of the radial distance and the difference of the spectral
indices (72 — ;) would be an indication of a break caused by pitch-angle scattering.

Figure 31 shows the correlation between the intensity at the break energy and
the corresponding break energy for the fits to different instruments: STEP (top left
panel), STEP+EPT (lower left panel), EPT (top right panel) and EPT+HET (lower
right panel). p is the Spearman correlation coefficient (Spearman p) calculated with
a Monte Carlo method. The Spearman correlation coefficient is usually calculated
without taking into account the uncertainties. To get a more accurate description of
the correlation between two parameters, given that we sometimes have large uncer-
tainties, we use a Monte Carlo method to take the uncertainties into account. This
is done by choosing a value for each parameter randomly within their uncertainty
range and by calculating the correlation coefficient by iterating through these values
multiple times, in our case 10000 iterations. The uncertainty of p is the standard
deviation of all the p value found in the 10000 iterations of our Monte Carlo method.
We consider a coefficient of over 0.6 within the error bars to be significant.

In the lower left panel we see that for the fits to STEP and EPT data together we
clearly find a significant anti-correlation between the break energy and the intensity
at the break energy. As previously mentioned, this anti-correlation is usually seen
as an indication of a break caused by Langmuir wave generation. It is surprising
however, that, as we see a correlation for STEP+EPT fits, we do not see any cor-
relation for fits to STEP data, since the break energies found for the two types of
fit are similar. One explanation for this could be that the one point in the lower
left corner of the top left panel affects the correlation. Furthermore, it seems that

also the presence of EPT together with STEP is needed to find this kind of breaks,
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which are at higher energies compared to the STEP energy range.
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Figure 31. The Figure shows the correlation between the spectral break energies
and the intensity found at the corresponding break energies for the fits to different
combinations of instruments: STEP (top left panel), STEP+EPT (lower left panel),
EPT (top right panel) and EPT+HET (lower right panel). p is the Spearman cor-
relation coefficient calculated with a montecarlo method. We note that the bottom
right panel does not have the same x- and y-axis ranges as the other panels.

Figures 32 and 33 show the relationship between the difference of the spectral
indices 72 — 7, and the radial distance of SolO from the Sun, and relationship be-

tween the break energies and the radial distance of SolO from the Sun, respectively.
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We would expect to see a positive correlation between the values in case the break
is caused by pitch-angle scattering, but from the Figures it is not possible to iden-
tify such a trend in our analysis. One explanation about why we do not see any
correlation could be that, since we cannot disentangle the breaks related to one or
the other transport effect, we are including them all together. Some of the events
are probably not related to pitch-angle scattering.
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Figure 32. The Figure shows the correlation between the spectral break energies
and the radial distance of SolO from the Sun. Each panel represent the fit to a
different combination of instruments: STEP (top left panel), STEP+EPT (lower
left panel), EPT (top right panel) and EPT+HET (lower right panel).
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Figure 33. The Figure shows the correlation between the difference of v, and 7,
and the radial distance of SolO from the Sun. Each panel reprpesent the fit to a
different combination of instruments: STEP (top left panel), STEP+EPT (lower
left panel), EPT (top right panel) and EPT+HET (lower right panel).

Before deciding to exclude all the HET energy channels for events before October
2021, we also fitted STEP, EPT and HET data together and included these events
also in EPT+HET fits. The distribution of the break energies found in such fits,
along with the mean values and standard deviation, are shown in Appendix B. The

distribution of the spectral indices v; and v, as well as the « value that describes

the sharpness of the break, are also shown in Appendix B. We also plotted the
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spectral indices against the break energies and the intensities at 0.1 MeV (which
comes directly from the fits), but found no correlation. Also, we did not find any

correlation between 7, and 7, (see Appendix B).

6 Discussion and Conclusion

The main focus of the thesis was investigating the presence of two separate spectral
breaks and their relationship to two specific transport effects, i.e., Langmuir wave
generation and pitch-angle scattering. We also compare the spectral indices found
in our analysis to previous results.

The mathematical models used to fit the data in this thesis, were based on models
used in previous studies (see Section 3.3.2). For this reason we did not use a triple
power-law function that would potentially be able to detect two separate breaks
directly. Our method to find these two possible breaks consisted in restricting the
fitting process to the energy ranges of the different instruments and fitting them
separately. We also fit the instrument data together to study how this impacts the
break energy we find.

We fit all events with four instrument combinations: STEP, EPT, STEP+EPT
and EPT+HET. For all the events before October 2021, the spectrum always has a
double power-law shape for at least one of the fit combinations. The events where,
e.g., EPT shows a single power-law shape, a break is found either when fitting
STEP data alone or when fitting STEP and EPT data together, and vice versa.
Only for events after October 2021, for which we only have EPT and HET data,
we find cases where the spectrum does not present a spectral break, but has single
power-law shape III). Events where the spectral shape is best described by a double
power-law shape for multiple combinations of instruments can be considered as a
first sign of the presence of two separate spectral breaks.

The values of the spectral indices v, and v, found in our study, listed in Table
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IV, resemble the findings in previous studies within the uncertainties (e.g. v =
—1.94+0.3 and 75 = —3.6 £ 0.7 Krucker et al., 2009).

From the results in Section 5, we can conclude that we do find some evidence of
two separate spectral breaks. From Figure 29 in Section 5 we can see how the breaks
that we find are part of separate distributions, which are clearly not combining into
the same one. The first break is in the STEP energy range, with a mean break
energy of ~ 20 keV +13.2 keV, and the second one is in the EPT energy range,
with a mean break energy of ~ 70 keV £30.5 keV (see table IV and Figure 29).
While the 20 keV spectral break cannot be found by EPT only by design, the 70
keV break could still be found by STEP. The gap between the two distributions
(Figure 29) is still in the energy range covered by both instruments, which suggests
that there really are two different distributions. These values were found by fitting
the data from the two instruments separately. When we fit the data of STEP and
EPT together, as we do not have a triple power-law function, we only find the most
prominent break, which in most cases, seems to be the one at lower energies. For
the combined fit we get a mean break energy of ~ 34.0 keV £26.7 keV. The breaks
found for STEP and STEP+EPT fits are surprisingly low and not mentioned in the
earlier literature.

We compared our results to the ones found by Krucker et al. (2009); Kontar
and Reid (2009); Dresing et al. (2020); Strauss et al. (2020). We checked for a
correlation between the break energies and the intensity at the break energies shown
in Figure 31. Kontar and Reid (2009) suggest that there should be a an anti-
correlation between the fluence and the break energies, if the spectral break is related
to Langmuir wave generation. We are not using fluence but peak intensity at the
break energy in our analysis, however, the shape of fluence spectra and peak intensity
spectra are similar and the power-law indices agree within 0.2 (Krucker et al., 2007).

Krucker et al. (2009) also used peak intensity (at 50 keV, close to the break energy)
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instead of fluence in their analysis.

The Spearman correlation coefficient p is usually calculated without taking into
account the uncertainties of the parameters. To get a more accurate description of
the correlation between two parameters (e.g. the intensity at the break energy and
the break energy), we used a Monte Carlo method to take the uncertainties into
account. We consider a coefficient of over 0.6 within the error bars to be significant

We find a correlation coefficient of -0.66 40.15 between the intensity at the
break and the break energies found by fitting STEP and EPT data together. This
correlation suggests that these breaks are consistent with being caused by Langmuir
wave generation. As discussed previously, the breaks found by fitting STEP and
EPT data together are similar to the ones found by only fitting STEP data alone,
with only a few exceptions (see Figures 29, 30 and Table IV). We however do not
see such correlation in the STEP fits. This might be caused by mixing of breaks
related to different effects. We do not see the correlation for breaks found in the
EPT either.

The low energy breaks (~ 20413.2 keV) that we found in the STEP energy range
are related to highly anisotropic events. This means that we have a small electron
beam which is only seen well, if we look along the magnetic field (pitch-angle 0
or 180 degrees) and we lose the beam if the pitch-angle coverage deviates. This
break might not be caused by either acceleration mechanisms or transport effects,
but might instead be related to the lack of pitch-angle coverage by the instruments.
Figure 34 shows an example of the time series of the flux and the corresponding
pitch-angle coverage for an event with a low energy spectral break. Figure 19 shows
the spectrum and the fit to STEP data for the same event as Figure 34. The break
energy found for the event was 23.1 4 3.0 keV. Looking at the pitch-angle coverage
of the sun telescope, which is roughly the same as the STEP viewing direction,

shown in the second panel in red it departs from pitch-angle 0° and we clearly see
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how it changes during the time we should see the flux peak in the STEP energies,
between 19:30 and 20:30. Due to velocity dispersion the electron at lower energies
are detected with a certain delay, which can get as large as hours in the STEP energy
range. This deviation of the pitch-angle coverage results in a depletion of flux or the
detection of an intensity peak, which is not the real one. In the example of Figure
34 we see a peak, but it is not the right one, as we lose the pitch-angle coverage.

We checked the pitch-angle coverage for all events with a low energy break in
the STEP energy range. For the majority of the events we did not lose the pitch-
angle coverage during the event. This problem is, however, important to take into
account also in future work as it can have significant implications on the analysis of
energy spectra and it is even possible that this has influenced past spectral analyses.
So our finding shows that information on the pitch-angle coverage must be included
when determining spectra using instruments that do not cover the whole pitch-angle
space, which has never been done until now.

The presence of these breaks, in the low energy range, that are caused by loss of
pitch-angle coverage may have affected the correlation between the intensity at the
break energies and the corresponding break energy for the fits to STEP data.

As mentioned, we do not lose pitch-angle coverage for all events with a low energy
break. So, the majority of the breaks found in the low energy range are not related
to this effect. This means that our finding of two separate break energy distributions
is not affected.

As mentioned earlier, Kontar and Reid (2009) suggested that there should be a
an anti-correlation between the fluence and the break energies, if the spectral break
is related to Langmuir wave generation. Dresing et al. (2020) did not find such a
correlation in their study and suggested that the high-energy break they found was
related to pitch-angle scattering instead. Strauss et al. (2020), who studied these

effects on SEE spectra, argue that there should also be a correlation with the radial
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Figure 34. The figure shows the flux measured by eight different energy channels of
STEP and the corresponding pitch-angle coverage for an event with a low energy
break. The sun telescope (in red) corresponds to the viewing direction of STEP. We
can see, in the black box, how the deviation of the pitch-angle coverage results in a
depletion of the flux and detection of the wrong peak. The third panel shows the flux
measured by the four viewing directions of EPT at 0.0856-0.1305 MeV. The fourth
panel shows the pitch-angle coverage and the flux measured at the corresponding
pitch-angle by the four viewing directions.

distance to the Sun and that these effects are accentuated the more the distance
grows. We checked for such correlation but did not find any (see Figure 32). One

explanation for this could again be the mixing of different breaks. The higher break
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energy that we found at 70 keV is much lower than the one found by Dresing et al.
(2020) at 120 keV. If these breaks are related to the same effects, one explanation
could be that the energy range used in the study conducted by Dresing et al. (2020)
was not broad enough to detect breaks lower than 60 keV. We have to note that it
is extremely difficult to disentangle breaks related to separate effects as it is clear
that the energies at which we see these breaks are overlapping.

In Section 4.3 we show how, in some cases, we find an intensity offsets between
STEP and EPT. This could be caused by cross-calibration between the two instru-
ments. Alternatively, it could have to do with the different openings of the two
instruments and how beamed the pitch-angle distribution is. For STEP we do not
have a single measurement, but an average of 15 pixels all together.

In our study, we found evidence of the presence of two distinct spectral breaks.
We also found evidence that the lower energy spectral break is caused by Langmuir
wave generation. We could not, however, find the expected dependencies for the
higher break in terms of pitch-angle scattering. A solution could be removing the
spectral breaks related to Langmuir wave generation from the breaks found in EPT
and try the correlation to the radial distance from the Sun again. Continuing the
analysis with more statistics in the future could also be helpful in finding a corre-
lation to pitch-angle scattering as well as reinforce our findings related to breaks

cause by Langmuir wave generation.

7 Outlook

One important application that can be done with the work conducted in this thesis
on SEE spectra is the comparison to HXR spectra. These spectra can be compared
under the assumption that the electron population measured in situ is the same as
the one causing the HXRs. Both are characterized by double power-law shape and

display spectral breaks at similar energies. It is also commonly accepted that HXR



60

spectra contain the footprint of the acceleration mechanism and that the breaks
present in HXR spectra are a direct signature of this (Kontar et al., 2002; Krucker
et al., 2007; Krucker et al., 2009).

The work done in this thesis can be continued and implemented even further by
adding a triple power-law function, which could be instrumental in finding possible
double breaks in spectra. Another important implementation would be to develop a
method that takes into account the pitch-angle coverage, which is needed in order to
avoid finding breaks caused by poor pitch-angle coverage. In the thesis we concen-
trated on SEEs but our fitting method can also be done using proton or heavy-ion

spectra.
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Appendix A

Figures 35 and 36 show the comparison between the values of the spectral index
v and the goodness of the fit y2, respectively, for different time averagings used
to determine the peak intensities for the spectra of the data. The first column of
panels on the left, in both figures, shows the difference between values found for one
minute averaged data vs the value found for two minutes averaged data. The middle
column of panels shows the difference between values found for one minute averaged
data vs the value found for five minutes averaged data and the column of panels on
the right shows the difference between values found for two minutes averaged data
vs the value found for two minutes averaged data. Each row represents the fit to
a different combination of instruments: EPT, STEP, STEP+EPT and EPT+HET,
respectively. The black line represents equality so, the closer the data points are to
the line, the more similar they are. The blue line represents the mean value of the
difference of the v; values, for Figure 35, x? values, for Figure 36 . The blue area

represents the standard deviation of the difference between the values in each panel.
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Figure 35. The Figure shows the comparison between the values of the spectral index
~1 for different averagings of the data. We use one, two and five minutes averaged
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they are. The blue line represents the mean value of the difference of the v, values.
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Appendix B

The spectra fitting was originally done also using HET data before October 2021.
Figure 37 shows the distribution of the spectral breaks found by fitting different
combinations of instruments including the HET data. The first HET energy channel
is always excluded from the fits because it clearly does not follow the trend of the
rest of the data points. The top left panel shows the break energies found with
a fit to STEP+EPT+HET data, the bottom left panel shows the same for fits to
only STEP data, the bottom right panel to EPT+HET data and the top right panel
shows the breaks found for EPT data in purple and the ones for STEP+EPT data in
orange. From the distribution of the break energies we can clearly see how this varies
depending on whether we fit STEP or EPT separately or together. As mentioned
in Section 4.2, when we fit the instruments together, the fitting software finds the
most prominent break, which seems to be the one at lower energies.

Fitting STEP and EPT together with or without HET does not seem to have
any effect of the distribution of the break energies. This means that even without
STEP+EPT-+HET fits in our analysis, we are not loosing any important statistics.
Above each panel we also show the number of events that were fit using a specific
instrument or combination of instruments and the mean break break energy for each
fit type.

Table V summarizes the mean break energy found for each type of fit along with

the corresponding standard deviation.

Table V. Break energies for all fits.

Type of Fit

STEP EPT STEP+EPT STEP+EPT+HET EPT+HET

Mean 19.4 729 34.0 40.9 259.9
Standard Deviation 13.2 30.5 26.7 29.8 445.4
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Figure 37. Distribution of the break energies including HET. Top left panel: fit to
STEP data. Top right panel: fit to EPT data in yellow and STEP+EPT data in
green. Bottom left panel: fit to STEP+EPT+HET data. Bottom right panel: fit
to EPT+HET data.

Figure 38 shows the distribution of the spectral index ~; for all events including
all fit types (i.e. single power-law, broken power-law, single power-law-+exponential
cutoff and broken power-law+exponential cutoff). The top left panel shows the
distribution found in fits to STEP data, the bottom left panel shows the distribution

of the values for a fit to STEP+EPT data, the top right panel shows the distribution
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of the values for a fit to only EPT data and the bottom right panel shows the
distribution of the values for a fit to EPT+HET data. Above each panel we also
indicate the mean value found for each fit as well as the number of events fit with
the specific combination of instruments corresponding to the panel. We also include

the spectral index found for single power-law fits as ;.
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Figure 38. Distribution of the spectral index ;. Top left panel: fit to STEP data.
Top right panel: fit to EPT data. Bottom left panel: fit to STEP+EPT data.
Bottom right panel: fit to EPT+HET data.
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Figure 39 shows the distribution of the spectral index 7, for all events that were
best described by a broken power-law fit or a broken power-law fit with an expo-
nential cutoff. The top left panel shows the distribution found in fits to STEP data,
the bottom left panel shows the distribution of the values for a fit to STEP+EPT
data, the top right panel shows the distribution of the values for a fit to only EPT
data and the bottom right panel shows the distribution of the values for a fit to
EPT+HET data. Above each panel we also indicate the mean value found for each
fit as well as the number of events fit with the specific combination of instruments
corresponding to the panel.

Figure 40 shows the distribution of the spectral index 7, for all events that were
best described by a single power-law fit. The panel on the left shows the distribution
found in fits to STEP data, while the panel on the right shows the distribution of
the values for a fit to EPT data. The other combinations of instruments did not
show any single power-law fit. Above each panel we also indicate the mean value
found for each fit as well as the number of events fit with the specific combination
of instruments corresponding to the panel.

Figure 41 shows the distribution of the spectral index 7, for all events that were
best described by a broken power-law fit or a broken power-law fit with an expo-
nential cutoff. The top left panel shows the distribution found in fits to STEP data,
the bottom left panel shows the distribution of the values for a fit to STEP+EPT
data, the top right panel shows the distribution of the values for a fit to only EPT
data and the bottom right panel shows the distribution of the values for a fit to
EPT+HET data. Above each panel we also indicate the mean value found for each
fit as well as the number of events fit with the specific combination of instruments

corresponding to the panel.
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Figure 39. Distribution of the spectral index ~; to fits with a broken power-law or
broke power-law-+cutoff. Top left panel: fit to STEP data. Top right panel: fit to
EPT data. Bottom left panel: fit to STEP+EPT data. Bottom right panel: fit to
EPT+HET data.

Figure 42 shows the distribution of «, which describes the sharpness on the break.
As we can see from the histograms, the values are scattered anywhere between 0

and 500. It is clear that a has no clear distribution, but it is rather just a numerical

value.
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Figure 40. Distribution of the spectral index 7, to fits with a single power-law.
Right panel: fit to EPT data. Left panel: fit to STEP data.

We also checked for a correlation between the spectral indices v; and , with the
break energies and the intensity at 0.1 MeV, which is calculated during the fitting
process automatically. Figure 43 shows the correlation between the spectral index 7,
and the break energy. Figure 44 shows the correlation between the spectral index 7,
and the break energy. Figure 45 shows the correlation between the spectral index v,
and the intensity at 0.1 MeV. Figure 46 shows the correlation between the spectral
index 7, and the intensity at 0.1 MeV. In all the figures the top left panel shows the
correlation found in fits to STEP data, the bottom left panel shows the correlation of
the values for a fit to STEP+EPT data, the top right panel shows the correlation of
the values for a fit to only EPT data and the bottom right panel shows the correlation
of the values for a fit to EPT-+HET data. Above each panel we also indicate the
number of events fit with the specific combination of instruments corresponding to
the panel. Neither one of the spectral indices showed any correlation to the break
energy nor the intensity.

From the bottom left panel of Figure 43 it looks like we can identify different
distributions of breaks in the STEP-+EPT fits. In top left panel, showing the values

for STEP fits only, we see a dependence between Ej, and ~;, but not in the top right
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Figure 41. Distribution of the spectral index 7,. Top left panel: fit to STEP data.
Top right panel: fit to EPT data. Bottom left panel: fit to STEP+EPT data.
Bottom right panel: fit to EPT+HET data.

panel showing EPT only fits. This could again point towards the different kinds of
breaks we found.

In Figures 45 and 46 we see that the data seems to be randomly scattered
above 100 /(s cm? st MeV). Only the top right panel in Figure 45, which shows the
spectral index ~; vs the intensity at 0.1 MeV for fits to EPT data, seems to have a

positive correlation to the intensity. This is however only seen until ~ 100 /(s cm?
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Figure 42. Distribution of «, which represents the sharpness of the break. Top left
panel: fit to STEP data. Top right panel: fit to EPT data. Bottom left panel: fit
to STEP+EPT data. Bottom right panel: fit to EPT+HET data.

sr MeV), after which the data points are randomly scattered. So, there seem to be
two separate particle distributions. The limit of ~ 100 /(s cm? sr MeV) most likely
comes from the fact that, in order to measure a harder spectrum, we also require
a higher intensity otherwise the data would fall behind the background. The first
particle distribution above 100 /(s cm? sr MeV) has a high enough intensity that

this does not matter. The second distribution below 100 /(s cm? st MeV) might be
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the part of the spectrum where the intensity at the reference energy of 0.1 MeV falls

already into the part of the spectrum corresponding to 7,, with a softer spectrum.

Events: 14 Events: 21

0 0 T
“’ + STEP + EPT
- | LL -
f
- P I'
_3 ] 1 L 1

E;

Y I
4 4 |

-5 -5
107 10" 107 10"
Ep [MeV] Ep [MeV]
0 Events: 22 0 Events: 8
T —t— + EPTHET
| L
i I ! -1 — -
) ; B -2 |
o ﬁ._l } < ‘ —
-3 _f' -3 ”
-4 -4
+ STEPEPT
-5 ' -5
107 10" 107 10"
Ep [MeV] Ep [MeV]

Figure 43. The Figure shows the spectral break energy vs the spectral index ;.
Top left panel: fit to STEP data. Top right panel: fit to EPT data. Bottom left
panel: fit to STEP+EPT data. Bottom right panel: fit to EPT+HET data.
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Figure 44. The Figure shows the spectral break energy vs the spectral index .
Top left panel: fit to STEP data. Top right panel: fit to EPT data. Bottom left
panel: fit to STEP+EPT data. Bottom right panel: fit to EPT+HET data.

Figure 47 shows the correlation between the two spectral indices for the fits
to different instruments: STEP (top left panel), STEP+EPT (lower left panel),
EPT (top right panel) and EPT+HET (lower right panel). p is the Spearman
correlation coefficient (Spearman p) calculated with a Monte Carlo method. The
Spearman correlation coefficient is usually calculated without taking into account

the uncertainties. To get a more accurate description of the correlation between
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Figure 45. The Figure shows the intensity at 0.1 MeV vs the spectral index ;. Top
left panel: fit to STEP data. Top right panel: fit to EPT data. Bottom left panel:
fit to STEP+EPT data. Bottom right panel: fit to EPT+HET data.

two parameters, given that we sometimes have large uncertainties, we use a Monte

Carlo method to take the uncertainties into account. This is done by choosing a

value for each parameter randomly within their uncertainty range and by calculating

the correlation coefficient by iterating through these values multiple times, in our

case 10000 iterations.

From literature (e.g. Strauss et al., 2020), we know that there should be corre-

lation between the two spectral indices, however, from Figure 47 and the values of
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Figure 46. The Figure shows the intensity at 0.1 MeV vs the spectral index ~,. Top
left panel: fit to STEP data. Top right panel: fit to EPT data. Bottom left panel:
fit to STEP+EPT data. Bottom right panel: fit to EPT+HET data.

p in the legends we do not see any correlation. We consider a coefficient of over 0.6

within the error bars to be significant.
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Figure 47. The Figure shows the correlation between the spectral indices v, and
v for the fits to different combinations of instruments: STEP (top left panel),
STEP+EPT (lower left panel), EPT (top right panel) and EPT+HET (lower right

panel).
method.

p is the Spearman correlation coefficient calculated with a montecarlo
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