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Abstract: We analyzed a sample of 21 solar energetic particle (SEP) events with clear signatures in
both near-relativistic electrons and high-energy protons spanning over ∼2.5 solar cycles from 1997 to
2016. We employed velocity dispersion analysis (VDA) for protons and fractional VDA (FVDA) for
electrons, as well as time shifting analysis (TSA) in order to identify the solar release times (SRTs)
of the electrons. We found that, for the majority of the events (62%), a simultaneous release was
observed, while, for 14% of the events, electrons were released later than protons (i.e., delayed
electrons); for 24% of the events, the opposite result was found (i.e., delayed protons). We found
that the path length (L) traveled by the protons and electrons was not related to the aforementioned
categorization. Moreover, we show that, in the case of simultaneous SEP events, protons and electrons
are being released in close connection to type III and type II bursts, while the opposite is the case
for delayed events. In addition, we demonstrate that, for the simultaneous events, both the proton
and the electron release are established in heights < 5RS and that, especially for the well-connected
simultaneous events, there is a co-occurrence of the type II burst with the release time of the particles.

Keywords: solar energetic particles (protons, electrons); radio bursts; solar flares; coronal mass
ejections; shocks

1. Introduction

Solar energetic particles (SEPs) are accelerated at the Sun or in the interplanetary
(IP) medium during eruptive solar events such as solar flares and coronal mass ejections
(CMEs). Once the particles are injected onto open magnetic field lines, they propagate
along the interplanetary magnetic field (IMF) from the Sun to the Earth. SEPs can reach
energies spanning from a few keV to a few GeV [1]. A dichotomous distinction between the
“impulsive” and “gradual” classes of SEP events [2] indicates the following: (a) “impulsive”
events originate in the low corona due to magnetic reconnection, are short in duration,
reach lower peak fluxes, and are associated with solar flares and type III radio bursts; (b)
“gradual” SEPs are characterized by longer durations, larger peak intensities, are associated
with CMEs and type II radio bursts, and originate higher in the corona when the CMEs
are able to form a shock that will efficiently accelerate the particles [3]. Nonetheless,
this dichotomous scenario is considered to be an oversimplification and is challenged by
observations (see, e.g., [4,5]). Many studies searched for a preferential correlation between
the parameters describing the importance of SEPs on the one hand and the eruptive solar
activity on the other [6]. Results indicate that comparable correlations have been obtained
with the CME speed (i.e., they are indicative for fostering a shock) and with soft X-ray (SXR)
peak fluxes (i.e., they are indicative of the flare strength), which fail to point to a single
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dominant accelerator. This pitfall was first indicated by Kahler [7] who proposed the “big
flare syndrome”, thereby highlighting the fact that solar activity parameters (i.e., the flare
strength and CME speed, for instance) are intercorrelated. Building on this, sophisticated
statistical methods were used to further demonstrate that (for example) SEP peak intensities
are indeed significantly correlated with both the CME speed and with flare parameters [8],
especially with solar flare fluence [8,9]. These findings argue in favor of a mixed scenario,
where processes related with both flares and CMEs contribute to SEP acceleration [4,6].
Moving forward, the dichotomous distinction was further challenged when a dependence
on the energy of the SEPs was introduced [10]. In particular, energies < 20 MeV in SEP
peak intensities had a higher correlation coefficient with CME speeds, while, for SEPs at
energies > 20 Mev, the peak SEP intensities had a higher correlation coefficient with the
flare peak photon flux, w hich is evidence of a mixed acceleration scenario where different
acceleration processes dominate at different SEP energies. Moreover, in a detailed study of
the large SEP event on 10 September 2017, multiple sources of high-energy protons were
revealed [11].

Type III radio bursts emerge from electrons that are accelerated in processes associated
with solar flares, wherein they propagate along open magnetic field lines outward from
the Sun [12]. Those are associated with “impulsive” SEPs, but, more importantly, type III
bursts provide direct observational evidence of the opening of the magnetic field lines,
which is a prerequisite for the escape of particles into field lines that magnetically connect
them to the observer [13]. Moreover, type II radio bursts are associated with electron beams
accelerated at shock waves and usually with “gradual” SEP events [14] when a significant
solar event takes place. These radio bursts are tracers of an evolving/travelling shock
from low in the corona into the IP medium [3,15–17]. Furthermore, shock acceleration is
most efficient at heights above ∼3 RS. A prime set of SEPs that are accelerated to near-
relativistic energies (≥500 MeV) reach the Earth’s atmosphere and trigger a cascade that
results in secondary particles being recorded at the ground as enhancements above the
background of the ever-present galactic cosmic rays (GCRs), which are called ground-
level enhancements (GLEs; [18]). For GLEs, the inferred solar release time (SRT) was
found to occur after the onset of the metric type II radio emission [2]. Additionally, when
Reames [2] considered GLEs that were well connected (i.e., >W30◦, thus establishing an
optimal magnetic connection of the source site to the observer) their inferred release began
at a shock height ranging between 2–4 RS. This finding was later verified by an independent
study [19] that reported a maximum of the release heights of high-energy protons at 3–4 RS.

In order to shed light on the acceleration and release of protons and electrons in SEP
events, Krucker and Lin [20] proposed two classes of events by utilizing the measurements
of electrons (0.27–0.517 MeV) and ions (0.03–6 MeV) from the Wind/3DP [21]. In particular,
in the first class, both the protons and electrons had the same path length (L), ranging close
to the nominal Archimedian/Parker spiral (∼1.2 AU), while, in the second class, the pro-
tons had a larger L (around 2 AU). Based on the time difference of the inferred release of the
particles, these authors, assuming CME-driven shock acceleration, concluded that protons
are accelerated higher than electrons in the corona in the first class and that protons exhibit
a later release in the second class. Building on this, Kouloumvakos et al. [19] used ion mea-
surements from the Solar and Heliospheric Observatory (SOHO)/Energetic and Relativistic
Nuclei and Electron experiment (ERNE; [22]) (1.58–131 MeV) and electron recordings from
the Wind/3DP (0.020–0.646 MeV), and they showed that, in half of the SEP events, the pro-
tons and electrons were released simultaneously, but, in the other half, the electron release
was delayed compared to the proton release (on average by ∼7 min). They also showed
that there is no clear-cut inference of the ordering relation between type III bursts and
the release of protons and electrons. Nonetheless, Xie et al. [23], utilized SOHO/ Electron
Proton and Helium Instrument (EPHIN; [24]) electron fluxes (0.25–10.4 MeV), SOHO/ERNE
proton fluxes (13.8–101 MeV), and similar energy channels of the Solar and Terrestrial
Relations Observatory (STEREO)/ Solar Electron Proton Telescope (SEPT; [25]), the High
Energy Telescope (HET; [26]) and Low Energy Telescope (LET; [27]) detectors, wherein they
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demonstrated that near-relativistic electrons and high-energy protons are preferentially
released simultaneously (within±8 min) and explained the observed delays (when present)
to transport effects and/or to the time necessary for the evolving shock to become strong
enough to efficiently accelerate particles. In a follow up study, Ameri et al. [28] examined
the release of the protons and electrons in SEPs using the SOHO/ERNE proton measure-
ments (13.8–80.3 MeV) and the Wind/3DP electron measurements (0.06–0.646 MeV). They
separated the events with respect to their release times and the onset of type II bursts with
one category, including all the events with a release time before the onset of the type II
bursts and a second category including all the events with a release at or after the occur-
rence of the type II burst. These authors concluded that the protons in the latter category
of events were accelerated high in the corona, presumably in CME-driven shocks. They
further noted that, provided that the protons in the former category were also accelerated
by CME-driven shocks, the acceleration occurred low in the corona in that category of
events. Nonetheless, for this case, they did not exclude accelerations below the heights of
the CME leading front, in flares, or in CME-initiation-related processes. Moreover, Ameri
et al. [28] found that most events demonstrate the simultaneous (within ±7 min) release
of protons and electrons, while, in the rest of the events, they identified delayed proton
release with respect to the electron release and an exception of one event for which the
situation was directly opposite (i.e., the electrons were released later than the protons).

In this work, we investigated a sample of 21 SEPs that were clearly identified in both
near-relativistic electrons and high-energy proton measurements, being further temporally
associated. We employed velocity dispersion analysis (VDA) at protons ranging from
5–200 MeV, fractional VDA (FVDA) to electrons ranging from 0.020–0.646 MeV electrons,
and time shifting analysis (TSA) to electrons ranging from 0.18–0.31 MeV (Section 2). Con-
sequently, we compared the release times of the protons and electrons, and we investigated
the characteristics of the SEP events and their associations with type II and III radio emis-
sions, as well as with their inferred release heights. Moving forward, Section 3 presents the
results of the proposed classification/categorization of the SEP events and the outputs of
the statistical analysis, and Section 4 concludes this manuscript.

2. Data Selection and Analysis Methods
2.1. Data Selection

For our analysis purposes, we started with the catalog of Paassilta et al. [29], which
consists of 176 solar energetic particle (SEP) events that were observed during the years
1997–2016. This list was created based on the SOHO/ERNE proton measurements at
55–80 MeV and on observations of the Electron Proton and Alpha Monitor (EPAM; [30])
on board the Advanced Composition Explorer (ACE; [31]) at 0.18–0.31 MeV for electrons.
Based on this catalog of SEP events, we assembled proton and electron data from various
sources (to be detailed here below) in order to perform our analysis.

In particular, for the protons, we explored the possibility to extend the study of
Paassilta et al. [29] to higher energies. In doing so, the SEPEM (Solar Energetic Particle
Environment Modeling)/RDS (Reference Data Set) [32] was used. The SEPEM/RDS deliv-
ers 10 differential channels covering energies ranging from 5–200 MeV, which are based
on the available measurements of protons from the Geostationary Operational Environ-
mental Satellite (GOES) 5, the GOES 7, the GOES 8, the GOES 11/Space Environment
Monitor (SEM), the GOES 13/Energetic Particles Sensor (EPS), and Interplanetary Moni-
toring Platform 8 (IMP 8)/Goddard Medium Energy (GME). For the electrons, we used
data collected by the EPAM instrument onboard the ACE, similarly to [29], at an energy
channel of 0.18–0.31 MeV. In addition, we further used seven energy channels of the
Wind/3DP instrument of the Wind spacecraft covering an energy range of 0.027–0.520 MeV
for the electrons.

The context observation used in this study included the following: solar wind, CMEs,
solar flares, and type II and III radio bursts. In particular, the hourly solar wind speed
(km/s) data were obtained from the OMNIweb network1. In addition, the CMEs were
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identified from the CDAW CME Catalogue2 [33], which is based on observations from the
Large Angle and Spectrometric Coronagraph (LASCO) on board the SOHO spacecraft [34].
Furthermore, the solar flare intensity, associated with the processes that originated the
particles of SEP events, which was recorded in a soft X-rays time series at 0.1–0.8 nm, was
obtained from the Solar Time viewer for AFFects (STAFF) database3. Finally, the presence
or absence of type II4 and type III radio bursts [35,36] was based on the examination of
relevant lists and the inspection of radio spectra images by spacecraft (i.e., Wind/WAVES)
and ground-based facilities5. In particular, decametric–hectometric (DH) type II bursts
observed with the Wind/WAVES were utilized in the study. In general, type II bursts occur
at all wavelengths (from metric—m—to kilometric—km). Nonetheless, the online catalogue
employed in our work provided the range of frequencies of each type II burst. Moreover,
type III bursts were identified at a frequency of 14 MHz. In addition, there were cases with
multiple type III bursts occurring in high sequences that lasted for a relatively extended
time period. These particular cases were identified and used later on as “radio storms”.

2.2. Data Analysis and Methods
2.2.1. Onset Time Determination

To automate the determination of the onset time of an SEP event for each energy
channel, we developed an algorithm that was applied across all the particle data provided
by the GOES/SEPEM for the protons and the ACE/EPAM and Wind/3DP for the elec-
trons. The basic idea of the algorithm aims to create an objective criterion by comparing
the detector measurements for a time window where there is no event (counts without
fluctuations, i.e., background) with the subsequent measurements. The first step is to
determine the average intensity J and calculate the standard deviation σ for the given time
window; the next step is to compare the subsequent time window measurements with a
threshold, defined as J + n · σ, where n is chosen by the user (usually n = 2, 3, or 4). When
m consecutive points satisfy this condition (usually m = 3 or 4), then the event onset time
in the given channel is defined as the time stamp of the first point above th threshold. If
the condition is not fulfilled then the sample window under consideration is moved one
point forward in time, then the process is repeated. It is worth mentioning that, in case of
pre-event enhancements (such as events that are closely spaced in time or the presence of
contamination), the algorithm may fail to determine the onset time (see also [5]).

2.2.2. Velocity Dispersion Analysis

Velocity dispersion analysis (VDA) offers the possibility to calculate the SRTs of the
particles emitted from the Sun, as well as the distance traveled from the source to the
detector (see details in [29]). VDA assumes that the particles at all energies are released
simultaneously and travel the same path length. In particular, the equation of the velocity
dispersion in 1 AU shows the aforementioned onset times as a function of the inverse
velocity of the particles for the respective energies and is given as follows:

Tonset(E) = Trel + 8.33
min
AU

L(E)
β(E)

,

where Tonset(E) is the observed onset time in min at the particle kinetic energy E, Trel is
the release time in min, L is the apparent path length (in AU) traveled by the particles,
and β(E)−1 is the inverse velocity of the particles. According to the VDA assumptions,
if energetic particles travel the same path length and are released at the same time, then
a linear dispersion relation can be obtained by plotting the particle onset times versus
their inverse velocities. As a result, the slope and intersection of the linear fit yields the
path length and the particle SRT, respectively. VDA further assumes that the first arriving
particles exhibit scatter-free propagation, while their results are subject to the accurate
determination of the onset time in the in situ of the particle intensity time profiles. In
this work, we considered all 176 SEP events reported in [29] and applied VDA to the
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GOES/SEPEM proton differential channels. Out of all of the176 VDA results, there were
41 events with physically acceptable outcomes, namely, with 1 < L ≤ 3 AU. This criterion
was observationally established in the work of Vainio et al. [37], who showed that nearly all
of the SEP events with an L within this range had reasonable SRTs that were independent of
the path length. Moreover, Vainio et al. [37] concluded that, for any L outside of this range,
the SRT should not be trusted. In addition, this observational finding was corroborated
with a previous study that used simulated data and showed that VDA can yield meaningful
results when L ranges between 1 to ∼2 AU [38].

2.2.3. Fraction Velocity Dispersion Analysis

The authors in Tan et al. [39] compared the apparent particle path lengths calculated
with and without correction to instrumental measurements and suggested that the non-
natural results, (e.g., [40]), could be due to contamination of the low-energy channels by
the energy deposition of high-energy particles in them. In particular, some of the incident
high-energy electrons and protons could scatter out of the detector and contaminate the low-
energy channels, thus resulting in the premature detection of lower-energy particles. That
is, as the high-energy particles arrive earlier at the satellite, assuming they do not start much
earlier than the low-energy particles, they are likely to deposit a fraction of their energy in
the lower-energy channels. This gives the false impression that the intensity of the particles
corresponding to the low-energy channel has increased, thus resulting in an earlier estimate
of the onset time, Tonset, of the event for that channel compared to the actual time that the
low-energy particles arrive at the detector. Consequently, this would produce early onsets in
lower energies and thus would violate the assumptions of VDA. The authors in Kahler and
Ragot [40] examined electrons recorded at the ACE/EPAM (0.04–0.31 MeV; with the event
being identified at the two higher-energy channels from 0.103–0.31 MeV) and the Wind/3DP
(0.025–0.5 MeV). The authors in Tan et al. [39] used electrons measured by the Wind/3DP
(0.027–0.510 MeV) and protons from the Wind/Energetic Particles: Acceleration, Composition,
and Transport (EPACT [41]) (1.4–120 MeV). Nonetheless, substantial contamination was
mainly suffered by the low-energy electron channels, in contrast to the protons, which did
not exhibit similar behavior.

In order to overcome this problem, we used fractional velocity dispersion analysis
(FVDA: [42]) on the Wind/3DP measurements of the electrons. We first found the maximum
value jp in the electron intensity profile and then calculated the time tη in the rising phase
of the intensity profile that satisfied the following relation:

j(tη)− jb = η(jp − jb),

where η is the fractional parameter (we considered η = 3/4), and jb is the value of the
intensity before the event starts (or the background intensity). The background intensity jb
is considered to be the average value of the intensity in a window of 20 to 30 min before
or after the event. According to the above relation, we realized that, for η → 0, the time
tη calculated corresponds to the onset time of the event (see details in [42]); however, as
already mentioned in the same time interval (for small η), the contamination of the channels
is stronger. A fact that was examined by Li et al. [43], who studied various time intensity
profiles before and after correcting for contamination by higher-energy channels, revealed
that this effect shows a decreasing trend from start to peak in the rising phase. This was the
reason why we defined that η = 3/4.

After the calculation of the time tη , we followed the same procedure as for VDA,
except that in the above equation the Tonset time was replaced by the time tη , thus resulting
in finding the release time (Trel) of the electrons from the Sun and the distance they traveled
to the Earth. For the 41 SEP events noted above, we applied the FVDA method to the
Wind/3DP electron measurements. This resulted in 21 events with physically acceptable
values of L (apparent path length). The reason we did not apply this analysis to the
entire catalogue was because we wanted to examine the events for which we would have
a complete picture of the behavior of both of the particle populations.
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2.2.4. Time Shifting Analysis

Time shifting analysis (TSA) essentially “shifts” the detection time of the particles
on Earth by a time equal to the time it takes for them to travel through the Parker spiral
connecting the Sun and Earth, and it is a later limit for the release of the particles, thus
denoting the later limit before which the particles may have been released from the Sun [44].
The equation expressing the above reasoning is as follows:

Tonset = Trel +
s
v

,

where s is the length of the Parker spiral between the Sun and the spacecraft (Earth), and v
is the speed of the particles. At this point, we noted that the length of the aforementioned
path would be calculated using the Parker Spiral Field Line Model and the average solar
wind speed measured in situ on the observing spacecraft via the following relation:

s = z(1AU)− z(Rs),

where,

z(r) =
a
2
[ln (

r
a
+

√
1 +

r2

a2 ) +
r
a

√
1 +

r2

a2 ]

The coefficient a is equal to a = usw/Ω, where usw is the speed of the solar wind, and
Ω is the period of the Sun’s equatorial rotation (2πΩ = 24.47d). The result of the first
relation for Trel represents the latest possible start of the solar energetic particles and is
a good approximation if the particles "travel" without scattering and with a tilt angle close
to zero along the magnetic field lines. This is the kind of behavior that electrons usually
exhibit, and, therefore, the present method was used for the ACE/EPAM electron data.
It is worth mentioning that TSA is less accurate than FVDA, and, for this reason, it was
used only in cases where FVDA failed to calculate a physically acceptable release time (Trel)
of the electrons. In particular, in 6/21 events concluded via the FVDA method, while the
length traversed by the particles was reasonably correct, their release times were calculated
to be later than the corresponding Tonset times of the energy channels, which is impossible.
Consequently, for these 6 events, we used the corresponding release times Trel , which were
obtained via TSA.

In all of the cases under study, 8.33 min have been added to the obtained SRT in order
to facilitate direct comparison with the electromagnetic emission onsets.

3. Results
3.1. SEP Associations with Other Observables

Aiming at a complete presentation of all of the existing information and data for the
21 SEP events under study, we implemented integrated images separately for each event
(see an example in Figure 1). These images include all of the particle and solar data we
extracted from the databases mentioned in the previous section .

These illustrations feature three types of graphs sharing X and Y axes. The X axis
depicts time, thus resulting in a vertical alignment of the three diagrams. The Y axis
represents intensity, which varied across the diagrams. The top graph displays soft X-ray
radiation fluxes for 0.1–0.8 nm wavelengths, alongside the CME’s height–time profile (for
the right y axis, this is the black points and their corresponding linear fit). The middle
graph exhibits the proton time profiles at different energies via the SEPEM/RDS, while, in
the third graph, the electron recordings from the Wind/3DP are presented.

The top panel of Figure 1 contains two Y axes: one on the left hand side showing the
SXR flux values [W/m2] and one on the right hand side with Rs units. Apart from the
red line, which is the flux values per time for the X-rays, representing the intensity of the
solar flare, and the black dots with their corresponding linear fit (black line) concerning the
CME height–time evolution taken by the CDAW CME catalogue, additional information is
imprinted on the legend of the plot. In particular, this includes the following: (a) the radial
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speed of the CME, which was computed from the slope of the linear fit (verified against the
similar speed obtained from the CDAW CME catalog), (b) the release height for the protons
(Hp(Tp,rel), which is presented as a blue dot), and (c) the release height for the electrons
(He(Te,rel); presented as a green dot). Both (b) and (c) were calculated by assuming that
the protons and electrons are released during the propagation/expansion of the driving
CME. In particular, the CME height–time evolution was back-extrapolated by assuming
a linear dependency. The height of the CME at the time that we previously estimated that
the particles would be released (i.e., Tp,rel and Te,rel) was consequently marked. In addition,
we plotted the detection times of type II radio emissions (yellow vertical dashed line).
Moreover, the detection time of type III radio emissions (pink line) (or the time interval in
the case of a radio storm—pink box), are also added on the top panel. The blue and green
boxes indicate the errors in the proton and electron SRTs obtained by VDA and FVDA,
respectively.

Figure 1. The SEP event on 22 July 2000, 11:30 UTC. The top panel depicts the solar flare in terms of
SXRs, together with the CME height–time and the height of release of electrons and protons. The
middle panel shows the recordings of the GOES/SEPEM differential proton channels, and the bottom
panel demonstrates the electron recordings from Wind/3DP. See text for details.

The middle panel shows the intensity, in units of particle/(cm2 · sr ·MeV · s), versus
the time for the ten differential proton energy channels, as obtained from the SEPEM RDS,
along with the SEP event onset times Tonset (vertical lines) for each energy channel, which
were calculated according to the σ method (see Section 2.2.1). Finally, the bottom panel
depicts the intensity [particle/(cm2 · sr · keV · s)] time profiles for the seven differential
electron energy channels, as obtained from the Wind/3DP.

3.2. The Classification of SEP Events

Based on the release times (Trel) and release time errors (δTrel) of the electrons and
protons, we classified the SEP events into three categories: the simultaneous events, the
delayed electron events, and the delayed proton events. We should point out here that
δTrel was directly obtained by the ordinary least square (OLS) linear fit to the Tonset(b−1)
when applying (F)VDA. In simultaneous events, the release of the protons and electrons
is assumed to have occurred concurrently. In this work, simultaneous events are defined
as those for which the time sets defined as (Trel,p − δTrel,p, Trel,p + δTrel,p) and (Trel,e −
δTrel,e, Trel,e + δTrel,e) have common time points and thus, in essence, overlap. This feature
is readily apparent in the integrated images of the events (i.e., it is similar to Figure 1)
belonging to this category, with the blue (green) boxes indicating that the aforementioned
time intervals appeared to coincide in time.
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On the other hand, the delayed proton events were characterized by an earlier release
of the e− than the p+. In such a case, the blue frame depicting the timing of the protons is
located after the corresponding green frame of the electrons. Similarly, the delayed electron
events are characterized by an earlier release of the protons. In this case, the green frame
(i.e., for the electrons) follows the blue one (i.e., for the protons).

It is worth mentioning that, out of the total 21 SEP events, the simultaneous events
were 13/21 (62%), the delayed protons events were 5/21 (24%), and the delayed electrons
events were 3/21 (14%).

3.3. Analysis
3.3.1. Path Lengths for Protons and Electrons: Lp(Le)

Figure 2 compares the derived path lengths for the protons and electrons for the
21 events that have been analyzed. The protons seem to be characterized by lengths Lp
ranging from 1–3 AU, i.e., within the whole physically acceptable range that we have
defined from the beginning; on the other hand, the electrons seem to take values Le from
1–1.75 AU. Thus, the SEP events were divided into two basic categories. The first category
concerns events for which Lp = 1–2 AU and Le = 1–1.75 AU (14 out of 21, 66.66%), while the
second category is characterized by Lp = 2–3 AU and Le = 1–1.75 AU (7 out of 21, 33.33%).
Krucker and Lin [20] made a similar separation, except that they did not have such a large
variance in the Lp(Le) diagram; thus, for the first category it was Lp = 1.1–1.5 AU and
Le = 1–1.5 AU, and for the second category it was Lp = 1.7–2.2 AU and Le = 1.1–1.3 AU. It is
worth noting that in [20], 18 out of 26 events, i.e., 70%, belonged to the first category, while
the remaining 8 events, i.e., 30%, were part of the second category, which is consistent with
our results.

Figure 2. Chart Lp(Le). Black points correspond to delayed proton events, green points to delayed
electron events, and yellow points to simultaneous events. The red bars indicate the errors of Lp

and Le.

3.3.2. Proton Event Groups

Figure 3 provides the length that the protons traveled (Lp) as a function of the dif-
ference between the release time of the protons and electrons (Dtrel = Tp,rel − Te,rel). As
can be seen, simultaneous events (denoted as yellow stars) spanned over Lp = 1–3 AU.
Moreover, all of the 13 simultaneous events fell between Dtrel = [−20 min, 50 min], while
11/13 had a Dtrel = [−20 min, 15 min]. Since we are focusing on simultaneous events, the
Dtrel should not be large. As for the delayed proton events (denoted as black dots), we
observed a larger spread on the Dtrel , which spanned from [15 min, 130 min], with Lp spans
between 1 and 2.5 AU. On the other hand, the delayed electron events (denoted as green
dots) were localized in a very specific region from [−10 min, −5 min] and from 1.35 AU to
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1.65 AU. Based on Figure 3, we separated the events into two main groups. The first group
(Group 1) contains 14 events (66.66%) with Lp values varying between 1 and 2 AU and a
Dtrel varying from [−25 min, 78 min], while the second group (Group 2) contains 7 events
(33.33%) with Lp values varying between 2 and 2.7 AU and a Dtrel varying from [−13 min,
125 min]. For comparison, Krucker and Lin’s [20] first group contained 18 events (70%)
with Lp values varying between 1 and 1.5 AU and a Dtrel varying from [20 min, 200 min],
while the second group contained 8 events (30%) with Lp values varying between 1.6 and
2.2 AU and a Dtrel from [−25 min, 40 min].

Figure 3. Lp(Dtrel). Black points correspond to delayed proton events, green points to delayed
electron events, and yellow points to simultaneous events. The red bars indicate the errors of Lp

and Dtrel .

3.3.3. Proton Events, Temporarily Related Electron Events, and Release Episodes

Figure 4 provides the Dtrel as a function of the time difference between the proton
release time and the onset time of type III radio emissions at 14 MHz (Tp,rel − TtypeI I I).
Simultaneous events were concentrated in a range from [0 min,50 min], while, when
focusing on the 11/13 events, this interval shifted to [0 min, 25 min]. Similarly, the Dtrel
for the simultaneous events fell within [−15 min, 40 min] and was narrowed to [−15 min,
15 min] for the 11/13 sample. Therefore, the release of protons is temporally related to the
release of electrons and to the onset of type III radio bursts. On the other hand, the delayed
p+ events seemed to take large positive values on both axes, while the delayed e− events
were characterized by a very small range of values with the time differences Dtrel and
(Tp,rel − TtypeI I I), which ranged from [−20 min, −10 min] and from [−10 min, −5 min],
respectively. Moreover, for the set of 21 events of this study, a linear relationship between
the Dtrel and Tp,rel − TtypeI I I was clear, thus indicating that the longer the injection of the
protons into space was delayed with respect to the observation of type III radio emissions,
the longer it was delayed with respect to the release of the electrons. This behavior, and by
extension the line describing it, appears to be common to both types of events. The same
observation was underlined by Ameri et al. [28], who implemented a similar representation
(their Figure 5b) for a statistical sample of 45 SEP events. They also pointed out the fact
that simultaneous events seem to be concentrated in small differences between Dtrel and
Tp,rel − TtypeI I I , while delayed events are characterized by larger time differences, which is
a point that we also made based on our diagram.
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Figure 4. Dtrel(Tp,rel − TtypeI I I). Black points correspond to delayed proton events, green points to
delayed electron events, and yellow points to simultaneous events. The red bars indicate the errors of
Dtrel and Tp,rel − TtypeI I I .

Figure 5 presents the relation between the Dtrel and the time difference between
the release of the protons and the observation time of the DH type II radio burst (Dt =
Tp,rel − TtypeI I). Figure 5 seems similar to Figure 4, yet it contains the 16/21 SEP events
we have focused on, because, for the remaining five events, no type II radio emission was
identified. For the simultaneous events, the Dt ranged from [−35 min, 50 min], while the
Dtrel ranged from [−15 min, 40 min] when noticing that, for 8/10 of the simultaneous
events (i.e., yellow points), the variance decreased to [−15 min, 15 min]. This characteristic
becomes apparent if we omit the two (highest) yellow points reflecting simultaneous events,
which were characterized by Dtrel ≈ 50 min. For the four delayed Dtrel events, there was a
large range of values on the positive semiaxes X and Y, from [20 min,150 min] and from
[15 min, 125 min], respectively. On the other hand, the two delayed e− events occurred at
approximately the same points, with a Dtrel = −20 min and a (Tp,rel − TtypeI I) =−35 min.
In addition to the nearly equal time differences for the plots, Dtrel(Tp,rel − TtypeI I I) and
Dtrel(Tp,rel − TtypeI I), an additional common feature is their linearity. For the set of 16 SEP
events, we saw that, as the Dtrel increased, the Tp,rel − TtypeI I also increased. This indicates
that the longer the proton release is delayed with respect to the type II radio emissions,
the longer it is delayed with respect to the release of the electrons. Thus, the general trend
visible in Figures 4 and 5 is that the difference between the proton and electron release
times (Y axis in both of the Figures) increases with the increasing difference between the
proton release time and the type III onset time (Figure 4) or the type II onset time (Figure 5).
As a result, for the simultaneous events, the protons seem to be released in temporally more
close relation to the electrons (Y axis in both of the Figures) escaping into the IP medium,
which most possibly follow magnetic reconnection processes producing the electron beams
leading to radio type III emission.

Figure 6 depicts the difference between the proton release times and type III onset
(Tp,rel − TtypeI I I) and the electron release times and the type III onset (Te,rel − TtypeI I I) for all
of the 21 SEP events. As can be seen, all of the SEP events were concentrated on the positive
X axis part, with the time difference Te,rel − TtypeI I I ranging—for simultaneous events—
from [0 min, 20 min] and for the delayed proton and electron events from [0 min, 25 min]
and [0 min, 10 min], respectively. Therefore, it seems that the release of electrons occurs at
the same time or shortly after the emission of the type III radio burst. In contrast, the Y axis
revealed a wide range of values, from [10 min, 150 min] for the delayed proton events, while,
for the delayed electron events, this range fell within [−10 min,−5 min]. In addition, the
13 simultaneous events took values between [0 min, 50 min], with 11 of them ranging from
[0 min, 20 min]. As a result, the majority of the simultaneous events were characterized by
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proton releases in close proximity to type III radio bursts. On the other hand, the delayed
proton events had a wide range of values, and the protons predominantly appeared to be
released after the type III onset. For the delayed electron events, the protons were released
earlier but were still close to the type III radio emissions, while the electrons were injected
into IP space later, but still within 10 min after the aforementioned radio bursts. It should be
noted that, in [28], the same diagram with inverted axes, i.e., Te,rel− TtypeI I I(Tp,rel− TtypeI I I),
found a linear correlation for each type of event, simultaneous and delayed, which does
not appear in our results.

Figure 5. Dtrel(Tp,rel − TtypeI I). Black points correspond to delayed proton events, green points to
delayed electron events, and yellow points to simultaneous events. The red bars indicate the errors of
Dtrel and Tp,rel − TtypeI I . The included events are 15/21; as for the remaining 6, it was not possible to
identify the region where the respective solar flare occurred.

Figure 6. Tp,rel − TtypeI I I(Te,rel − TtypeI I I). Black points correspond to delayed proton events, green
points to delayed electron events, and yellow points to simultaneous events. The red bars indicate
the errors of Tp,rel − TtypeI I I and Te,rel − TtypeI I I .

Figure 7 is similar to Figure 6 but with respect to the type II onset time (i.e., Tp,rel −
TtypeI I(Te,rel − TtypeI I)) for the 16 SEP events with identified type II bursts. For the four
black dots (delayed protons), a relatively small spread was observed on the X axis, with
values ranging from −5 min to 30 min, and a significantly larger range was observed
on the Y axis, with values ranging from 2 min to 150 min. The two green dots (delayed
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electrons) were located almost at the same points, with Tp,rel − TtypeI I = −35 min and
Te,rel − TtypeI I = −15 min. The statistical sample for the set of delayed events was quite
small, only six events, yet they seemed to show a linear dependence between them. For the
delayed proton events, we observed a similar behavior to that of the Tp,rel − TtypeI I I(Te,rel −
TtypeI I I) diagram, i.e., the release of p+ particles into IP space well after the type II radio
bursts (>30 min) and the release of e− particles relatively close to the radio emissions.

Figure 7. Tp,rel − TtypeI I(Te,rel − TtypeI I). Black points correspond to delayed proton events, green
points to delayed electron events, and yellow points to simultaneous events. The red bars indicate
the errors of Tp,rel − TtypeI I and Te,rel − TtypeI I . The included events are 15/21; as for the remaining 6,
it was not possible to identify the region where the respective solar flare occurred.

For the simultaneous events, a linearity indicates that when the time difference Tp,rel −
TtypeI I increases, the time difference Te,rel − TtypeI I also increases. For these events, the
range of values for the X and Y axes is from−20 min to 75 min and from−35 min to 50 min,
respectively. In addition, we observed a group of six simultaneous events where they were
characterized by negative Tp,rel − TtypeI I and Te,rel − TtypeI I values; therefore it was not
improbable to suggest that particles were released prior to the detection of the DH type II
radio emissions. Thus, one may assume that the dominant contributor in these events was
the solar flare and not the CME. At the same time, it could be the case that the shock was
still evolving (from 2–4 RSUN), and it was either not yet supercritical, or the geometry of the
shock was not oblique to the quasiperpendicular, both of which are necessary conditions
for the radio type II emission to be produced by a CME-driven shock [45].

3.3.4. Release Episodes and the Location of the Solar Source

Figure 8 presents the difference between the proton start times and the onset of the
type III radio bursts as a function of the event connection angle (∆Φ). This refers to the
longitudinal distance and was calculated as follows:

∆Φ = φ f l −
Ω−1
� rs/c

usw
(1)

where φ f l is the solar flare longitude, 2πΩ−1
� = 24.47d is the equatorial period of the solar

rotation, rs/c is the radial distance of the spacecraft from the Sun, and usw is the average
solar wind speed at the time of the SEP event observed onset. The longitudinal distance of
the footpoint from the flare location is positive if the flare is to the west from the footpoint
and negative if the flare is to the east. The total number of events considered in the present
case was 15, 6 delayed and 9 simultaneous, because, for the remaining 6 events, it was not
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possible to detect the respective flare and thus calculate its connection angle due to the fact
that the event originated behind the solar limb.

Figure 8. Tp,rel − TtypeI I I(∆Φ). Black points correspond to delayed proton events, green points to
delayed electron events, and yellow points to simultaneous events. The black solid lines represent
Tp,rel − TtypeI I I = +/ or −20 min and ∆Φ = +/− 10o forming a region characterized by good magnetic
connection and proton release times close to the onset of type III radio emissions. See text for details.

The vertical lines in Figure 8 indicate a range from −10◦ to 10◦ for the X axis and
the horizontal lines indicate a range from −20 min to 20 min for the Y axis. Based on
the diagram, simultaneous events had a ∆Φ from −40◦ to 40◦ and a Tp,rel − TtypeI I I from
−10 min to 50 min. The delayed p+ events had a ∆Φ from−60◦ to 20◦ and a Tp,rel − TtypeI I I
from 40 min to 150 min, while the delayed electron events presented a ∆Φ from 0 to 5◦ and
a Tp,rel − TtypeI I I from −10 min to −5 min. Therein, the simultaneous events seemed to be
concentrated at relatively small time differences of Tp,rel − TtypeI I I and small connection
angles of ∆Φ, with 8 out of 10 being located between−20 min and 20 min and being located
between −25◦ and 35◦; similarly, the delayed e− events were characterized by very small
connection angles and time differences. In contrast, the delayed proton events exhibited
large dispersions on both axes and were identified as we move away from ∆Φ = 0o. The
authors in [28] presented a similar Figure (their Figure 6a) for the set of the 41 events
they studied, without separating them into simultaneous and delayed. However, both
illustrations (Figure 8 of the current work and Figure 6a in their article) have similarities in
terms of the events’ distributions along the axes.

Figure 9 is similar to Figure 8 but demonstrates the electrons’ release. In this particular
case, the simultaneous events had a ∆Φ ranging from −40o to 40o, which is to be expected,
since we are considering the same SEP events, and they had a time difference, Te,rel−TtypeI I I ,
that ranged from 0 min to 20 min. Similarly, the delayed p+ events were characterized by a
∆Φ ranging from −60o to 20o and by a Te,rel − TtypeI I I ranging from 0 min to 25 min, while
the delayed e− events were identified very close to zero on both axes. The simultaneous
and delayed e− events were concentrated at relatively narrow ∆Φ values, and the delayed
p+ events showed a larger dispersion. Ameri et al. [28] were able to associate electron
events with the initially considered proton events for 22/41 events, which are presented in
their Figure 6b, which is similar to Figure 9. Upon comparing these two, a similar behavior
with respect to the dispersion of the events along the axes is apparent. Upon focusing on
each group, it can be observed that the delayed p+ events appeared to cluster around very
negative values of ∆Φ and larger time differences, (i.e., Te,rel − TtypeI I I) when compared to
the simultaneous events in each Figure. Generally, simultaneous events are characterized
by a ∆Φ around 0o and by a small Te,rel − TtypeI I I , thus indicating that the electrons were
released together with or shortly after the type III burst.
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Figure 9. Te,rel − TtypeI I I(∆Φ). Black points correspond to delayed proton events, green points to
delayed electron events, and yellow points to simultaneous events. The black solid lines repre-
sent Te,rel − TtypeI I I = −20 min, Te,rel − TtypeI I I = 20 min, ∆Φ = −10o, and ∆Φ = 10o, thereby
creating a region characterized by good magnetic connection and electron release close to type III
radio emissions.

Figure 10 is similar to Figure 8 but for type II bursts. Figure 10 and the following
Figure 11 that presents the relation (Te,rel−TtypeI I(∆Φ)) include 12/21 events, of which 5/12
were delayed and 7/12 were simultaneous. The reason we omitted the remaining 9 out of
the total 21 events is that it was not possible to detect both the respective solar flares and/or
the type II radio burst. As for the simultaneous events, the values of the time difference
Tp,rel − TtypeI I ranged from −35 min to 50 min, and the ∆Φ values ranged from −40o to
40o, respectively; for the delayed p+ events, the values of the Y axis were from 50 min
to 155 min, and the values of the X axis were from −60o to 20o. In addition, the delayed
e− events were close to a ∆Φ = 0o and a Tp,rel − TtypeI I = 0 min, thus confirming that
they were located in specific regions, which did not suffer as large time differences as the
delayed p+ events. The smaller the ∆Φ of an event, the more the protons are released closer
to the onset of the type II radio bursts, i.e., the smaller the time difference Tp,rel − TtypeI I is.
In general, simultaneous events demonstrate a small dispersion along both axes and seem
to be concentrated in regions characterized by a small ∆Φ and Tp,rel − TtypeI I I . In contrast,
the late p+ events, although few in number, tended to have the same behavior as that of
Figures 8 and 9, which were characterized by large dispersion.

The finding that the time difference Tp,rel − TtypeI I increased when ∆Φ became larger
can be explained if one considers that type II radio bursts are related to the propagation of
a CME-driven shock wave. In order to observe an SEP event in situ, a magnetic connection
should be established between the source at the Sun and the observer (i.e., at Earth).
Therefore, when an SEP event takes place at a large |∆Φ| (as in an absolute value) the
resulting particle flux cannot be immediately detected. Hence, time is needed before the
CME-driven shock wave propagates outwards [46,47], thus intersecting the magnetic field
lines to establish a magnetic connection. As a result, this may explain why the difference
between the particles’ release times and the detection times of the type II radio bursts
increases as ∆Φ becomes larger.
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Figure 10. Tp,rel − TtypeI I(∆Φ). Black points correspond to delayed proton events, green points to
delayed electron events, and yellow points to simultaneous events. The black solid lines represent
Tp,rel − TtypeI I = −20 min, Tp,rel − TtypeI I = 20 min, ∆Φ = −10o, and ∆Φ = 10o, thus creating a
region characterized by good magnetic connection and proton release near type II radio emissions.

Figure 11. Te,rel − TtypeI I(∆Φ). Black points correspond to delayed proton events, green points to
delayed electron events, and yellow points to simultaneous events. The 4 black lines represent the
lines Te,rel − TtypeI I = −20 min, Te,rel − TtypeI I = 20 min, ∆Φ = −10o, and ∆Φ = 10o, thus creating a
region characterized by good magnetic connection and electron release near type II radio emissions.

Figure 11 examines the relationship between the time difference between the electron
release times and the onset times of type II radio bursts as a function of ∆Φ for the 12/21
events mentioned above. The features observed were similar to those of Figure 10 except
for the variance on the Y axis, Te,rel − TtypeI I , which was much smaller for the set of events
and for each group separately. More specifically, the simultaneous events had a ∆Φ from
−40o to 40o and a Te,rel − TtypeI I from −25 min to 10 min, while the connection angle of
the delayed p+ events ranged from −60o to 20o, and the time difference Te,rel − TtypeI I
ranged from −5 min to 30 min. Correspondingly, the delayed e− events had characteristic
connection angles from 0o to 5o and a time difference of Te,rel − TtypeI I = −15 min. The time
difference Te,rel − TtypeI I grows as the absolute value of the connection angle ∆Φ increases,
which may possibly be attributed to a shock wave propagation and its relation to the
magnetic connection of the observer, as shown in Figure 10.
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3.3.5. Release Episodes and Shock Heights

The relation between the height of the proton injection (Hp,rel) into space and the
heliographic longitude of the solar flare (φs f ) is presented in Figure 12. At this point, it
should be noted that 12 of the total 21 events were included in this diagram, because, for
the rest, it was impossible to determine either the location of the associated solar flare or
the detection time of the type II radio bursts. Plotted in blue, green, and orange are Hp,rel
for the delayed p+ events, for the delayed e− events, and for the simultaneous events,
respectively, and in black are the CME heights at the time of detection of the type II radio
bursts (HtypeI I). In addition, the parabolic relation optimally describing the height Hp,rel
as a function of the heliographic longitude of the flare φs f is included in magenta color.
The coefficients of this parabolic relation are imprinted on the legend. This parabolic fit
was compared with the one presented in [48] and added with a gray parabola. It is worth
mentioning that the events in our study were moderately (φs f = [15◦, 45◦ & 75◦, 90◦]) or
well connected (φs f = [45◦, 75◦]), while [48] presents a fit covering φs f = [−20◦, 120◦] (their
Figure 4).

Figure 12. Illustration of the diagram Hp,rel(φs f ), in which is included the height of the CME at the
time of observation of type II radio emissions and the graph, Hp = 0.0013φ2

s f − 0.0818φs f + 6.3585,
describing the relationship between the proton release height and the heliographic longitude of the
flare. In addition, for comparison purposes, the parabola calculated in paper [48] is also included.

As can be seen, in 8/12 events the protons started from heights below 5Rs, while
the remaining 4 were characterized by Hp,rel > 10Rs. At the same time, at heliographic
longitudes from 45◦ to 75◦, i.e., well-connected events, it appears that the proton release
occurred close to but prior to the detection of type II radio emissions, since the CME
height at the time of observation of these radio bursts exceeded the height of the particle
injections into space. Therefore, in the region of well-connected events, 6/8 events had
an earlier proton release than the detection of DH type II radio emissions. This can
be explained as follows: (a) solar flares may have played a more important role in the
acceleration and release of protons compared to the CME shock wave; (b) the onset time of
the DH type II burst used in this work may have been delayed with respect to the release
of the protons; and (c) transport effects low in the corona, e.g., adiabatic cooling, with
perpendicular diffusion/transport may have had an important role in the obtained release
time of the particles. The remaining 2/8 events in this region were delayed proton events
with Hp,rel � HtypeI I , thus indicating that shock waves were established and contributed
to the acceleration and injection of protons into IP space. As we move away from the
region characterizing the well-connected events, a larger dispersion in the values of Hp,rel
could be observed, which is most likely related to the CME propagation and the moderate
connectivity of these events. That is, the worse the connection is of an event, the more
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time, and hence height, it takes for the CME to establish magnetic connection. Thus,
while the particles may have been released earlier, we were not able to calculate the actual
time of their injection into IP space, because the flux of p+ and e− that we measure and
through which we find Tp,rel and Te,rel (see VDA and FVDA) rises once they travel along
the appropriate magnetic field lines to get to our detector. In contrast, in an event occurring
in a region of the Sun where its surface is directly magnetically connected to the Earth, the
particles will be detected without further delay such that the calculation of Tp,rel and Te,rel
is consistent with their actual injection time into space. The crucial role played by the CME
on the particle observation time prompted Thakur et al. [48] and ourselves to establish
the aforementioned parabolic relation. Upon comparing our results with those of [48],
we observe that the two relations are very close to each other, and if full coverage of the
φs f was possible in our sample, a better match would possibly have been obtained. More
specifically, in that paper they calculated that Hp,rel = 0.0008φ2

s f − 0.08φs f + 4.67, while

we calculated that Hp,rel = 0.0013φ2
s f − 0.0818φs f + 6.3585 (Figure 12). We also calculated

the errors of the coefficients of this equation and concluded that α = 0.00133± 0.00398,
β = −0.08178± 0.41332, and γ = 6.35851± 10.16603, where α is the coefficient of φ2

s f , β is

the coefficient of φs f , and γ is the constant. (Hp = α · φ2
s f + β · φs f + γ).

Figure 13 is similar to Figure 12 but for electrons. Since, in [48], electron events were
not considered, our generated parabola for the electrons will be compared to those for
the protons.

Figure 13. He,rel(φs f ) illustration of the height of the CME at the time of observation of type II radio
emissions and the graph, He = 0.0003φ2

s f − 0.0009φs f + 2.4782, describing the correlation between
the electron release height and the heliographic longitude of the flares. Note that there are two
events with φs f ' 65o and He ' 4Rs that appear as one blue point but have different HtypeI I . The
corresponding graph of protons (Hp) is also included for comparison.

The lower starting heights of the electrons compared to those of the protons, 6 and
the smaller time differences Tp,rel − TtypeI I compared to Te,rel − TtypeI I (see Figure 7), is
expected given that the parabola, (He = α · φ2

s f + β · φs f + γ), will be characterized by

a smaller constant γ. Moreover, it is reasonably derived that the α coefficient of φ2
s f is

smaller, which implies that the generated parabola will be wider than its p+ counterpart
behavior. Thus, upon observing Figure 13, the obtained parabola is valid, as everything
we have mentioned applies to the secondary equation we calculated, Herel = 0.0003φ2

s f −
0.0009φs f + 2.4782, while at the same time it does not differ much from the corresponding
two p+ relations mentioned above. The errors of the coefficients of the above equation
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are α = 0.00033± 0.00091, β = −0.00089± 0.09431, and γ = 2.47823± 2.31978, where
He = α · φ2

s f + β · φs f + γ.
Regarding the relationship between He,rel and HtypeI I , we found, as before, that in

the regions characterizing the well-connected events with heliographic longitude from
45◦ to 75◦, the electrons were injected into space at heights close to the values of the
corresponding HtypeI I , while, as we move away from this range, the dispersion exhibited
by He,rel increased. Similar to what we discussed in Section 3.3.5 for protons, the 6/8
well-connected events had electron releases earlier than the observation of type II radio
emissions, thus eventually indicating the importance of solar flares in the acceleration and
injection into IP space for both electrons and protons. At the same time, the remaining
two well-connected delayed proton events, the same ones reported in Figrue 12, also
had He,rel > HtypeI I , thus concluding that in these cases both particle populations were
accelerated and released mainly during the CME propagation. Continuing the commentary
for all the heliographic longitudes, the values obtained for the electron release height
were less than 5Rs for 10 of them and greater than 6Rs for the remaining 2, which were,
however, also characterized by correspondingly large HtypeI I values. We further distinguish
that, in four cases, He,rel > HtypeI I held, which we also pointed out in five proton events
(Hp,rel > HtypeI I). The fact that the particles were released later than in type II radio bursts
suggests that, in these cases, the CME probably played a more crucial role compared to
the solar flare in question. In conclusion, of the aforementioned four and five electron and
proton events, respectively, three of them were those associated with the same SEP events,
with the result that these events were entirely characterized by particles released at higher
altitudes than the CME height at the time of observation of the type II radio emissions.

The injection heights of the protons and electrons in space (Hp,rel and He,rel), as well
as the height of the CME of each event at the time of detection of the type II radio bursts
(HtypeI I), are summarized in Figure 14. The top histogram counts electrons and protons
together, while the bottom contains the values of the heights associated with the aforemen-
tioned radio emissions. In addition, the mean, median, and standard deviation for each
set are reported in Table 1. We first note that the protons could be injected into space at
quite high heights, higher than 10Rs, while in the case of the electrons, all of the events had
He,rel < 5Rs, except for two that received a value of He slightly above 6Rs. Furthermore,
the electrons were characterized by a small mean (mean = 3.48Rs) and standard deviation
(std = 1.33Rs), so we realized that they had a tendency to be injected into the IP medium
when still close to the Sun. This is in contrast to the protons, where they generally showed
that they were injected into space at a higher Hp,rel , with a mean = 5.27Rs, and their re-
lease height showed a larger dispersion, since std = 4.87Rs. Nevertheless, according to
the histogram, most events took values of Hp,rel and He,rel that ranged from 1Rs to 5Rs.
Regarding the heights of the CME at the moment of detection of the type II radio emissions,
we observe the same behavior and values as those of the electrons, i.e., low values for the
mean (mean = 3.89Rs) and standard deviation (std = 1.71Rs) of this sample.

Table 1. The CME heights at the time of the release of e− and p+ events and at the onset of the DH
type II radio emission.

Mean (R/Rs) Median (R/Rs) Standard Deviation (R/Rs)

e− 3.48 3.13 1.33
p+ 5.27 3.44 4.87

TypeI I 3.89 3.41 1.71

By extension, the type II radio bursts appeared to be emitted, while the CME’s shock
wave was at a low altitude, without deviating much from this behavior. In particular, for
the set of events, only three times did the HtypeI I height exceed 5Rs, where in these cases
the heights were 6.6Rs, 6.98Rs, and 7.26Rs.
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Figure 14. The histograms show the height of the CME at the moment of proton and electron release
(left) and at the moment of detection of type II radio emissions (right). The mean, median, and
standard deviation of each set are shown within the histograms. The X axis is divided into 20 bins
with units R/Rs, and the Y axis reflects the number of events that take a value within each bin.

4. Discussion & Conclusions

For this study, we initially investigated 176 solar energetic particle events with a focus
on the relationships between the particle release times, type II and type III radio bursts,
and the properties characterizing the associated CMEs and solar flares. From the initially
considered set, we ended up with 21 events whose generated results for times Te,rel and
Tp,rel and for lengths Le and Lp were found to be within the naturally acceptable values
(see all of the related results tabulated in Appendix A). Based on the aforementioned
times and their errors, we categorized the events into simultaneous and delayed, and
we concluded that 13 (13/21, 62%) were characterized by synchronous particle initiation,
while in the remaining 8 (8/21, 38%), either protons or electrons were released later. In
particular, in five events (5/21, 24%) the protons were released later than the electrons, and
in three events, (3/21, 14%) the electrons were injected into space at a later time than the
protons. At the same time, we were able to correlate type II radio emissions in 16 (16/21,
76%) events and type III radio emissions in all cases; while also regarding the associated
solar flares in 15 (15/21, 71%) SEP events, it was possible to identify their location. The
percentage of simultaneous events is comparable to that reported by Ameri et al. [28] at
53%, Kouloumvakos et al. [19] at 50%, and Xie et al. [23] at 70%.
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Figures 2 and 3 of Section 3 separate the SEP events into two groups based on the
respective Figure presented by [20]. One would expect this grouping to be in agreement
with the categorization of the simultaneous and delayed events. Namely, the first group
would contain the simultaneous events, while the second group would contain the delayed
p+ events. Nonetheless, such a conclusion is not supported by our results. The reason why
we considered that such a mapping was sensible is that the particles of the simultaneous
events probably traveled a similar distance in IP space; therefore, they should belong to the
first group for which Lp ≈ Le, while in the delayed p+ events, the electrons would have
traveled a shorter distance than the protons, thus resulting in Lp > Le, which is a condition
that held in the second group. We found that the path lengths traveled by the protons (Lp)
and electrons (Le) in the simultaneous events were equal. However, for the delayed p+

events, the path length was shorter for the protons than for the electrons. Most likely, this
may be explained by an energy and time-dependent acceleration or release of the protons,
which is in line with (e.g., [19,23,28]).

The time differences of the electrons and protons release times with respect to the time
differences between the proton release times, type III (see Figure 4) onsets, and type II (see
Figure 5) onsets were well organized, which is in agreement with [28] (their Figure 5b)
but contrary to [19] (their Figure 8), who found no dependence in such time differences.
The linear relationship at each Figure implies that the time difference Dtrel = Tp,rel −
Te,rel increases as a function of the time differences of Tp,rel − TtypeI I I and Tp,rel − TtypeI I .
Additionally, we found that electrons are released relatively closer (in time) to the type II and
III radio emissions. At the same time, the distribution of the events in these plots indicate
that simultaneous events exhibit smaller values of the aforementioned time differences,
which is in contrast to the delayed events. Expanding on this, Figures 6 and 7 show that
electrons were released in close proximity to (or at most 25 min after) the type III onset and
relatively close to the type II radio emissions (±25 min), while protons were also detected
at quite large values of the Y axis for (Tp,rel − TtypeI I I and Tp,rel − TtypeI I). This suggests
that protons can start well after the radio emissions. We found that in simultaneous events,
the protons and electrons were released very close to the onset of type III and (for the
majority of these events) type II radio emissions. Thus, both of the physical phenomena
(i.e., solar flares and CME-driven shocks) contribute in these events, thereby suggesting
that a shock wave detected low in the corona with a solar flare occurring at the same time
coexist. In addition, our findings suggest a late acceleration or release of the protons in
delayed events. This could be explained by a simple scenario of protons being accelerated
by an emerging CME, which requires higher altitudes that lead to delayed release times.
Nonetheless, there are many other factors that may contribute (e.g., the energy dependence
of the particles or the contribution from flare-related processes [49]), which makes such a
scenario oversimplified.

Since the time intensity profiles of SEPs are dependent on the longitude of the solar
flare and/or the CME that causes the particle increase (see, e.g., [50] and the references
therein), the time differences as a function of the connection angle were investigated. It was
shown that the angle at which the events were connected did not seem to be decisive in
distinguishing between simultaneous and delayed events; this is a conclusion that derives
from Figures 8–11. Specifically, simultaneous and delayed events were observed along
almost the entire ∆Φ (X axis), with no possible way of separating them. This behavior is
justified if one considers that, in the absence of an optimal magnetic connection to the region
where the event takes place, particles (e− and p+) will arrive at the observer (i.e., Earth)
late. At the same time, in the aforementioned diagrams, it can be seen that, as |∆Φ|
increases, the values of the time differences Tp,rel − TtypeI I I , Tp,rel − TtypeI I , Te,rel − TtypeI I ,
and Te,rel − TtypeI I I increase. The increase of these values implies that the particles with
a large |∆Φ| are delayed with respect to the type II and III onsets due to the poor magnetic
connection and not due to the simultaneous or delayed release of the particles. In contrast,
events with optimal magnetic connection (∆Φ = (−15o, 15o)) appear to have release
episodes of protons and electrons that are close to type III and type II bursts.
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The release heights of the protons and electrons shown in Figures 12 and 13 demon-
strate that the majority of events with good magnetic connection, (i.e., φs f = (45o, 75o) or
∆Φ = (−15o, 15o)), were characterized by particles being injected into space before the
onset of the type II radio emissions and thus before the formulation of a strong shock
wave in the interplanetary medium. By extension, the particles of these events are likely to
be accelerated by solar-flare-related processes or processes related to the CME initiation
and/or a CME-driven shock that was formed low in the corona [2]. Furthermore, the late
p+ events had large Hp,rel and He,rel values, which were in contrast to the late e− events
and simultaneous events, which were characterized by smaller particle release heights.
Figure 14 suggests that the release of electrons, compared to protons, seem to occur in the
inner corona (i.e., leading to smaller heights) and that the mean (median) CME height
at the time of the type II burst agrees well with the mean (median) release height of the
electrons. In contrast, the release height of the protons appears to be larger, which further
characterized with a larger dispersion. This delay in the release of protons may possibly be
explained by, e.g., the longer times needed for the evolving shocks to be intense enough
to produce high-energy SEPs after DH type II onsets and by the times needed for the
shocks in SEP events with large ∆Φ values to reach the magnetic connection footpoint to
the observer [23]. However, processes related to particle transport, the particle’s injection
at the Sun, and instrumental effects can also be involved in producing such features [49].

It should be noted that the analysis presented in this work relied on 21 SEP events
in which the protons were temporally associated with the electrons, and meaningful
(F)VDA results were obtained. Thus, our sample is statistically limited. Nonetheless, low
statistics is a realistic problem of such studies. For example, Krucker and Lin [20] utilized
26 temporarily associated SEP events; Xie et al. [23] utilized 28 such SEP events; Ameri
et al. [28] utilized 36 temporarily associated SEP events; and Dresing et al. [49] investigated
33 such SEP events. As demonstrated here above, the results presented in the current work
are in agreement with previous studies. Nonetheless, more work and a larger number of
events are needed in order to verify (or not verify) the obtained results.

Our results suggest that in simultaneous events, the electron and proton accelerations
are closely related to each other. We showed that delayed p+ events were released high
in the corona, presumably in CME-driven shocks. For simultaneous event flare processes,
CME-driven shocks formed low in the corona, and processes related to the CME initiation
were more plausible. Finally, delayed e− events were released in lower heights. A possible
interpretation of such behavior is that, due to errors in the times Te,rel , these SEP events were
mistakenly considered as delayed e− events when in fact those were simultaneous events.
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Appendix A. The 21 SEP Events of the Study

Table A1. For each event the, No, Date, associated solar radio emissions, and calculated heights
are given.

ID Event Date Tp,rel δ Tp (min) Te,rel δ Te (min) Hp(Rs) He(Rs) TtypeIII,start TtypeIII,end TtypeII HtypeII φs f (o) ∆Φ(o)

1 9 May1999 18:00 33 18:11 7.66 2.76 3.34 17:54 18:06 Nan Nan Nan Nan
2 27 May 1999 11:14 6.14 10:59 2.39 5.99 3.8 10:36 11:05 10:55 3.22 Nan Nan
3 11 June 1999 0:35 4.53 0:48 2.52 1.8 2.61 00:40 Nan Nan Nan Nan
4 18 February 2000 9:10 6.95 9:29 0.93 1.27 2.73 9:16 9:25 9:44 3.88 72 5.66
5 22 July 2000 11:39 14.15 11:52 1.41 2.98 4.36 11:27 11:33 11:45 3.61 56 −3.1
6 20 May 2001 6:29 17.76 6:20 5 3.34 2.92 06:10 6:05 2.22 Nan Nan
7 4 June 2001 16:49 29.66 16:42 2.55 4 3.72 16:22 16:37 Nan Nan 59 1.17
8 27 January 2002 12:32 16.84 12:45 6.24 3.34 4.62 12:10 12:30 12:49 5.01 Nan Nan
9 18 August 2002 22:12 10.56 21:43 11 4.33 2.63 21:10 21:20 Nan Nan 19 −26.08
10 20 August 2002 8:38 27.87 8:41 5 3.57 3.85 8:25 8:30 Nan Nan 38 −13.99
11 31 May 2003 2:28 11.99 2:33 5 2.2 2.99 2:20 2:40 3:00 7.26 65 32.13
12 9 November 2004 18:50 4.3 17:32 5 19.53 6.08 17:00 17:25 17:35 6.6 51 11.32
13 14 July 2005 11:32 32.58 10:55 10.25 12.81 6.07 10:20 10:40 11:00 6.98 90 39.05
14 22 August 2005 18:09 35.71 17:21 5 14.04 4.2 17:00 17:30 17:15 2.97 65 17.74
15 21 March 2011 2:57 20.08 2:42 5 6.05 4.31 2:17 2:35 2:20 1.77 Nan Nan
16 2 August 2011 7:07 38.96 6:26 2.42 5.24 2.73 6:03 6:27 6:15 2.05 15 −35.44
17 8 August 2011 18:03 13.03 18:00 1.53 2.12 1.77 17:59 18:10 2.93 61 17.08
18 13 March 2012 17:27 3.98 17:31 1.75 2.13 2.78 17:20 17:42 17:35 3.43 59 13.51
19 20 February 2014 7:29 12.73 7:50 1.62 1.06 2.78 7:38 7:51 8:05 4 43 0.69
20 25 August 2014 17:54 53.17 15:51 5.46 10.25 4.36 14:50 15:25 15:20 2.88 36 −61.41
21 20 September 2015 18:08 11.55 18:01 3 1.78 1.03 17:55 18:20 18:23 3.39 24 −23.7

Table A2. For each event the No, Date, proton VDA results, electron FVDA results, TSA results, and
associated soft X-ray flares and CMEs are given.

No Date
Proton † VDA Electron ∗ FVDA Electron ? TSA SXR CME (1st obs.)

UT (AU) UT (AU) UT (Peak Time) (Magnitude) φs f (o) UT

1 9 May 1999 18:00 ± 33 2.13 ± 0.62 18:11 ± 08 1.76 ± 0.40 18:10 ± 05 18:10 M7.6 Nan (long > 90) 18:28
2 27 May 1999 11:14 ± 06 1.02 ± 0.13 10:59 ± 02 1.20 ± 0.13 10:57 ± 05 Nan Nan Nan 11:06
3 11 June 1999 00:35 ± 05 1.35 ± 0.12 00:48 ± 03 1.62 ± 0.13 00:47 ± 05 Nan Nan Nan 01:27
4 18 February 2000 09:10 ± 06 1.59 ± 0.17 09:29 ± 01 1.13 ± 0.05 09:21 ± 05 09:23 C1.1 72W 09:54
5 22 July 2000 11:39 ± 14 1.58 ± 0.34 11:52 ± 01 1.56 ± 0.08 11:43 ± 05 11:25 M3.7 56W 11:54
6 20 May 2001 06:29 ± 18 1.11 ± 0.44 06:20 ± 01 1.16 ± 0.04 06:17 ± 05 06:30 M6.4 Nan (long > 90) 06:26
7 4 June 2001 16:49 ± 30 1.91 ± 0.58 16:42 ± 03 1.22 ± 0.15 16:28 ± 05 16:26 M3.2 59W 16:30
8 27 January 2002 12:32 ± 17 2.67 ± 0.36 12:45 ± 06 1.23 ± 0.31 12:50 ± 05 Nan Nan Nan 12:30
9 18 August 2002 22:12 ± 11 1.69 ± 0.23 21:43 ± 11 1.22 ± 0.54 21:22 ± 05 21:36 M2.2 19W 21:54
10 20 August 2002 08:38 ± 28 2.55 ± 0.65 08:41 ± 08 1.12 ± 0.54 08:38 ± 05 08:24 M3.4 38W 08:55
11 31 May 2003 02:28 ± 12 1.10 ± 0.37 02:33 ± 02 1.05 ± 0.12 02:28 ± 05 02:21 M9.3 65W 02:30
12 9 November 2004 18:50 ± 4 1.96 ± 0.12 17:32 ± 14 1.07 ± 0.84 17:27 ± 05 17:13 M8.9 51W 17:26
13 14 July 2005 11:32 ± 32 2.46 ± 0.67 10:55 ± 10 1.72 ± 0.60 08:36 ± 05 10:21 X1.2 90W 10:54
14 22 August 2005 18:09 ± 36 2.41 ± 0.83 17:21 ± 01 1.10 ± 0.04 17:18 ± 05 16:57 M5.6 65W 17:30
15 21 March 2011 02:57 ± 20 2.86 ± 0.43 02:42 ± 11 1.12 ± 0.63 03:02 ± 05 Nan Nan Nan 02:24
16 2 August 2011 07:07 ± 39 1.82 ± 0.80 06:26 ± 02 1.00 ± 0.14 06:23 ± 05 06:14 M1.4 15W 06:36
17 8 August 2011 18:03 ± 13 1.52 ± 0.30 18:00 ± 02 1.69 ± 0.08 17:59 ± 05 18:06 M3.5 61W 18:12
18 13 March 2012 17:27 ± 4 1.04 ± 0.09 17:31 ± 02 1.30 ± 0.10 17:29 ± 05 17:24 M7.9 59W 17:36
19 20 February 2014 07:29 ± 13 1.62 ± 0.30 07:50 ± 02 1.22 ± 0.08 07:49 ± 05 07:46 M3.0 43W 08:00
20 25 August 2014 17:54 ± 53 2.26 ± 1.02 15:51 ± 05 1.32 ± 0.33 16:08 ± 05 15:02 M2.0 36W 15:36
21 20 September 2015 18:08 ± 12 1.90 ± 0.22 18:01 ± 03 1.36 ± 0.17 17:47 ± 05 17:51 M2.1 24W 18:12

† SEPEMM/RDS, ∗ Wind/3DP, ? ACE/EPAM; bold font indicates events for which TSA was used.
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Notes
1 https://omniweb.gsfc.nasa.gov/, accessed on 20 September 2023
2 https://cdaw.gsfc.nasa.gov/CME_list/, accessed on 20 September 2023
3 http://193.190.230.139/, accessed on 20 September 2023
4 https://cdaw.gsfc.nasa.gov/CME_list/radio/waves_type2.html, accessed on 20 September 2023
5 available at https://secchirh.obspm.fr/, accessed on 20 September 2023
6 which follows from the histograms He,rel and Hp,rel in the next section
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