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ABSTRACT

Context. The energy spectra of energetic particles offer valuable insights into particle acceleration processes. While the commonly
observed spectral breaks in solar energetic electron (SEE) spectra could serve as fingerprints of the acceleration process, several
transport-related effects have been proposed to be responsible as well. Here, we analyse the energy spectra of intense SEE events
measured with Solar Orbiter’s Energetic Particle Detector (EPD) between December 2020 and December 2022.
Aims. We investigate the shape of SEE spectra by fitting them with various mathematical models. We compare our results with
previous studies and explore possible links to transport-related effects. We aim to identify potential correlations between spectral
features and meaningful parameters, such as the radial distance, or the properties of associated solar events.
Methods. We determined the background-subtracted peak-intensity spectra as observed by EPD, accounting for velocity dispersion.
We fit the spectra of STEP and EPT with various mathematical models, using an automated method that chooses the best possible fit.
Results. We found four different spectral shapes in our analysis: single power law, double power law and two types of triple power
law: a knee-knee (KK) and an ankle-knee (AK) triple power law. No significant correlations with radial distance were identified;
although the observed spectral shapes display an ordering with the longitudinal separation between the spacecraft and the associated
solar flare. We also observed a correlation between the spectral index in the intermediate energy range at 70 keV and the strength of
the associated solar flare. The correlation disappears at lower and higher energies, suggesting a stronger influence of transport effects
at those energies.
Conclusions. We conclude that multiple processes are likely involved in shaping SEE spectra. Our results suggest that the two breaks
of the KK triple power law spectra arise from distinct effects, Langmuir-wave generation, and pitch-angle scattering, respectively. Our
results also suggest that the break in the double power laws could represent a merger between the first and second breaks of KK triple
power laws.
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1. Introduction

The Sun is the most efficient natural particle accelerator in our
Solar System, capable of accelerating particles such as electrons
and protons to relativistic energies (i.e. tens of MeV or GeV).
Solar energetic particles (SEPs) are known to be accelerated at
solar flare reconnection sites, as well as by shocks driven by
coronal mass ejections (CMEs; Klein & Dalla 2017). One way
to distinguish between these two acceleration processes of SEPs
is through their energy spectra, either fluence or peak inten-
sity. While a fluence spectrum represents the time integral of
the flux over the entire event and therefore serves as a measure
of the total amount of accelerated particles, the peak intensity
spectrum is usually considered to more directly represent the
injected spectrum at the Sun. Therefore, peak intensity spec-
tra of Solar Energetic Electrons (SEEs) lend themselves for a
direct comparison with spectra of the associated hard X-ray flare,
which is assumed to be caused by the same accelerated electron
population in case of pure flare acceleration (e.g. Krucker et al.
2007; Dresing et al. 2021; Wang et al. 2021). Although fluence
and peak fluxes were found to be closely related (Kahler & Ling
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2018) peak intensity spectra are less dominated by transport
effects such as prolonged scattering, or the mixing of consec-
utive injections.

While the role of shocks in accelerating SEEs has been
more elusive than for protons, several studies have sug-
gested the ability of CME-driven shocks to sufficiently accel-
erate electrons even up to the relativistic energy range (e.g.
Trotta & Burgess 2019; Dresing et al. 2022), which has also
been confirmed in recent in situ observations (e.g. Jebaraj et al.
2024a,b; Raptis et al. 2025). Consequently, a clear separation of
the shock-driven and flare-driven components is a major chal-
lenge in understanding SEE events. Previous studies of in situ
measurements of SEE spectra have found that more often than
not, the energy spectrum resembles a knee-shaped double power
law (e.g. Lin et al. 1982; Krucker et al. 2009; Dresing et al.
2020; Wang et al. 2021, 2024). The break in the observed energy
spectrum could be a signature of the acceleration process itself
(e.g. Jebaraj et al. 2023), but it has been proposed that it is
more likely caused by transport effects; specifically, the devel-
opment of beam–plasma instabilities that drive electrostatic tur-
bulence (Langmuir wave generation, Nishikawa & Riutov 1976;
Kontar & Reid 2009; Krafft et al. 2013; Voshchepynets et al.
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2015), or particle pitch-angle scattering, as suggested by
Strauss et al. (2020).

Langmuir waves are generated by energetic electron beams
propagating through the interplanetary plasma. Contrary to what
has been observed, quasi-linear theory (Vedenov et al. 1962)
predicts the relaxation scale of such a beam moving away from
the solar corona to be only a few hundred metres. Analytical
studies of beam-plasma interactions in inhomogeneous plasma
(e.g. Krafft et al. 2013; Voshchepynets & Krasnoselskikh 2013;
Voshchepynets et al. 2015) have shown that several physical
mechanisms can influence the relaxation process. In particu-
lar, density fluctuations have been shown to play a key role in
both generation and subsequent reabsorption of the generated
waves (e.g. Reid & Kontar 2013; Voshchepynets et al. 2015). As
a result of these processes, electrons below a certain energy
threshold do not propagate freely, but are instead heavily affected
by the energy loss or gain caused by wave–particle interactions.
This energy loss manifests as a break in the SEE energy spec-
trum, primarily affecting the lower energy part.

Pitch-angle scattering, on the other hand, impacts higher-
energy particles. At higher energies, particles move faster and
have larger gyroradii, allowing particles to interact more effi-
ciently with low-frequency electromagnetic waves and plasma
structures in the turbulent plasma. These frequent interactions
lead to a change in pitch-angle, which can cause a depletion of
the electron event peak at the spacecraft, ultimately affecting the
peak-intensity spectrum.

While the modelled spectral breaks were found at dif-
ferent energies, ∼35 keV for Langmuir wave generation
(Kontar & Reid 2009) and >100 keV for pitch-angle scatter-
ing Strauss et al. (2020), a Solar Energetic Electron (SEE)
energy spectrum exhibiting signatures of two distinct transport-
related breaks has not yet been reported in observations.
However, different statistical studies reported differing mean
spectral break energies (Krucker et al. 2009; Dresing et al.
2020), each appearing to align with one of the two pro-
posed mechanisms. The debate continues as to which pro-
cess is responsible for the observed spectral breaks, whether
the cause is consistent, or varying, or a mixture of the
two proposed effects (Strauss et al. 2020). It also remains
unclear why a spectral break is not always present. Fur-
thermore, modelling studies of beam-plasma instabilities in
locally evolving inhomogeneous plasma have indicated that
it could lead to a constantly evolving electron spectrum,
bearing little resemblance to the initially injected spectrum
(e.g. Krafft et al. 2013; Voshchepynets & Krasnoselskikh 2013;
Voshchepynets et al. 2015; Krasnoselskikh et al. 2025).

A study focused on impulsive SEE events observed with the
IMP 6, 7, and 8 spacecraft by Lin et al. (1982) found SEE spec-
tra that resemble a knee-knee (KK) triple power law. However,
the authors did not attribute the breaks in the energy spectrum
to particle transport or any other energy-loss mechanism. The
break energies were also high, the first one being between ∼100–
200 keV and the second above 3 MeV.

Lin (1985) observed a spectrum that resembles an ankle-
knee (AK) triple power law, for the SEE event on 23 Septem-
ber 1978 observed with ISEE-3 associated with a large solar
flare. Above 10 keV, the SEE spectrum is the often-observed
double power law with a knee-shaped break at ∼100 keV. How-
ever, below 10 keV the spectrum had a similar spectral index to
the energies above 100 keV, forming an ankle shaped break at
∼10 keV. Lin (1985) argued that the reason for this was a sec-
ondary acceleration while the lower-energy break would reflect
a break already present in the injected spectrum at the Sun.

Another more recent case study by Wang et al. (2023), on a
jet related SEE event observed with Wind/3DP, found a similar
spectral shape with spectral breaks at Eb1 = 10.0 ± 1.7 keV and
Eb2 = 56.6±8.9 keV. Similarly to Lin (1985), the authors believe
the spectrum to be formed already at the solar source region and
do not attribute the breaks to transport effects.

Identifying all of these proposed breaks in an energy spec-
trum requires both a high energy resolution, but potentially also
the ability to measure at different radial distances. Earlier mis-
sions, such as Wind and STEREO, likely lacked the necessary
energy range and, crucially, the energy resolution to efficiently
resolve the two proposed transport-related spectral breaks on a
regular basis. In this study, we investigate the energy spectrum of
the most intense SEE events measured by the Energetic Particle
Detector (EPD; Rodríguez-Pacheco et al. 2020) on board Solar
Orbiter. The instrument’s broad energy range (2 keV–30 MeV),
unprecedented energy resolution, and Solar Orbiter’s varying dis-
tance from the Sun (as close as 0.28 AU) provide a unique oppor-
tunity to characterise SEE energy spectra in unprecedented detail
and in regions much closer to the Sun than previously possible.

Using our newly developed fitting procedure, we investigate
whether distinct spectral shapes can be identified within our sam-
ple of SEE events. We aim to determine whether the spectral
shapes we find resemble those reported in previous studies and
whether we are able to find a triple power law-shaped spec-
trum with possible signatures of both transport effects mentioned
above. We also explore potential correlations between spectral
features and other parameters, such as the radial distance and
solar eruption characteristics.

2. Instrumentation

We used in situ electron measurements from EPD
(Rodríguez-Pacheco et al. 2020) on board Solar Orbiter,
which includes several sensors for electron detection: the
SupraThermal Electrons and Protons (STEP) unit, the Elec-
tron Proton Telescope (EPT) and the High Energy Telescope
(HET). Combining the electron intensity data from all three
units enables the study of energetic electron events across an
exceptionally broad energy range, from 2 keV up to 19 MeV.
We determined the peak intensity to construct peak-intensity
energy spectra for all energy channels of the three units, namely,
STEP, EPT and HET. However, we fit data only from STEP and
EPT. This decision was made due to an on-board software patch
introduced to HET during the early mission phase, which led to
intensity changes in the first two HET electron energy channels.
These changes could lead to inconsistent spectral-fitting results.
The combined energy range of STEP and EPT (2–475 keV) pro-
vides a clear advantage over previous studies (e.g. Krucker et al.
2007, 2009; Dresing et al. 2020) which used the Solar Electron
and Proton Telescope (SEPT; 45–425 keV, 16 energy channels)
on board STEREO, or the three-dimensional (3D) Plasma and
Energetic Particle Experiment (3DP; 1–300 keV, 16 energy
channels) on board the Wind spacecraft. The broader energy
range and especially the significantly higher energy resolution
of STEP (48 energy channels) and EPT (34 energy channels)
allow us to identify potential multiple breaks within a single
energy spectrum, which have not been reported before.

3. Analysis

Our analysis is divided into two primary components: (1) the
construction and fitting of the energy spectra and (2) a correla-
tion analysis and comparison of the resulting spectral features.
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Fig. 1. Histogram of SEE peak intensities measured at 44 keV taken
from the CoSEE-Cat catalogue. The 50 highest-intensity events that
comprise the sample of our study, are shown in red.

In this section, we first outline our event selection criteria fol-
lowed by a more detailed description of our spectra fitting pro-
cess. Finally, we perform a correlation analysis of the spectral
features found in the first part of the analysis. The details of the
determination of the peak spectra are described in Appendix A.
We also address the treatment of a commonly observed inten-
sity offset in the overlapping energy range of STEP and EPT in
Appendix B.

3.1. Event selection

In this study, we analysed SEE events measured by Solar
Orbiter/EPD between December 2020 and December 2022. The
events were selected from the CoSEE-Cat catalogue1, a list of
more than 300 candidate SEE events (Warmuth et al. 2025). We
selected the 50 events with the highest peak intensities at 44 keV,
which lies within the overlapping energy range of STEP and
EPT. Figure 1 shows the peak-intensity distribution of all events
in the CoSEE-Cat catalogue until the end of 2022 measured at
44 keV with the 50 most intense events in red.

This selection criterion results in a high signal-to-noise
ratio of the electron event above background, usually allowing
for unambiguous spectral characterisation. However, counting
statistics and the significance of the event in each energy channel
are taken into account in the spectral analysis (see Appendix A).
The 50 SEE events of our initial list are summarised in Table D.1.
Six events were excluded after determining their energy spectra
due to highly irregular shapes, likely resulting from the overlap
of multiple electron injections, which prevented a reliable fitting.

The CoSEE-Cat catalogue includes a multitude of additional
information based on Solar Orbiter measurements, for example,
on the associated flares, and the presence of type II radio bursts,
indicative of coronal shocks. Another parameter of interest is the
distinction between gradual and impulsive events, which refers
to the composition of the associated ions; in our sample, 9 out
of 50 events were classified as gradual. We used several of these
parameters from the catalogue in our correlation analysis. We
also cross-checked the presence of type II bursts with other
spacecraft using the Coordinated Radiodiagnostics Of CMEs
and Solar flares (CROCS) website2.

3.2. Spectral fitting

We use the scipy.odr Boggs et al. (1989) Python package
(orthogonal distance regression, ODR) to fit all energy spectra
including uncertainties for both energy and intensity. The energy

1 https://coseecat.aip.de/
2 https://parker.gsfc.nasa.gov/crocs.html

bin width serves as an uncertainty for the energy, and each inten-
sity value has an uncertainty based on counting statistics. We
also accounted for error propagation based on background sub-
traction and calculate the 95% confidence intervals for the uncer-
tainties of the fit parameters.

Our fitting procedure includes five different mathematical
models:
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Equation (1) corresponds to a single power law with power law
index γ1; Equation (2) is a double power law that transitions
from the power law index γ1 to the power law index γ2 after a
break point at the energy Eb; Equation (3) is a single power law
with power law index γ1 and an exponential cut-off with expo-
nent x at a cut-off energy Ec; Equation (4) is a double power
law transitioning between the power law index γ1 and γ2 about
Eb with an exponential cut-off with exponent x at Ec; and Equa-
tion (5) is a triple power law that transitions between the power
law indices γ1 and γ2 about Ebl and then again between γ2 and
γ3 about the higher break energy Ebh. Here, I0 is a differential
intensity defined at the reference energy E0 = 100 keV. α indi-
cates the sharpness of the transition between γ1 and γ2, while β
represents the transition between γ2 and γ3. The larger the value
of α and β, the sharper the transition between spectral indices.

Equations (1)–(4) are adapted from the equations introduced
by Ellison & Ramaty (1985). In Equations (3) and (4) we intro-
duce a super exponent x as a free parameter. This allows us to
fit a wider range of spectra, with weaker or stronger (sub–super)
exponential cut-offs3. Figure 2 shows a visual example of the
five mathematical models (Equations (1)–(5)) that we can fit to
the peak-intensity spectra.

For each event in this study, we determine the peak intensity
spectra, as described in the previous section, three times using
different time averages of 1 minute, 2 minutes, and 5 minutes. We
then apply our fitting routine to each of the three differently aver-
aged spectra independently, allowing it to determine which of the
five mathematical models (Eqs. (1)–(5)) provides the best fit. The
reason for including these differently averaged spectra is based
on visual inspection of the time series data and trying to find
an optimal balance between reducing noise and over-averaging.
While comparing these differently averaged spectra, we found
not only that the spectral parameters and even the resulting shape
can vary but also that the apparently best time averaging varies
from event to event so that we refrained from choosing one fixed
averaging for all events. Instead we chose the best fit based on
the reduced χ2

r , i.e. χ2/DOF, where DOF denotes the degrees of
freedom. This value corresponds to residual variance output of

3 When x = 1, the cut-off is exponential. For x < 1, the cut-off is
sub-exponential, conversely, for x > 1 the cut-off is super-exponential.
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Fig. 2. Example of the five mathematical models included in our fit-
ting procedure: A single power law (pl) (Equation (1)) in blue, a single
power law with an exponential (exp) cut-off (x = 2, Equation (3)) in
orange, a double power law (Equation (2)) in green, a double power law
with an exponential cut-off (x = 2, Equation (4)) in red, and a triple
power law (Equation (5)) in purple. The blue dashed line represents the
break energy of the double power law and the double power law func-
tion with an exponential cut-off and the first break of the triple power
law function. The dashed red line represents the break energy of the
second break of the triple power law function. The dashed black line
represents the exponential cut-off energies.

the ODR function, which is equivalent to χ2/DOF. After obtain-
ing the best-fitting model for each averaging, we compare the χ2

r
values and select the fit with the lowest value as the most repre-
sentative of the event. The time averaging which resulted in the
best fit is also listed in Table D.1.

We divided our spectra into two groups depending on the
energy range we are able to fit. For some events, it is not pos-
sible to fit STEP data, either because the particle beam is not
coming from the nominal sunward direction, or because most
of the peak-intensity data points are not found to be significant
(see above explanation). Thus, we divided our events into events
that were measured and fit using both STEP and EPT data (2–
475 keV) and events that were only measured and fit using EPT
data (25–475 keV).

4. Results

4.1. Spectral shapes and features

Figure 3 shows examples of the four spectral shapes we identi-
fied in our sample: single power law (3 events), double power
law (13 events) and two types of triple power laws: one that
becomes progressively softer after each break (KK triple power
law, 10 events) and one that exhibits a hardening, or plateau-like
behaviour, after the first break (AK triple power law, 18 events).
A complete list of events analysed, along with their correspond-
ing spectral classifications, is provided in Table D.1. While the
single and double power laws (Figs. 3a–3b) have consistently
been reported by previous observations of SEE peak-intensity
spectra (e.g., Lin et al. 1982; Krucker et al. 2009; Dresing et al.
2020), the two types of triple power law spectra have only
seldom been reported (e.g., Lin 1985; Wang et al. 2023). Our
results were enabled by EPD’s unprecedented energy resolution
and broad energy coverage.

Table 1 summarises the statistical results of the spectral
shapes and presents the mean values of the spectral features for
each of the different spectral fits identified in our sample.

Surprisingly, the most common spectral shape identified in
our sample is the AK triple power law (18 out of 44 events).
Table 1 shows the corresponding mean parameters, subdivided
into two groups: spectra analysed with a combination of STEP
and EPT, along with events observed solely by EPT, resulting in
a more limited energy range. Triple power law spectral shapes
exhibiting a plateau in the central part have been predicted in
simulations by Reid & Kontar (2013). The authors modelled the
evolution of SEE spectra in the inner heliosphere, accounting for
Langmuir wave generation and heliospheric plasma density fluc-
tuations. The simulations resulted in triple power law spectral
shapes for both fluence and peak-intensity spectra at distances
up to ∼50 solar radii (closer to the Sun than any of the events in
our sample), which evolved into a double power law at larger dis-
tances. Reid & Kontar (2013) reported that the spectral plateaus
are a consequence of inhomogeneous background plasma, which
can cause part of the electron beam to gain energy via the absorp-
tion of Langmuir waves. The energy range of the plateaus found
by Reid & Kontar (2013) lies between 30 keV and 40 keV, align-
ing roughly with the energy ranges found in our study, on aver-
age between ∼30 keV and ∼70 keV. Reid & Kontar (2013) noted,
however, that both the energy range of the plateau and the dis-
tance over which it can still be observed, strongly depend on
the input parameters of the model. The authors found that with
a radially decreasing density, the peak spectrum forms a clear
plateau between 10–40 keV at 1.2 AU in the extreme case of no
density fluctuations. When a large number of density fluctua-
tions are included, however, the spectrum resembles instead a
double power law. We further investigated potential dependen-
cies on radial distance to the Sun and longitudinal separation
with respect to the source region in Sect. 4.2.

Figure 4 shows histograms of the break energies, spectral
indices, and the difference of the spectral indices of the dou-
ble (top row) and triple power law fits (centre row: KK triple
power laws, bottom row: AK triple power laws). Interestingly, in
examining the first column of the figure, a comparison between
the break energies of the double power law (top) and the KK
triple power law fits (centre), reveals that most break energies of
the double power laws are located between the first and second
break of the KK triple power law fits. The mean break energy of
the double power law fits (see Table 1) is Eb = 67.8 ± 1.7 keV,
while the break energies of the KK triple power law fits are
Ebl = 28.8 ± 0.5 keV and Ebh = 100.6 ± 1.6 keV, respectively.
This could suggest that the double power law events in our sam-
ple represent, in principle, the same type of events as the KK
triple power law events, but with spectral breaks that are too
close to be resolved individually, resulting in a single appar-
ent spectral transition. Although we divided events based on
whether they were measured solely with EPT or with a com-
bination of STEP and EPT, we did not see any significant dif-
ference in the resulting values of the spectral parameters of the
double power law fits (see Table 1). However, a clear difference
emerges when making the same distinction for the AK triple
power laws (see Table 1), particularly with respect to the spec-
tral break energies. As expected, the combination of STEP and
EPT allows the identification of lower energy spectral breaks
that fall outside EPT’s measurement range, likely explaining the
higher break energies observed in EPT-only events. It is worth
noting, however, that only three events in our sample were iden-
tified as AK triple power laws using only EPT alone (Column 8,
Table 1).
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(a) Single power law (b) Double power law

(c) KK triple power law (d) AK triple power law

Fig. 3. Example spectra showcasing the four most common spectral shapes we find when fitting the peak-intensity spectra of the events in our list.
(a) Single power law. (b) Double power law. (c) Triple power law (with consecutive spectral softening). (d) Triple power law with a plateau after
first break. The orange, red, and maroon points represent STEP, EPT, and HET data, respectively. The fainter and lower intensity points show the
pre-event background that is subtracted from the peak intensities. The grey points denote energy channels that were excluded from the fits (see
Appendix A). Note: we applied the fits only in the energy range covered by STEP and EPT. The dashed vertical blue and purple lines represent
the spectral breaks, and the legends provide the fit parameters.

The spectral indices of the double power law and KK triple
power law events show some similarities (see Table 1 and Fig. 4).
The average value of γ1 for all double power law events com-
bined (γ1 = −2.13 ± 0.10) is the same, within error bars, as γ1
for the KK triple power law events. In addition, γ2 of the double
power law fits (γ2 = −4.60± 0.06) is close to γ3 of the KK triple
power laws (γ3 = −4.29 ± 0.05). This further supports the inter-
pretation that the double power law events represent the same
type of events as the KK triple power laws, but the two spectral
breaks have merged into one.

The softest spectra found in our sample correspond to the
AK triple power laws, with an average value for the indices of
γ1 = −6.23 ± 0.73 and γ3 = −4.81 ± 0.32. The average value
for γ2 is −0.15 ± 1.02. The value is very close to zero, which
is why we refer to it as a plateau. However, as shown by the
large uncertainty of the average γ2 value, not all events exhibit
a plateau but some only show a spectral hardening after the first
break.

The spectral indices of the double power law fits, γ1 =
−2.13±0.44 and γ2 = −4.60±0.06 as well as γ2 = −3.00±0.03
and γ3 = −4.29±0.05 of the KK triple power law fits are in good
agreement with the values reported by Dresing et al. (2020), who
found average spectral indices of γlow = −2.53 and γhigh = −3.93
based on electron measurements of STEREO/SEPT4. However,
the average break energy of the double power law fits, as well
as both break energies of the KK triple power law fits, are lower
than the value reported by Dresing et al. (2020), who found a
break energy of approximately Eb ≈ 120 keV. For comparison,
the average value of the second break of the KK triple power law
fits that we find is Ebh = 100.6 ± 1.6 keV.

We note that the average values calculated in Table 1 are the
arithmetic mean values of each parameter and the correspond-
ing uncertainties are calculated using the error propagation of a

4 Dresing et al. (2020) noted that using the STEREO/SEPT instrument
restricted the energy range, where spectral breaks could be determined
to values >70 keV.
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Table 1. Average values of the spectral parameters for the different types of fits.

SPL DPL DPL DPL KK AK AK AK
STEP + EPT EPT only All STEP + EPT EPT only All

(1) (2) (3) (4) (5) (6) (7) (8)

No. of events (%) 3 (6.8%) 4 (9.1%) 9 (20.5%) 3 (29.5%) 10 (22.7%) 15 (34.1%) 3 (6.8%) 18 (40.9%)
Ebl [keV] – 74.3± 1.6 65.0± 4.0 67.8± 1.7 28.8± 0.5 30.9± 1.7 73.9± 20.9 38.0± 6.8
Ebh [keV] – – – – 100.6± 1.6 60.1± 4.4 103.8± 2.7 67.4± 3.1
γ1 –2.43± 0.01 –1.52± 0.01 –2.40± 0.44 –2.13± 0.10 –2.29± 0.07 –6.45± 1.04 –5.12± 0.50 –6.23± 0.73
γ2 – –4.56± 0.07 –4.62± 0.10 –4.60± 0.06 –3.00± 0.03 –0.14± 1.43 –0.18± 0.91 –0.15± 1.02
γ3 – – – – –4.29± 0.05 –4.96± 0.35 –4.02± 0.66 –4.81± 0.32

Notes. This table summarises the average values of the spectral break energies and spectral indices (γ1, γ2 and γ3). In the case of triple power law
fits, Ebl denotes the lower-energy spectral break, and Ebh is the higher-energy spectral break. We make two important distinctions: (1) we separate
the two types of triple power laws into those progressively becoming softer (KK) and those or with a spectral hardening after the first break (AK),
and (2) we make a distinction between events that extend through the energy range of both STEP and EPT and the ones that are only seen in the
EPT energy range. The single power laws were all analysed with a combination of STEP and EPT, so we do not mark them separately. One KK
triple power law is measured only in the EPT range, but the spectral indices and breaks are within error bars of the average values of the ones
measured by STEP and EPT together so we do not separate the single event from the others. The uncertainties of the average values are determined
with the error propagation of a mean. Abbreviations: SPL (single power law), DPL (double power law), KK (KK triple power law), AK (AK triple
power law).

mean (with noise5). The motivation for using the arithmetic means
is to enable a direct comparison with previous studies. Another
way to calculate the average values is to use the inverse-variance
weighted average, which takes into account the uncertainties of
the fit results. For details, see Appendix E, where we provide the
mean values using inverse-variance weighted averaging.

4.2. Correlation analysis

In this section, we investigate potential correlations between
the various spectral features and parameters of the associated
solar events with the aim of gaining insight into the mecha-
nisms behind the different spectral breaks and the various spec-
tral shapes found in our sample. In Figs. 5–C.2 we distinguish
between spectra that progressively soften after each break (on
the left) and spectra that exhibit a plateau or hardening after the
first break (on the right).

Figure 5 presents the spectral indices above the break energy
plotted against the spectral indices below the break. Several
studies (Krucker et al. 2009; Kontar & Reid 2009; Dresing et al.
2020) have found a positive correlation between the two spectral
indices. This is not evident in all events in our study (Fig. 5, left
panel), especially when considering the different spectral shapes
separately. We see a slight positive trend for the first break of the
KK triple power law events (dark green points), whereas no clear
trend is apparent for the double power law events (red points). In
contrast, we see a clear separation between the two spectral transi-
tions for the AK triple power law fits (dark and light blue points),
with a rather negative correlation. This highlights how much the
spectral index changes before and after the plateau. Furthermore,
the range of spectral values of the AK triple power law fits is also
three times broader than that of the left-hand plot (comparing the
x-axes of Figure 5), including positive and strongly negative spec-
tral values.

5 This means that each measurement comes with its own uncertainty.
In our analysis, each spectral fit provides a parameter value (e.g., the
break energy) along with its uncertainty. When determining the average
value of a parameter for the full set of events, we take into account these
individual uncertainties to obtain the mean and its uncertainty. For an
arithmetic mean x of N values xi, with uncertainties σi, the uncertainty

is σx =

√∑
i σ

2
i

N2 (see Bevington & Robinson 2003).

Figure 6 shows the intensity at the break energy versus the
break energy. As discussed in the previous section, it is evi-
dent from this plot as well that most break energies of the
double power law fits (in red) lie between the two breaks of
the KK triple power law fits. Kontar & Reid (2009) have sug-
gested that, if a spectral break is caused by Langmuir-wave gen-
eration, we should see an anti-correlation between the inten-
sity at the break energy and the break energy itself. This is
because a high beam density (higher electron intensities) would
result in a more rapid generation of electrostatic waves in the
plasma and a stronger interaction between these and the elec-
trons (Kontar & Reid 2009), thus producing a break at lower
energies. It should be noted that in this context Kontar & Reid
(2009) only refer to spectra that become softer after the break.
The left panel of Figure 6 shows such an anti-correlation for the
first break (dark green points) of the KK triple power law and
to some extent for the double power law spectra (red points).
We also calculated the Spearman correlation coefficient using a
Monte Carlo method that takes into account the fit uncertain-
ties of the break energies. We found a correlation coefficient of
−0.47 ± 0.16 for the double power law breaks and a correlation
of −0.81±0.12 for the first break of the KK triple power law fits.
We do not find a significant correlation for the high-energy break
of the KK triple power law (light green points) or the breaks of
the AK triple power laws (blue points, on the right). This plot is
clear example of the distinct behaviour and characteristics of the
AK triple power law, shown on the right side, in comparison to
the KK triple power law.

The left panel of Figure 6 also includes a real representa-
tion of the single power law spectra found in our analysis, which
we overplot based on their occurrence in the same intensity-
energy space like the break points. The energy ranges of the
single power laws plotted here, are representative of the real
energy range fit for each event. As mentioned in Appendix A,
it was sometimes necessary to exclude some energy channels
from the fit due to different reasons. Although HET energies
are not considered in the spectral fits of our analysis, they are
still included in the spectra we used for the visual inspection,
as shown in Figure 3. In the case of the three single power law
events, all three extend to energies in the HET range. The con-
tinuous blue line (Fig. 6, left), representing the spectral fit for the
event on 28 October 2021 (shown also in Fig. 3a), covering the
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Fig. 4. Distributions of (Column 1) break energies, (Column 2) spectral indices (γ1, γ2, and γ3), and (Column 3) the absolute value of the difference
between the spectral indices, which represents the magnitude of the spectral change between spectral indices, of the double power law fits (row
1), of the triple power law fits that become progressively softer (row 2), and the triple power law fits that have a plateau or spectral hardening after
the first break (row 3). The events measured only by EPT are marked by black hatching.

full energy range of STEP and EPT (the broadest out of the three
single power law fits) and extends to the full HET energy range
as well. However, at HET energies there is a clear depletion, sug-
gesting that the higher energy break is pushed to high energies.
The event on 23 July 2022 (dotted blue line) is a very similar
case. It covers almost the full STEP and EPT range and extends
to HET energies as well. There is a slight depletion at HET ener-
gies, less pronounced than in the previous case. The dashed blue
line represents the event on 30 August 2022 measured with EPT
south. Having to exclude STEP does not allow us to find any
possible breaks at lower energies, but similarly to the previous
cases, there is an evident depletion in the HET range.

Strauss et al. (2020) studied the effects of pitch-angle scat-
tering on SEE spectra, finding that the influence of this pro-

cess increases with distance from the Sun. This is because
a greater travel distance for SEEs allows for more scattering
to occur. A spectral break caused by pitch-angle scattering
is therefore expected only to be observed at larger distances
from the Sun and it is predicted to become more pronounced
with increasing distance. This could result in a lower break
energy and a larger difference in spectral index across the
break. We therefore examined possible correlations with Solar
Orbiter’s radial distance from the Sun. However, we did not
find any significant dependence of these parameters on distance
(see Appendix C).

In Fig. 7, we investigate whether the spectral shape depends
on the distance from the Sun or the longitudinal separation to
the associated flaring region. The figure shows Solar Orbiter’s
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Fig. 5. Dependence between the spectral
indices before and after the spectral breaks.
Left: Double power law fits (red). KK triple
power law fits (green, with the first and sec-
ond break in different shades). Right: Spec-
tral index values for triple power laws with a
plateau-like structure. The different shades rep-
resent the spectral indices on both sides of the
first and second break. Spectra that were deter-
mined with EPT only are marked with black cir-
cles.

Fig. 6. Break energies as a function of the
intensity at the break energy. Symbols and
colours are the same as in Figure 5. The
spearman correlation coefficient for the dou-
ble power law (red points) is –0.47± 0.16 and
the one for the first break of the KK triple
power law (dark green points) is –0.81± 0.12.
For comparison, we also overplot the fits of the
single-law events (pl 1, 2 and 3) found in this
study. Single pl 1 (continuous blue line): 2021-
10-28, single pl 2 (dotted blue line): 2022-07-
23, single pl 3 (dashed blue line): 2022-08-30.

radial distance as a function of the absolute longitudinal sepa-
ration angle between the spacecraft’s magnetic footpoint at the
Sun and the location of the associated flare, as provided by the
CoSEE-Cat catalogue. We mark events associated with type II
radio bursts with a diamond shape. Overall, there is no clear
distinction between the different spectral shapes with respect
to radial distance. However, in terms of longitudinal separa-
tion, it is noteworthy that the single–power-law spectra (yel-
low points), although limited to only three events, correspond
to the largest separation angles in our sample and are observed
exclusively at angles >66◦. These single power law events are
also all associated with a type II radio burst and are all classed
as gradual events in the CoSEE-Cat catalogue, suggesting a
potential shock-related source. Furthermore, double power law
events are only observed up to separation angles of about 40◦,
while the KK triple power laws (green points) are only observed
at very small longitudinal separations (<12◦), but across all
distances.

Following the work of Dresing et al. (2020),
Rodríguez-García et al. (2023), we determined the spectral
index at a reference energy of 70 keV and 200 keV, respectively.
We also determined the spectral indices at a much lower
reference energy of 10 keV. This approach enables a comparison
of the spectral indices of the different events regardless of their
spectral shapes. In Fig. 8 we plot these spectral indices as a
function of the soft X-ray peak flux of the associated flares.
Events associated with type II radio bursts are indicated with
black circles. At the reference energy of 70 keV, we can see
a clear trend of harder spectra being associated with stronger
flares, suggesting a more efficient electron acceleration. This
trend is less apparent at 10 keV and 200 keV. Moreover, the most
intense flares are accompanied by type II radio bursts, indicating
the presence of a shock. We would expect that SEE events
with harder spectral indices involve shock acceleration (e.g.
Oka et al. 2018), while flare acceleration would be responsible
for the softer spectra. Although the softest spectral indices in
Fig. 8 are not associated with type II bursts (and many of the
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Fig. 7. Longitudinal separation angle (absolute value) between the
spacecraft’s magnetic footpoint at the Sun and the flare location ver-
sus the spacecraft’s distance. The different colours represent different
spectral shapes of the events. Spectra determined with EPT only are
contoured in black. The events with a type II radio burst are diamond
shaped. Not all events are included in the plot, as we are unable to cal-
culate the separation angle for some events due to missing information
on the flare location.

hardest spectral indices are accompanied by a shock), we did
not find a clear distinction between events with and without the
presence of type II bursts.

In addition to hard spectral indices, the maximum energy can
be considered indicative of the efficiency of the acceleration pro-
cess. We identified the maximum energy of each event during the
determination of the peak-intensity spectra (see Appendix A)
as the highest energy channel (excluding HET) with a signifi-
cant intensity peak above pre-event background. Figure 9 shows
that indeed, the events with the highest maximum energies are
accompanied by type II bursts (diamonds). However, similar to
Fig. 8, the association is not particularly distinct. Several high-
energy events lack a type II burst, while several lower energy
events are accompanied by one.

5. Discussion and conclusions

SEE spectra, their shape in particular, can potentially provide
significant insights into the acceleration and transport of elec-
trons. Our study considers a sample of 50 intense SEE events
observed by Solar Orbiter. We determined the peak-intensity
spectra for each event and fit each one with various models. The
best-fitting model was then automatically selected by comparing
the reduced χ2

r . Spectral parameters such as break energies, spec-
tral indices, and the overall spectral shape were then analysed
with respect to the spacecraft’s distance to the parent source, as
well as source characteristics, in order to shed light on the pro-
cesses behind different spectral features. The energy resolution
of Solar Orbiter/EPD measurements, combined with the space-
craft’s varying distance from the Sun, allowed us to study SEE
spectra with unprecedented detail.

Interestingly, among the 44 spectra that could be successfully
fit, the majority (28 events) exhibited triple power law spectra

featuring two spectral breaks. The second most common spec-
tral shape was a double power law (13 events). Additionally,
three spectra were consistent with a single power law shape.
Based on their distinct characteristics, we further divided the
triple power law spectra into two categories: (1) a triple power
law that becomes progressively softer after each spectral break
(KK triple power law, 10 events, Fig. 3c); and (2) a triple power
law that presents a spectral hardening, almost plateau-like struc-
ture, after the first spectral break (AK triple power law, 18 events,
Fig. 3d).

The average break energy, Eb = 74.3 ± 1.6 keV, of the
double power law spectra is consistent with the results of
Krucker et al. (2009), who studied SEE spectra using obser-
vations of Wind/3DP and found an average break energy
of ∼60 keV. Kontar & Reid (2009) simulated the effects of
Langmuir waves on SEE spectra to reproduce the results of
Krucker et al. (2009), resulting in spectra with breaks between
4–80 keV and spectral indices remarkably similar to the obser-
vations of Krucker et al. (2009).

Although the average value of the lower energy break in the
KK triple power law spectra (Ebl = 30.9 ± 1.7 keV) is consid-
erably lower than the value we report for the double power law
spectra, Ebl is still within the range of possible spectral break
energies found by Kontar & Reid (2009). A further argument
supporting the generation of Langmuir waves causing the lower
energy break in the KK triple power laws is the close agreement
between the spectral index and simulation results. We found a
spectral index below the break of γ1 = −2.13 ± 0.10, which
aligns well with the modelled expectation of ∼−2.

Furthermore, we found a strong anti-correlation between the
energy of the first spectral break and the electron intensity at the
break energy of the KK triple power laws (Spearman correlation
coefficient: –0.81± 0.12; see Fig. 6). The same anti-correlation
is not as evident in the case of double power law spectra. Accord-
ing to Kontar & Reid (2009), such an anti-correlation is a clear
indication that the spectral break is caused by Langmuir waves.

Dresing et al. (2020) did not find such anti-correlation in
their statistical study of SEE events using STEREO/SEPT data.
They also found a significantly higher mean energy for their dou-
ble power law spectral breaks of ∼120 keV. This led Strauss et al.
(2020) to suggest that these breaks could be caused by pitch-
angle scattering instead. The average value of the second break
of our KK triple power law spectra is Ebh = 97.6 ± 17.7 keV,
which is close to the value found by Dresing et al. (2020). More-
over, the spectral indices γlow = −2.53 and γhigh = −3.93 found
by Dresing et al. (2020) resemble the average values we found,
namely, γ2 = −2.7 ± 0.2 and γ3 = −4.1 ± 0.5 of the KK
triple power law spectra quite closely. These findings suggest
that the KK triple power law spectra identified in our analysis
could result from a combination of the two different transport
effects discussed above. This scenario was previously proposed
by Strauss et al. (2020) and Dresing et al. (2021), who specu-
lated that this observation would become possible with better
instrumentation. When comparing the average break energies of
the KK triple power law and the double power laws, we find that
the break energy of the latter falls between the two break ener-
gies of the KK triple power law. This suggests that the break of
the double power law spectra could be a composite feature, rep-
resenting a merger of the two breaks observed in the KK triple
power law events.

Theory suggests that in the case of Langmuir-wave gener-
ation, the spectrum is altered primarily at energies below the
break; whereas in the case of pitch-angle scattering, the spectrum
would change mainly at energies above the break. This implies
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Fig. 8. Spectral index as a function of the soft X-ray peak flux of the associated flare. Left: Spectral index at a fixed energy of 10 keV. Middle:
Spectral index at 70 keV. Right: Spectral index at 200 keV. The different colours represent different spectral shapes. Events accompanied by a type
II burst are marked in black. Not all events are included in this plot, as we do not have a measurement for the soft X-ray peak flux for all events. In
case the spectral index of the AK triple power law (blue), at any of the fixed energies, falls within the plateau region, we exclude it from this plot.

Fig. 9. Maximum energy at which each event is seen as a function of
the soft X-ray peak flux of the associated flare. The different colours
represent the different spectral shapes. Spectra analysed with EPT only
are marked in black. The events with a type II radio burst are diamond
shaped. Not all events are included in this plot, as we do not have a
measurement for the soft X-ray peak flux for all events.

that the part of the KK triple power law spectra between the two
breaks would most closely reflect the injected spectra at the Sun.
This interpretation is supported by Fig. 8 where we compared the
spectral indices with the soft X-ray peak flux of the associated
flares and the presence of coronal shocks marked by the obser-
vation of type II radio bursts to study the potential imprint of
the acceleration process on the observed spectra. Following the
work of Dresing et al. (2020), Rodríguez-García et al. (2023),
we studied such correlations using the spectral indices mea-
sured at three reference energies, 10 keV (γ10), 70 keV (γ70), and

200 keV (γ200), combining all events in our sample regardless of
their spectral shape. At the reference energy of 70 keV, which
represents the energy regime between the two breaks of the KK
triple power laws, we can see the clearest correlation of spectral
indices with the flare strength. This correlation is less evident
at lower and higher energies suggesting a stronger influence of
transport effects leading to an alteration of the observed spectra.

The AK triple power law spectra, which make up the largest
portion of our events (16 events), seem to exhibit completely
different characteristics. One of the most evident differences is
the lack of any correlation between the break energy and the
intensity at the break (see Fig. 6). Furthermore, the AK triple
power laws have much softer spectral indices (γ1 and γ3) and
are rarely associated with a type II radio burst (two events, see
Figs. 7–9).

There have been very few mentions of triple power law spec-
tra in previous SEE studies. Using observations by IMP 6, 7, and
8 Lin et al. (1982) reported KK triple power law spectral shapes
in a few strong flare events, with break energies located at sig-
nificantly higher energies with Eb1 ≥ 100 keV and Eb2 ≥ 1 MeV.
The lower-energy break is in a similar range to other reported
values, however the spectral indices below and above the break
are much harder. The values range between –0.6 and –1.1 below
the break and –2.4 and –2.8 above the break. Furthermore, their
spectra are event-integrated spectra, in contrast to our peak inten-
sity spectra. In a later study on SEE spectra observed with ISEE-
3, again associated with strong flares, Lin (1985) found instead
a spectral shape resembling an AK triple power law. The break
energies were at Eb1 ∼ 10 keV and Eb2 ∼ 100 keV. The authors
pointed out that the spectrum above 10 keV, resembled the typi-
cally observed double power law. However, the author suggested
that the lower-energy part of the spectrum, including the ankle-
shaped break at 10 keV, reflects the injected spectrum at the Sun.

In a case study of an SEE event observed with Wind/3DP and
associated with solar jets, Wang et al. (2023) found an AK triple
power law spectrum with a lower break at Eb1 = 10.0 ± 1.7 keV,
similar to the one found by Lin (1985). However, the authors
found the higher-energy break to be at Eb2 = 56.6 ± 8.9 keV,
compared to the ∼100 keV reported by Lin (1985). However, the
value is similar to Ebh = 60.1 ± 4.4 keV found in our study.
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Wang et al. (2023) do not attribute the breaks in the spectrum to
transport effects but argue that the spectrum is rather the direct
representation of the injected spectrum at the Sun.

Similar spectral shapes have been found in simulations of
SEE events. Reid & Kontar (2013) found this specific type of
spectra to result from Langmuir wave generation in the inner
heliosphere at radial distances from the Sun of less than ∼20 R�,
demonstrably closer than in our measurements. Building on the
gas–dynamical framework of Ryutov & Sagdeev (1970), it was
shown by Reid & Kontar (2013) that such spectra would develop
into a double power law farther out in the heliosphere. How-
ever, given the importance of randomly inhomogeneous plasma
in shaping the electron energy spectra, any variation in the level
of density fluctuations leads to a change in the evolution of the
beam and, consequently, its spectral shape (Voshchepynets et al.
2015; Krasnoselskikh et al. 2025).

To illustrate this, Reid & Kontar (2013) implemented a radi-
ally decreasing background density and compared electron spec-
tra (peak and fluence) at 1.2 AU, with and without fluctuations.
In the unphysical homogeneous limit of no fluctuations, the sim-
ulation produces excessive Langmuir wave growth and a pro-
nounced spectral plateau between 10 keV and 40 keV. Clearly,
a scenario without any density fluctuations is unrealistic in the
solar wind (Sishtla et al. 2023), but in case of relatively low
density fluctuations, the authors show that such beam-plasma
structures could be observed as far as 4.3 AU. The AK triple
power-law events that we report here are consistent with these
modelling results of flare accelerated electrons with which type
II bursts are rarely observed (Reid & Kontar 2013).

If the AK triple power laws would directly resemble the
injected spectra at the solar source, as suggested by Lin (1985),
Wang et al. (2023), we would also expect to see a correlation
between the spectral index at low energies (10 keV) and the soft
X-ray peak. As illustrated in Figure 8, this is not the case. The
spectral indices at 70 keV, which on average corresponds to the
part of the AK triple power law spectrum above both break, cor-
relates more clearly with the soft X-ray peak flux, further rein-
forcing the theory that the lower part of the spectrum is affected
by Langmuir wave generation.

Another possible explanation for such a spectral shape (AK
triple power law) could be the mixing of two or more separate
SEE events occurring so close in time to each other that they
can no longer be separated in the time-series observations. We
specifically checked for the potential overlap of two electron
beams and excluded energy channels and potentially dubious
events.

The single power law spectra we found in our study appear
to be even more puzzling, as they seem to result from a lack of
transport effects or a shift of transport-related breaks outside of
the studied energy range. The spectra of these three events are
shown in Figure 6. The spectra of all three events (28 October
2021, 23 July 2022, and 30 August 2022) exhibit a depletion
at HET energies, suggesting the shift of a possible pitch-angle-
related spectral break to higher energies. The energy range of the
30 August 2022 event is limited to the EPT range; thus, it is not
possible to draw any conclusions on the presence or absence of
a low-energy break. However, such low-energy break is absent
for the other two events.

Intriguingly, although limited to just three cases, all single
power law spectra correspond to observations taken at large lon-
gitudinal separation angles with respect to the associated flare
longitude (see Fig. 7). They are also all associated with a type II
burst and are classified as gradual events in the CoSEE-Cat cata-
logue. In contrast, the KK triple power laws are only found at the

smallest separation angles (<12◦). This suggests that, in order
to observe the two breaks in the spectra the spacecraft needs
to be well connected to the associated flaring source region.
Conversely, at larger longitudinal separations, the electron beam
could become too dilute to generate Langmuir waves, resulting
in the absence of this spectral break.

Our study clearly shows the enhanced capabilities of new
generation energetic particle instrumentation such as that pro-
vided by Solar Orbiter/EPD. The increased energy range of SEE
measurements and particularly the unprecedentedly high energy
resolution enabled us to characterise SEE spectra in great detail,
revealing new spectral shapes such as the KK triple power laws
in the studied energy range, and the variability of spectral shapes.
Although the energy range of STEREO/SEPT is very similar to
the one of EPT, Dresing et al. (2020) did not find a triple power
law spectrum. However, we identified such a spectral shape even
in one event analysed using only EPT, highlighting the beneficial
impact of having access to a fine energy resolution.

We note that our sample of 50 events only includes the most
intense events listed in the CoSEE-Cat catalogue until the end of
2022. As shown in Figure 1, the events selected for this study are
a few orders of magnitude higher in intensity than the average
event in the catalogue. Our selection criterion was chosen with
the aim of determining clear SEE spectra based on high counting
statistics; however, this could introduce a bias to our study and
results. A more comprehensive statistical analysis of all events in
the CoSEE-Cat catalogue will be the focus of future work, aimed
at improving our understanding of SEE events. Furthermore, our
study opens the door for more in-depth comparison of in situ SEE
spectra with solar eruption characteristics, most importantly the
spectral characteristics of associated hard X-ray flares as done
in previous studies using older-generation electron instruments
(e.g., Krucker et al. 2007; Dresing et al. 2021). Very valuable for
these future analyses are our results on which energy range should
be used for such comparisons. As shown in Fig. 8 an interme-
diate energy range of around 70 keV shows the clearest correla-
tion with the associated solar flare strength, while the correlation
vanishes at lower and higher energies, presumably due to trans-
port effects. Detailed comparisons of SEE spectra with solar flare
HXR spectra as well as with other eruption parameters will permit
new insights into the relation of the SEEs with their solar sources
and help to uncover the relative roles of flares and shocks in SEE
events, which is a long-standing issue in SEP physics.
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Appendix A: Determination of the peak spectra

To construct the peak-intensity spectrum for an event, we first
determine the electron peak intensity for each energy channel
of STEP, EPT, and HET. Figure A.1 shows the intensity-time
series of a few selected energy channels of STEP for an example
event and the pitch-angle coverage of the instrument in the lower
panel. For each energy channels, we determine a value for the
peak intensity, which contributes a single data point to the over-
all energy spectrum. This is done by automatically detecting the
maximum intensity within a defined time interval, referred to as
the search window, specific to each channel. The timing of these
windows accounts for velocity dispersion, as electrons of dif-
ferent energies travel at different speeds and therefore arrive at
different times.

To define the time intervals of the expected SEE peaks, we
assume that the electron injection at the Sun occurs simultane-
ously with the event-associated flare, observed by the Spectrom-
eter/Telescope for imaging X-rays (STIX; Krucker et al. 2020)
and listed in the CoSEE-Cat catalogue. Here, we assume that all
particles were injected at the same time. Based on the injection
time, we estimate the electrons’ travel times by accounting for
their speed-dependent propagation along nominal Parker spiral.
We calculate an approximate value for the Parker spiral length6

L, which serves as a lower limit for the electron travel distance,
expressed as:

L =
1
2
vsw

Ω
·
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Ω
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r

√
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)2
+ 1

+ ln
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(A.1)

where Ω is the solar rotation frequency, vsw is the solar wind
speed (assumed to be 400 km/s), and r is the distance from the
Sun’s surface.

Next, we calculated the relativistic speed of electrons using
the correction coefficient, βi, for electrons with energy, Ek,i,
where i is the index of the energy channel:

βi =

√
1 −

(
me,0c2

Ek,i + me,0c2

)2

(A.2)

vi = β · c (A.3)

Here Ek,i is the kinetic energy of the electrons in the energy chan-
nel i, me,0 is the rest mass of an electron, c is the speed of light,
and vi is the speed of an electron with kinetic energy, Ek,i. Know-
ing the travel distance, L, the particle velocities, vi, and the injec-
tion time, Tinj, at the Sun, we can estimate the electron travel
time, Ti, to the spacecraft for each energy channel i:

Ti = Tinj +
L
vi

(A.4)

These calculations were performed for each energy chan-
nel of STEP, EPT and HET using the channel’s geometric mean
energy to define the optimal search window (vertical black lines
in Figure A.1) for each energy bin. The length of the search win-
dow is often case-dependent and decided upon manual inspec-
tion of the intensity timeseries as shown in the example of Figure

6 Eq. A.1 was derived based on the Parker spiral formula (Parker 1958)
using the geometric concept of an Archimedian spiral.

A.1. Typically, we use a 40-minute search window starting about
20 minutes before the expected peak and ending 20 minutes
after. We tried to avoid having the search window start too close
to the peak time. However, the length of the search window
depends primarily on two factors: (1) the presence of nearby
intensity peaks from separate events, in which case the window
can be shortened to about 15 minutes or less to avoid catching
multiple peaks, and (2) a gradual intensity increase that broad-
ens the peak and delays its maximum, requiring an extended,
sometimes hours-long window.

During the determination of the peak intensities, we also cal-
culate an average value for the pre-event background (grey area
in Figure A.1)7 and subtract it from the peak intensities in the
energy spectrum. We also corrected for ion contamination in
the EPT measurements using the simulated response functions
of the telescope. These responses tell us how much the mea-
surement in each ion channel contributes to each of the electron
channels (see for example Jebaraj et al. 2023). We calculate this
contribution for each time step and subtract the ion contributions
from all the electron channels. Peak intensity values of certain
energy channels are excluded under the following conditions: if
the peak intensity does not rise above the background by at least
three standard deviations (3σ, affects ∼ 40% of the events), if the
data gaps exceed more than 10 % of the search window (affects
∼ 40% of the events), or the relative error in determining the
intensity peak is high (over 50%, affects ∼ 85% of the events).
This is the absolute value of the uncertainty of the background-
subtracted intensity peak divided by the background-subtracted
peak. We note that, while the percentages of events affected by
the aforementioned effects are rather high, this means that usu-
ally only a minority of data points were excluded from the peak
spectrum and the spectral fit. See also Table D.1, which pro-
vides the minimum and maximum energies considered in the fit
of each event.

Our analysis focuses on the energy spectra of SEE events
propagating along the magnetic field, which typically corre-
spond to the first-arriving particles and, in the case of anisotropic
events, those showing the highest peak intensity. In most cases,
the field-aligned particle beam is observed in the sunward-
viewing direction of EPT, which provides measurements from
four distinct viewing directions: sunward, anti-sunward, north,
and south. In such a case, we can combine the observations with
STEP, which is aligned with EPT sunward. However, if the elec-
tron beam is best detected from any direction other than EPT
sunward, we have to exclude STEP data. We also need to closely
follow the pitch-angle coverage of the telescopes and exclude
any energy channels where the observed peak intensity is influ-
enced by a sudden shift in pitch-angle coverage. Such abrupt
changes could cause the instrument to no longer observe the cen-
tral electron beam, potentially leading to inaccurate peak identi-
fication and artificial spectral features, such as spurious spectral
breaks. When we noticed a sudden change in pitch-angle cov-
erage following (or preceding) a period of stable coverage, we

7 We note that energy-dependent background intervals such as shown
in Fig. A.1 are not necessary in quiet times. However, in case of vari-
able and decaying background intervals the choice of energy-dependent
intervals, which follow also the expected trend of velocity dispersion,
allow us to chose the immediate background directly before the respec-
tive intensity increase in each energy channel, which would not be
possible if a fixed window would be used for all energy channels.
The background is typically comparable to, or slightly longer than,
the search window (approximately 1 hour). The appropriate length is
decided upon manual inspection.
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Fig. A.1. Example of intensity-time series showcasing the determina-
tion of the peak intensities. The top eight panels show the intensity
measured at eight selected energy channels of STEP (energy ranges are
provided in the legends). The vertical black lines in each of these panels
represent the time window within which we look for the peak inten-
sity. The time windows follow the trend of velocity dispersion. The
vertical green lines denote the peak intensity found for each channel,
and the grey area is the pre-event background that we subtract from the
peak intensity. The bottom panel represents the pitch-angle coverage of
STEP. We show only the centre pitch-angles of each of the 15 pixels of
STEP without the pixel opening angles.

excluded the affected energy channels occurring after (or before)
the shift to preserve the integrity of the spectrum.

We note that an intensity offset has been found between
STEP and EPT data. Before fitting an energy spectrum com-
bining STEP and EPT, we needed to correct for this offset (see
Appendix B).

Appendix B: Intensity offset between STEP and
EPT

Our study includes mostly highly anisotropic events. As we are
using a combination of STEP and EPD data in our spectral fit-
ting, we need to take into account the differences in the fields of
view (FOV) of STEP and EPT. Figure B.1 depicts a schematic
of the two FOVs. The red circle represents the FOV of EPT sun-
ward (30◦) while the blue box represents the FOV of STEP (28◦
× 54◦) divided into its 15 pixels.

Clearly, there is a difference between the two FOVs, which
can result in large discrepancies of the measured intensities in
the overlapping energy channels (25-80 keV) of STEP and EPT
in case of a highly anisotropic event, where the beam is best seen
and detected by the outer pixels (1, 5, 6, 10, 11, 15) of STEP. For
this reason, we only use the measurements of the nine centremost
pixels (2, 3, 4, 7, 8, 9, 12, 13, 14) of STEP to best mimic the FOV
of EPT.

Fig. B.1. Schematic of the FOV of STEP (blue), having a rectangu-
lar instrument opening of 28◦×54◦, divided into its 15 pixels, and EPT
(red), which has a circular opening angle of 30◦

This method helps to reduce intensity offsets between STEP
and EPT, but it has been found that, on top of this, a gen-
eral intensity offset between the two telescopes still remains.
This offset is event specific and varies in our sample between
0.9 and 3.68. The reason for the event specific offsets is most
likely due to the different angular and energy responses of STEP
and EPT. Therefore, during differently strong anisotropic peri-
ods and for different energy spectral indices in the overlapping
energy range of STEP and EPT, the offset might be smaller or
larger. Therefore, we developed a method to quantify and cor-
rect the individual intensity offset in each event. We determine
the shift factor separately for each event by vertically aligning
the measurements of STEP to those of EPT, in the correspond-
ing energy range. We shift the measurements to EPT and not the
other way around because EPT is a better-understood instrument
than STEP and its measurements are considered more robust and
reliable. First, we determine an average value for the intensity
measurements of STEP and EPT separately, using only the over-
lapping energy channels. We exclude from the average any chan-
nels that are not considered significant (see Appendix A) and
only perform the calculation if a sufficient number of channels
meet this criterion. Often, if the calculation cannot be carried
out due to too few significant channels in the overlapping energy
range, STEP data is excluded from the fit entirely, as the lower
energy channels would likely be affected as well. The shift factor
is then determined by simply dividing the average value of STEP
measurements by the average value of the EPT measurements in
the overlapping energy range.

Figure B.2 shows an example of what an SEE peak spectrum
looks like and how pronounced the gap between STEP (orange
points) and EPT (red points) measurements is without applying
a shift factor. Without correcting the gap, the result of a spectral
fit would be erroneous.

In all events analysed in this study, the intensities measured
by STEP were always higher than the ones measured by EPT,
never the opposite.

We note here that STEP has only one viewing direction
(sunward) and EPT has four viewing directions (sunward, anti-
sunward, north and south). If an event is best observed from
a direction other than the sunward direction, STEP data is
excluded entirely.

Appendix C: Correlation with radial distance

Previous studies (e.g. Strauss et al. 2020) suggest that the effect
of pitch-angle scattering on SEE spectra should increase with
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Fig. B.2. Example of a peak-intensity spectrum without shifting STEP
data. The orange points correspond to STEP measurements, the red ones
to EPT data and maroon to HET data. The grey points correspond to
energy channels that do not meet our significance threshold. The light
and fainter points mark the pre-event background that is also subtracted
from the peak-intensity measurements.

distance from the Sun as the larger distance would allow for
more scattering. It is therefore expected that a spectral break
caused by pitch-angle scattering would appear and become pro-
gressively more pronounced further away from the Sun.

We plot the break energy and the spectral index difference as
a function of radial distance in Figs. C.1 and C.2, respectively.
However, we do not find any dependence of these parameters on
Solar Orbiter’s radial distance from the Sun.

Appendix D: Event list

Table D.1 lists all events considered in our analysis. The event ID
is based on the EPD onset time (yymmdd-HHMM). Six events
were excluded from the analysis either because the spectrum
was not suitable for fitting (see Sect. 3.2), or because the energy
range provided by significant peak-intensity values was too lim-
ited. The table includes the minimum and maximum energy over
which the spectra were fit. We show the type of fit that best
describes the spectrum of each event. We also include in Table
D.1 the averaging that produced the best spectral fit. Addition-
ally, the table lists the distance of Solar Orbiter from the Sun at
the time of the measurements.

Appendix E: Mean spectral parameters calculated
as inverse-variance weighted averages

Table E.1 shows the mean spectral parameters and the cor-
responding uncertainties of our sample, originally presented
in Table 1, using an alternative method for determination of
the mean, that is the inverse-variance weighted average. This
method takes into account the individual fitting uncertainties of
each parameter in each event. When fitting the spectra, we con-
sider the energy bin widths of each energy channel as the uncer-
tainty in energy. Due to the logarithmic binning of the energy
channels, the bin widths grow considerably with energy, and
consequently also the uncertainties of spectral breaks located
at higher energies. As a consequence, when calculating the

inverse-variance weighted average of the break energies, the
lower energy breaks are weighted more. This causes the aver-
age break energy to have a much lower value than when it is
calculated as an arithmetic mean (cf. Tables 1 and E.1).
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Fig. C.1. Spectral break energy as a function of
the spacecraft’s distance. Symbols and colours
as in Fig. 5.

Fig. C.2. Absolute value of the difference
between the spectral indices as a function of the
spacecraft’s distance. Symbols and colours as in
Fig. 5.
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Table D.1. Event list and corresponding fits and parameters.

Event ID / date Distance from Type Min energy Max energy Averaging Telescope
( based on EPD onset time) the Sun [AU] of fit [keV] [keV] [min] (EPT)

20201210-2346 0.83 KK triple 10.4 200 5 sun
20210509-1412 0.92 double 35.4 454.3 1 south
20210522-0659 0.95 AK triple 4.8 320.8 2 sun
20210523-0456 0.95 AK triple 11 320.8 5 sun
20210523-0940 0.95 AK triple 4.8 161.9 2 sun
20210523-1122 0.95 double 4.8 382.7 5 sun
20210826-1824 0.62 double 4.8 165 2 sun
20210826-2336 0.62 double 35.4 140 5 south
20211009-0642 0.68 AK triple 4.8 454.3 1 sun
20211028-1553 0.8 single 7.1 454.3 1 sun
20211101-0154 0.83 KK triple 7.1 454.3 5 sun
20211204-1333 1 KK triple 7.1 176.7 1 sun
20220118-1755 0.93 KK triple 7.1 382.7 1 sun
20220120-0639 0.93 double 7.1 360 5 sun
20220305-2357 0.51 double 35.4 161.9 2 sun
20220310-2039 0.45 AK triple 7.1 350.9 5 sun
20220318-2210 0.36 AK triple 15 192.4 5 sun
20220330-2115 0.34 double 35.4 100 5 north
20220409-0404 0.43 double 35.4 270 5 north
20220409-1141* 0.43 130 454.3 north
20220409-1152* 0.43 130 454.3 north
20220411-2309 0.46 AK triple 8.2 137.1 1 sun
20220415-0302 0.5 KK triple 7.1 454.3 1 sun
20220416-1900 0.52 KK triple 10 350.9 5 sun
20220508-0431 0.76 AK triple 17 248.2 5 sun
20220608-2007 0.97 double 35.4 115.6 1 sun
20220723-2203 0.99 single 7.1 200 2 sun
20220830-1837 0.76 single 35.4 250 2 south
20220901-0737 0.75 AK triple 35.4 320.8 1 south
20220905-1629 0.7 AK triple 7.1 454.3 1 sun
20220922-1327 0.5 AK triple 7.1 248.2 1 sun
20220928-0836 0.43 double 35.4 270.6 5 sun
20221029-0202 0.45 AK triple 7.1 227.8 2 sun
20221029-0953 0.46 AK triple 7.1 98 5 sun
20221029-1019 0.46 AK triple 7.1 209.1 5 sun
20221030-0705* 0.47 7.1 76 sun
20221110-1720 0.61 AK triple 35.4 192.4 1 south
20221111-0155 0.62 AK triple 35.4 350.9 2 north
20221111-0324 0.62 AK triple 23 350.9 1 sun
20221111-0603* 0.62 35.4 48.5 north
20221111-1141 0.62 KK triple 7.1 320.8 1 sun
20221112-0231 0.63 AK triple 7.1 192.5 1 sun
20221112-1806* 0.64 south
20221114-0251 0.65 KK triple 35.4 248.2 5 sun
20221114-0311 0.65 double 35.4 180 5 sun
20221119-1309 0.71 double 7.1 225 5 sun
20221201-0724 0.81 KK triple 10 270.6 1 sun
20221218-1018 0.91 double 35.4 270.6 2 north
20221224-0416 0.93 KK triple 17 454.3 5 sun
20221224-0445* 0.93

Notes: The table shows the full list of 50 events we considered in our analysis. Six events were excluded and are marked with * in the table. The
event ID, taken from the CoSEE-Cat catalogue, is based on the EPD onset time (yymmdd-HHMM) at 44 keV. We show the type of fit we get with
our fitting procedure for each event. The Min (minimum) energy and Max (maximum) energy refer to the extremes of the energy range we fit. We
also include in the table the time averaging we found to be best (between 1, 2 and 5 minutes) for each event. We also specify the EPT telescope
used for each event. STEP measurements are excluded if the events is best seen from any direction other than EPT sunward.
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Table E.1. Inverse variance weighted average values of the spectral parameters for the different types of fits.

SPL DPL DPL DPL KK AK AK AK
STEP + EPT EPT only All STEP + EPT EPT only All

(1) (2) (3) (4) (5) (6) (7) (8)

No. of events (%) 3 (6.8 %) 4 (9.1 %) 9 (20.5 %) 13 (29.5%) 10 (22.7 %) 15 (34.1 %) 3 (6.8 %) 18 (40.9 %)
Ebl [keV] - 46.4 ± 2.5 56.0 ± 1.5 53.6 ± 1.3 17.2 ± 0.7 25.2± 1.4 62.7 ± 2.9 32.6 ± 1.3
Ebh [keV] - - - - 78.9 ± 3.5 37.9 ± 1,0 66.3 ± 6.0 38.6 ± 0.9

γ1 -2.12 ± 0.01 -1.63±0.07 -3.62±0.09 -2.41±0.06 -2.00±0.10 -4.66±0.26 -3.14±0.97 -4.57±0.25
γ2 - -3.44±0.10 -4.63±0.10 -4.08±0.07 -3.00±0.04 -1.41±0.09 -0.32±1.86 -1.41±0.08
γ3 - - - - -3.70±0.09 -3.63±0.05 -4.20±0.30 -3.64±0.05

Notes: See notes of Table 1 Abbreviations: SPL (single power law), DPL (double power law), KK (KK triple power law), AK (AK triple power
law)
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