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Abstract

This work analyzes the appearance of wide-spread deka-MeV solar energetic proton (SEP)
events, in particular the arrival of the first protons within & 4.5 —45 MeV measured at Earth—
Sun L1, and their relationship with their relative solar source longitude. The definition of
“wide-spread SEP event” for this study refers to events that are observed as a 25 MeV proton
intensity increase at near 1 AU locations that are separated by at least 130° in solar longitude.
Many of these events are seen at all three of the spacecraft, STEREO (Solar-Terrestrial
Relations Observatory) A, STEREO B, and SOHO (Solar and Heliospheric Observatory),
and may therefore extend far beyond 130° in longitude around the Sun. A large subset of
these events have already been part of a study by Richardson et al. (Solar Phys., 289, 3059,
2014). The event source region identifications draw from this study; more recent events
have also been added. Our focus is on answering two specific questions: (1) What is the
maximum longitude over which SEP protons show energy dispersion, i.e., a clear sign of
arrival of higher-energy protons before those of lower energy? (2) What implications can be
drawn from the ensemble of events observed regarding either direct magnetic connectivity
to shocks and/or cross-field transport from the site of the eruption in the onset phase of the
event?
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1. Introduction

The onsets of solar proton events potentially contain information about physical processes
acting on the protons, such as acceleration, and scattering, focusing, and drift while inter-
acting with magnetic fields between the acceleration site and the observer. Many authors
have used the signature of energy dispersion to derive the magnetic field line length of the
first arriving particles, by using the 1/v method (being v the particle speed) for energetic
electrons (Lin, Evans, and Fainberg 1973) and protons (Dresing et al. 2023), with the under-
lying assumption that energetic particles, following a simultaneous “release” for particles
at all energies, are bound to magnetic field lines in the solar wind. This view is seemingly
supported by the finding of dropouts in so-called “impulsive” solar particle events (Mazur
et al. 2000) that were observed in the range of up to &~ 200 keV. However, solar energetic
particle { SEP) events have been observed that reach all solar longitudes (Dresing et al. 2023;
Kollhoff et al. 2021; Richardson et al. 2014), and would do so by crossing sector boundaries
(Kallenrode 1993). Therefore, if particles strictly follow magnetic field lines, the particle
acceleration source would have to be nearly equally wide as the observed SEP event. In this
view, wide-spread SEP events would be inconsistent with a spatially limited acceleration
source such as a flaring region or jet, but more consistent with a wide source such as a trav-
elling and expanding shock wave. The derived field line lengths often significantly exceed
the assumed length of the Parker spiral (e.g. Paassilta et al., 2017, 2018). This observation
is often interpreted as caused by large-scale excursions of the magnetic field in the solar
wind. Another interpretation is that small-scale irregularities effectively lengthen the field
line as compared to the average ideal Parker spiral (Ragot 2006), while requiring particles
to strictly follow these turbulent field lines at small scales.

However, there are problems with the above view. Richardson et al. (2014) have derived
arrival times of 25 MeV protons and relativistic electrons for all three-spacecraft (SOHO,
STEREO A and B) events at 1 AU between the launch of STEREO and the end of 2013. The
arrival times of the two particle species of vastly different speeds (= 10% of c vs. & 99%
of c, with c the speed of light) indicate that the expansion and establishment of magnetic
connectivity to the three distributed spacecraft are inconsistent. Kallenrode (1993) came
to similar conclusions analyzing Helios and IMP-8 observations. In fact, there would be
a need for two acceleration drivers, one that expands faster to capture the faster-occurring
onsets of electrons, and one for the ~25 MeV protons that expands much more slowly
from the source of the solar magnetic eruption. Kollhoff et al. (2021) found that from any
combination of three spacecraft chosen from Solar Orbiter, Parker Solar Probe, STEREO A,
and SOHO, for the event of 29 Nov. 2020, the arrival time of electrons and 25 MeV protons
can be inferred for the fourth spacecraft. Here also, if one assumes that particles strictly
follow magnetic field lines, two acceleration drivers would be needed, one for relativistic
electrons and the other for 25 MeV protons. An alternative view is that there is a single
acceleration driver and (1) cross-field transport in the heliosphere plays a dominant role
in shaping onset delays of particle events and (2) that the expansion of particle events in
longitude is a function of particle speed (Strauss et al. 2023). However, in the standard spatial
diffusion approach, the effect of 3D cross-field diffusion on the duration of propagation
from the source to the observer is a challenge that is not yet resolved (Strauss and Fichtner
2015; Laitinen and Dalla 2019). The field-line random walk model includes an assumption
that offers a way to address this problem that is not inconsistent with the observations.
Here, the turbulent magnetic field lines make random excursions perpendicular to the mean
magnetic field. The energetic particles then follow these turbulent magnetic fields and, in
doing so, also move, in a random fashion, perpendicular to the mean magnetic field which
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leads to perpendicular particle diffusion. The rate at which the particles spread perpendicular
to the mean field is therefore proportional to the particle speed and leads to a perpendicular
diffusion coefficient that is also proportional to the particle speed. However, transport across
sector boundaries, which field lines are not expected to cross, can pose a challenge to this
underlying assumption.

To test both views, we analyze the arrival time durations (i.e., the time difference between
the onsets) of protons at different particle energies, not for single events, but as an ensemble
of events with differing source longitudes with respect to the observer. This test could distin-
guish between the two views, as the analysis is limited to a single particle species, protons,
whereas Kollhoff et al. (2021), Richardson et al. (2014) and Kallenrode (1993) compared
electrons and protons. The goal of our study is to rule out any confusion related to multiple
acceleration drivers responsible for their acceleration.

Section 2 introduces the underlying observations. In Section 3 we discuss the obser-
vations, including the dependence of proton energy dispersion on solar source longitude.
Section 4 summarizes our results.

2. Observations

We have mainly analyzed proton observations of the SOHO/Comprehensive Suprathermal
and Energetic Particle Analyzer (COSTEP) Electron Proton Helium Instrument (EPHIN,
Miiller-Mellin et al. 1995). The EPHIN instrument provides rates for predefined electron,
proton, and helium channels, defined by the penetration depth (x) of particles in the solid-
state detector stack that is surrounded by an active and very effective anticoincidence system.
A statistical subset of particles measured are fully pulse-height analyzed, i.e., their energy
(E) losses in all detectors reached are recorded. We use the combination of d E/dx vs. E
pulse-height analysis and count rates to derive proton fluxes for custom channels for protons
every two minutes. Kiihl et al. (2020) contrast the clean proton SEP onset measurements
from EPHIN with those of passively shielded instruments such as the Geostationary Opera-
tional Environmental Satellite (GOES) Energetic Particle Sensors (EPS). To provide context
for the proton observations, we also consider observations of electrons made by EPHIN.
Electrons are treated similarly, but due to their scattering behavior in the instrument, the de-
rived fluxes require a response function derived from Monte Carlo simulations. As a result,
the instrument provides high-quality energetic electron and proton observations in the range
of 160 keV -9 MeV and ~4-53 MeV, respectively. EPHIN was mounted on the space-
craft to view along the nominal Parker spiral, westward of the Sun at 45°, with an aperture
cone of 64.5° full width. However, a communications antenna issue occurred, leading to a
decision to alternately roll the spacecraft by 180°, therefore, starting in July 2003, half the
time EPHIN views near-perpendicular to the Parker spiral direction, towards 45° east of the
Earth—Sun line (see https://soho.nascom.nasa.gov/data/ancillary/attitude/roll/nominal_roll_
attitude.dat).

A more detailed description of the instrument, and the usage and limitations of the data
have been discussed in detail in Sections 2 and 3 and the Appendix of Posner (2007).

We also base this study on observations that are listed in Richardson et al. (2014). These
involve the identification of electron and proton events with the STEREO A and B High-
Energy Telescopes (HETSs, von Rosenvinge et al. 2008), and the identification of their source
longitudes with a combination of extreme ultraviolet (EUV), coronagraphic and X-ray re-
mote sensing by STEREO/Sun Earth Connection Coronal and Heliospheric Investigation
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(SECCHI), Solar Dynamics Observatory/Advanced Imaging Assembly (SDO/AIA), and
GOES.

Moreover, we use Wind/Solar Wind Experiment (SWE, Ogilvie et al. 1995) solar wind
speed observations for inferring the magnetic footpoint longitude of SOHO and Wind (both
in orbit around L1) at the solar source surface, and Wind/WAVES radio observations of type
III radio bursts in the 20 kHz— 15 MHz range for the identification of the times when par-
ticles start leaving the solar corona, also taking into account equivalent observations from
STEREO/SWAVES (see Appendix). Data are publicly available from the NASA CDA Web
(cdaweb.gsfc.nasa.gov). In one instance, we augmented the SOHO relativistic electron ob-
servations with Wind/3D Plasma Analyzer (3DP) data for the identification of relativistic
electron arrival at the Earth.

3. Solar Particle Event Selection and Analysis

A comprehensive ~25 MeV solar proton event list has been published in Richardson
et al. (2014) and has since been kept up to date to include more recent events (Richard-
son 2024). In this list, SEP proton events are identified in the cross-calibrated data sets of
SOHO/COSTEP EPHIN and STEREO A and STEREO B HET. The process of identifica-
tion excludes proton enhancements that are associated with the arrival of disturbances such
as shocks at the spacecraft. Remote-sensing observations are used to identify the source
location of the particle event. The process is explained in detail in Richardson et al. (2014).

This study identifies a subset of events from the list. We require that detecting spacecraft
are separated by > 130° in longitude at 1 AU, and that SOHO is one of the spacecraft de-
tecting the particle event. Valid periods are for combinations of SOHO and STEREO A: 5
Feb. 2013-12 Aug. 2017, of SOHO and STEREO B: 21 Dec. 2012—0Oct. 2014 (i.e., loss
of STEREO B), and for all three spacecraft: 16 Dec. 2009 —8 Apr. 2012. This reduces the
event selection to 52 events.

Energy dispersion analysis focuses on the proton spectrograms of SOHO/COSTEP
EPHIN, using three energy ranges: ~4-5 MeV, ~9-11 MeV, and ~40-53 MeV. Fig-
ure 1 shows an example of the determination of the proton onset times for the particle
event of 22 Sep. 2014. It is preceded by the onset of a type III radio burst identified in
Wind/WAVES data at 06:15UT, which is marked by a red vertical line in the electron and
proton spectrograms. The electron spectrogram is displayed in energy (160 keV —8 MeV)
vs. time, whereas the proton spectrogram is displayed in 1/v vs. time. The time range of
Figure 1 starts two hours before the radio burst onset and covers 24 hours total. The time—
intensity diagrams at the bottom display the intensities of the adjacent energy bins of the
proton spectrogram (top two, eighth and ninth from top, bottom two). The determination of
the onset time and error is performed through a combination of visual inspection and onset
interval fitting of the log value of the intensities. Any intervals without particle counts are
filled with the average pre-event proton intensity value that is determined during the two
hours preceding the type III radio burst onset. The onset time for the fits is then determined
by locating the intersection of each energy bin with the pre-event background value. The
average time of two fits and visual inspection determines the onset time, and the standard
deviation of the three values determines the error.

SOHO’s magnetic connection longitude difference from the SEP source longitude is de-
termined by using the Wind/SWE solar wind speed averaged over the duration spanning
from the type III radio burst onset to the end of the observed proton energy dispersion pe-
riod at 4.5 MeV. It is assumed that the inherent uncertainty of this method, which assumes
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Figure 1 24-hr solar energetic electron and ion event of 22 Sept. 2014 (starting at 14 Sept. 4:15UT). Top
panel: Energetic electron spectrogram (160 keV —8 MeV). The vertical line marks the onset of the related type
III radio burst. Second panel: Energetic proton spectrogram (4—53 MeV) in 1/v format. Symbols indicate
inferred onset times. Third to fifth panels: Three adjacent-energy proton time-intensity profiles. The left
vertical bars mark the visually inspected onset times at 4.5 MeV and the right bars mark the ends of periods
in which exponential particle increases linked with the onsets occur. Visual inspection and linear fits to logs
of intensities, i.e., the intersections of the fits with the pre-event backgrounds are used for determining the
onset times. The horizontal lines mark the pre-event proton intensities for the lower (black) and higher (red)
energy channels. Text entries provide onset times, least-squares fit correlations, and standard deviation errors
for the onset time determinations.
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constant speed from the Sun to 1 AU and neglects nonradial fields in the solar corona and
uncertainty in the source longitude (which may be extended and not a point source) is &~ 15°,
but this could be larger. Lario et al. (2017) discussed this problem by analyzing several meth-
ods of determining the solar footpoint of the Earth, STEREO A and B for the event of 14
Aug. 2010, including the Parker spiral method applied here, and methods that model coronal
fields and/or the solar wind based on solar surface magnetograms. They found that the foot-
points obtained by these methods disagreed by up to 36° in longitude, partially arising from
magnetogram data age and quality. Seven of the 12 independent measurements determined
by Lario et al. (2017) shown in their Table 1 are within the error we propose here, while five
are outside, which lends credibility to our suggested uncertainty in the footpoint longitude.

Table 1 lists data products of all 52 events in chronological order. Events in which the
EPHIN instrument is pointed perpendicular to the nominal magnetic field are indicated by an
asterisk. The table contains the source locations, durations of energy dispersion, including
the event discussed above (No. 48 in the table), and times of identified type III and electron
event onsets. Missing onset times are indicated by N/A. The presence or absence of type II
radio bursts is also provided.

Theoretical minimum delays from field-aligned propagation from the Sun to 1 AU related
to these energy intervals are listed in Table 2, for three common solar wind speed ranges,
assuming a Parker spiral and that particles of each energy are injected onto the field line
simultaneously.

Of the 52 wide-spread events listed in Table 1, 30 originate from inside the solar radiation
hemisphere (SRH), which is defined in Posner et al. (2021) as the hemisphere of the Sun
that is centered around W60, spanning from E30 to W150. Twenty-two events originate from
outside the SRH. One of the events, No. 36, carries a caveat, as it is listed with a source at
ESS8, but there is near-simultaneous sympathetic solar activity in the well-connected western
hemisphere of the Sun that may have caused the small SEP event observed at SOHO. Given
the ambiguity, we omit this event from further consideration, reducing the total number of
events analyzed to 51 and those from outside the SRH to 21. Figure 2 shows histograms of
proton intensities at SOHO distinguished by their origin within (top) or outside (bottom) the
solar radiation hemisphere. There is a clear ordering of high local intensity from SEP events
that originate from inside the SRH. These events have small magnetic connection distances
from the source of the solar activity, in particular when compared to SEPs originating outside
the SRH.

Eighty per cent of the SRH SEP events are accompanied by heliospheric type II radio
burst activity observed by the STEREO and/or Wind spacecraft (see https://cdaw.gsfc.nasa.
gov/CME_list/radio/waves_type2.html). The existence of a deka-/hectometric type II emis-
sion is indicative of a coronal mass ejection (CME)-driven shock accelerating electrons. The
CMEs in our sample with such type IIs are on average faster (1,300 km/s) and wider (335°)
than non-type II producing CMEs (894 km/s, 305°). Non-SRH SEP events are accompanied
by heliospheric type II radio bursts only at a rate of 71%. While the statistical sample is
small, it is surprising that we observe any SEPs without such signatures from the non-SRH
in view of the literature (e.g. Rouillard et al. 2012) requiring broad CME shocks to reach
observers that are not well connected to the source location.

Eighty per cent of SRH SEP events show clear signatures of proton energy dispersion in
the ~4.5-45 MeV range at SOHO. Note that this and the type II-distribution originating
in the SRH are overlapping but non-identical. A much lower percentage of non-SRH SEP
events (52%) has clearly recognizable proton energy dispersion. This is not surprising given
the much lower relative maximum intensities, which are reflected in correspondingly lower
intensity ramps near the onset. If an elevated pre-event particle intensity is present locally,
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Table2 The table lists the expected delay durations between arrivals of protons of the energy ranges listed on
the left, for various typical solar wind speeds. The distance to the Sun along the Parker spiral is also provided.
The minimum delays are included in Figures 4 and 6 as horizontal lines.

Proton Energy Interval Delay Duration Vsw: Delay Duration Vsw: Delay Duration Vsw:
300 km/s 400 km/s 500 km/s

45-4.5 MeV 72.9 min 67.5 min 65.3 min

45-10 MeV 37.8 min 35.0 min 33.8 min

10-4.5 MeV 35.1 min 32.5 min 31.5 min

Ideal Parker Spiral Length 1.26 AU 1.16 AU 1.12 AU

Maximum Proton Intensity Range

104

Num. Events Num. Events
i inside SRH

outside SRH

<0.01 0.01- 0.1- 1- >10
0.1 1 10
[1/cm’ s st MeV]

Figure 2 Number of events of Table 1 with maximum 25 MeV proton intensity at or below the thresholds
in the unit of [cm? s st MeV]~!. The top panel is for events that originate in solar activity occurring within
the solar radiation hemisphere of longitude range E30 to W150, which is centered around W60 of the Sun’s
central meridian as viewed from the Earth. The bottom panel shows the intensity distribution of events origi-
nating from the opposite solar hemisphere. Solar source longitudes and proton intensities were identified by
Richardson et al. (2014).

the onset energy dispersion of weaker-appearing events would have a lower signal-to-noise
level and would be more difficult to recognize. This affects the non-SRH events dispro-
portionately. There are clear examples, events No. 46 and 23, that reveal onset dispersion
despite the inferred magnetic connection distance exceeding 160° in longitude. Recognition
of energy dispersion requires a combination of clean observations and quiet pre-event con-
ditions. Under favorable circumstance, it appears likely that SEP events from anywhere on
the Sun can create energy dispersion patterns of protons anywhere at 1 AU.

The durations between the arrivals of 4.5 MeV and 45 MeV protons range from about one
hour to almost 10 hours. In the literature, onset dispersion signatures are being used to infer
particle release time, and the length of the magnetic field line connecting the observer with
the Sun (e.g. Klein and Posner 2005; Dresing et al. 2023). It is important to recognize that
these two inferences require proton cross-field diffusion to be extremely low. Our statistical
analysis of a large ensemble of wide-spread SEP events can test whether this assumption is
generally valid. There are two (extreme) possibilities:

a) No cross-field transport of protons. In this scenario, protons can only reach the observer
if a direct magnetic field line connection to the accelerating source is established. As
the extended source, notably a CME-driven shock, expands into the heliosphere, it can
intercept the magnetic field line that connects Earth/SOHO with the Sun. This may oc-
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Figure 3 This figure, adapted with permission, is fully described in Wijsen et al. (2022). It shows a simulation
of a CME that erupted on 12 July 2012 at around 15:00 UT along with an X1.6 flare from E6. Panel g shows
the “connection with the observer” (COB) point where the field line connected to the Earth first encounters the
flank of the expanding shock and illustrates the shortening of the magnetic field line length to approximately
0.6 AU between acceleration source at the COB point and observer. Panels a—c describe the location of the
COB point after CME launch (radial distance, latitude, and longitude) and panels d—f describe the shock
parameters at the COB point.

cur at a significant distance from the Sun, therefore shortening the magnetic field line
length between the acceleration source and the 1 AU observer. From a statistical analysis
one would expect shorter durations of proton energy dispersion with increasing magnetic
connection distance from the SEP source. This is equivalent to a racetrack in which the
arrival time is clocked between a faster and a slower car. If the racetrack is shortened, the
time delay between the two arrivals is shortened proportionately. If one assumes a wide
CME spanning up to 180° in longitude, the intercept of a shock with the Parker spiral
would rise to a significant distance from the Sun rather quickly.

b) Particles reach regions far away from any magnetic connection to an acceleration region
at the Sun via cross-field transport. This may encompass pitch angle scattering or trans-
port across the average field by processes such as field-line random walk while within
the same magnetic sector. Limiting ourselves to particle scattering, one would expect
the diffusive transport away from the best-connected field line to proceed quickly. With
increasing connection distance, however, the particle intensity gradient would decrease,
and the process slows down, as protons become increasingly likely to be scattered back
towards their longitude of origin. The diffusion process would increase the effective path
length of particles, but not necessarily along existing field lines. Assuming comparable
cross-field diffusion coefficients across the energy range of EPHIN for protons, the ef-
fective path length increase would be equivalent to the lengthening of the “racetrack”,
increasing the duration between fast- and slow-moving particles arriving at SOHO, and
resulting in longer durations of proton energy dispersion.

The recent example of 12 July 2012, discussed under assumption (a), is presented in
Figure 3 from Wijsen et al. (2022), using a EUHFORIA (European Heliospheric Forecasting
Information Asset) simulation (Pomoell and Poedts 2018). The SEP event is not included in
Table 1 as it was detected by SOHO and STEREO B when the spacecraft were less than 130°
apart. The authors discuss the onset of the SEP event in the context of an established direct
magnetic connection between the Earth and the “connection to the observer” (COB) point
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at the flank of the shock and find that “[i]n the simulation, this observer (hereafter Earth)
connects with the shock front about ~ 30 h after the CME insertion (i.e., on 13 July, around
22:00 UT). However, the observed onset of the SEP event suggests that the Earth had likely
a direct magnetic field connection to the shock wave shortly after the CME eruption (i.e., on
12 July around 17:00 UT).” The following discussion in the article considers an even wider
shock, and the possibility that the magnetic field was more radial, but not the possibility that
the acceleration might have occurred near the SEP origin and that the particles reached the
observer predominantly through cross-field diffusion.

A related question is whether or how SEP onsets with energy dispersion can be detected
from events originating in excess of &~ 90° from the observer. A magnetic connection to
a CME shock outside 1 AU (e.g. Reames, Barbier, and Ng 1996) is not a possibility, as
the onset times consistently stay within one day of the solar event, and CMEs that reach 1
AU within this time have not been observed. Reports of CMEs extending beyond 180° exist.
But even in this case, the average field line length connecting the observer to the overly wide
CME shock would not increase, no matter what the magnetic connection distance from the
SEP source is. Thus, the onset dispersion durations of well-connected events would set the
upper limit for all events assuming possibility (a).

Figure 4 tests the assumptions with our statistically relevant sample of wide-spread
particle events observed from nearly all magnetic connection distances. We have sepa-
rated the full energy range of EPHIN into three segments (full: 4.5—-45 MeV, high-energy:
10-45 MeV, low: 4.5-10 MeV) so that we maximize the amount of available data, since
some events do not reach the highest energies considered, while for others, a pre-event back-
ground limits estimation of the energy dispersion to the higher energies.

We divide Figure 4 in three areas (yellow, green, and blue marked on the right side in
each viewgraph), separated by horizontal lines that mark energy dispersion durations for full
Parker field line lengths at 1 AU for a range of common solar wind speeds. We would expect
the area below the lines (yellow) to be filled with energy dispersion durations from events
in which raised COB points reduce the magnetic field line length, i.e., from a CME-driven
shock in the heliosphere to Earth. Locations on/near the lines (green) would be populated
with events in which sources equivalent to EUV waves, i.e., extended sources that do not
lift above the corona, cause particle acceleration and release. These would neither reduce
nor extend the magnetic field line length between particle source and observer at 1 AU. The
area above the lines (blue) should only be populated by events that are dominated by the
process of particle transport, a process that effectively extends the travel path independent
of magnetic field line connection length.

Linear fits to the three energy ranges in Figure 4 have a positive slope, meaning that the
average duration of the energy dispersion increases with increasing magnetic connection
distance. Linear correlation coefficients are significant, with » = 0.731 for the full proton
energy range (top), r = 0.682 for the upper energy range (middle), and r = 0.710 for the
lower energy range (bottom). As discussed above, the sample of events with recognizable
energy dispersion at large magnetic connection distances is rather limited. However, the
observed events are clear cases.

Figure 5 shows representative examples of proton energy dispersion in a “solar energetic
particle clock” organization, which displays electron and ion spectrograms over each of the
12 clock sectors of their source longitude with respect to the Earth at the 6 o’clock position.
Events in the solar radiation hemisphere cover sectors 3—6 and split sectors 2 and 7 with
events outside the solar radiation hemisphere. Long-duration energy dispersion events are
present in sectors 7, 9, and 10, which refer to the events No. 51, 40, and 46 in Table 1.
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Figure4 The graph on top
displays 45 —4.5 MeV energy
dispersion durations over
absolute magnetic connection
distances for all events of Table 1
in which the duration can be
determined. We assume a % 15°
uncertainty in the magnetic
connection distance due to
non-radial fields in the corona
and from using the simple solar
wind speed method that assumes
constant speed from the Sun to 1
AU. Uncertainties in onset
dispersion durations are
described in the text. Circles
(diamonds) depict events in
which the instrument opening
was aligned with (perpendicular
to) the nominal Parker spiral.
Duration error bars in red
indicate that observed magnetic
field rotations into/out of the
instrument field of view may
have influenced the duration.
Symbols are color coded with the
delay between the type III radio
burst onset and the onset of
relativistic electrons. The middle
and bottom graphs show energy
dispersion durations of
45-10MeV and 10-4.5 MeV,
respectively. Horizontal lines
indicate theoretical minimum
delays if particles follow the
Parker spiral length from the Sun
to 1 AU for solar wind speeds
listed in Table 2.
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Figure5 Solar energetic particle “clock” representation of 24-hr spectrograms of 160 keV —8 MeV electrons
(top) and 4—53 MeV protons (bottom) for each of the 12 clock sectors. All events were observed from SOHO
in the near-Earth solar wind. The SEP events are shown over their inferred source location sector. Red vertical
lines, two hours into each of the 24-hr periods shown, indicate the onset of Wind/WAVES type III radio bursts
associated with the SEP events. The electron and proton intensity scales are shown in Figure 1. The associated
events in Table 1 are: hrl: No. 48, hr 2: No. 14, hr 3: No. 50, hr 4: No. 2, hr 5: No. 8, hr 6: No. 20, hr 7: No.
51, hr 8: No. 25, hr 9: No. 40, hr 10: No. 46, hr 11: No. 33, hr 12: No. 26.

Richardson et al. (2014) have shown that onset time delays for electrons and for protons
each at a different single energy show a positive correlation with magnetic connection dis-
tance. This tendency was also previously discussed by Kallenrode (1993). Figures 15 and 16
of Richardson et al. (2014) show that the delay can be matched by assuming a fixed duration
for streaming along the field to 1 AU for each species if combined with the expansion of
an inciter at the solar surface. To match, the inciter must have a higher speed for relativistic
electrons than for the 25 MeV protons they analyzed. This set of observations already hints
towards an alternative interpretation for the observed onset delays: particle speed dependent
cross-field diffusion. Yet, as recently shown in the simulations of Strauss et al. (2023), the
option of having different acceleration regions for protons and electrons driven by an ex-
panding CME shock cannot be ruled out. Based on the observations above, we can add that
the onset delays for a single species at different energies bolsters the case for the role of
speed-dependent particle cross-field diffusion. In addition, an explanation of our observa-
tions by scatter-free travel from the accelerating source would require a slow exciter speed
for low-energy protons and a high exciter speed for higher-energy protons, and it would
require the exciter to remain at solar surface height. This seems unlikely.

We also note that longer-duration proton energy dispersion coincides with longer average
delays between type III and electron onsets for the same events. This is discernible from the
color coding of the events shown in Figure 4. Figure 6 contains the same information as
Figure 4 but switches the way magnetic connection distance and electron onset delay are
displayed. The correlation of proton energy dispersion with electron delay is visible here
with r = 0.772 for the full proton energy range (top), r = 0.780 for the upper energy range
(middle), and r = 0.715 for the lower energy range (bottom). It is, moreover, important
to highlight that all long-duration proton energy dispersion events also have long delays
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Figure 6 The same data as
shown in Figure 4. Here the color
coding is related to magnetic
connection distance, whereas
time delay of relativistic electron
onset vs. type III radio burst
onset is now on the horizontal
axis. Horizontal lines again
indicate theoretical minimum
delays if particles follow the
Parker spiral length from the Sun
to 1 AU for solar wind speeds
listed in Table 2.
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of electron onsets over type III radio bursts. These two independent observations can be
separated in time by >12 hours (e.g., event No. 40). This poses a challenge to view (a) in that
a direct magnetic connection to a far away accelerator inside 1 AU needs to be maintained

for a long time.
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We further note that there are a few events for which a comparatively small delay be-
tween type III onset and electron onset suggests a shorter magnetic connection distance than
listed. A possibility is that the source longitude for the protons detected at the Earth is am-
biguous and different from that listed. One such event is listed as No. 10. This has been
widely discussed because of the unusually rapid particle arrival at both STEREOs and at
the Earth following an eruption behind the east limb associated with a CME, which was
directly observed by STEREO B (Richardson et al. 2014; Gomez-Herrero et al. 2015; Zhao
and Zhang 2018). While these authors have concluded that this single eruption gave rise
to the widespread SEP event, we note that Park et al. (2013) and Prise et al. (2014) have
proposed that a separate source gave rise to the SEP event at the Earth. However, Gomez-
Herrero et al. (2015) argue on several grounds that this view is not correct. Since the poorly
connected source region could be correct for this event, this suggests that other factors may
influence particle propagation beyond the two scenarios considered here.

4. Discussion and Conclusions

We have used a list of multi-spacecraft solar energetic particle events (25 MeV protons)
based on observations at both STEREO and near-Earth spacecraft to identify all listed wide-
spread events that exceed 130° in solar longitude and that have been detected at SOHO near
the Earth. We have analyzed the duration of proton energy dispersion at the onset of these
events (i.e., the time difference between the onset at different energies).

Commonly, proton energy dispersion in individual SEP events is used in the community
to infer (1) the particle release time at the Sun and (2) the length of the magnetic field line
between the observer and the Sun under the assumption that protons strictly follow the mag-
netic field. Our analysis challenges this technique by looking at a statistical sample of events
and contrasting the assumption of negligible cross-field diffusion with one in which cross-
field diffusion dominates the appearance of SEP events. The dependency of the onset time
duration of protons on longitude is critical for this distinction. The zero-cross-field diffusion
case (case a) would require a broad acceleration region that “touches” the field line the ob-
server is on, as discussed by Wijsen et al. (2022). This would have to occur at an increasing
height above the corona as the magnetic connection distance of the observer from the source
of the eruption increases. The increasing height would, in turn, shorten the magnetic field
line length between the connection to the observer (COB) point and the observer and would
reduce the duration of the proton energy dispersion. In contrast, our analysis supports the
idea that a direct magnetic connection to the accelerating source is not needed. Rather, the
onset duration is determined by the average diffusion time of protons at a given energy to
reach the observer, as supported by our finding of a positive correlation between magnetic
connection distance and proton onset dispersion. In summary, we conclude that the energy
dispersion analysis to infer solar release times and magnetic connection field line lengths
cannot be applied without caveats and is likely invalid unless used near the Sun and near the
ideal magnetic connection with the accelerating source.

We have also found that SEP events can reveal proton onset dispersion even if they orig-
inate from a source region that is essentially on the opposite side of the Sun from the mag-
netic connection of the observer. It is extremely difficult to explain SEP events of such a
width without significant particle cross-field diffusion, and even more difficult to explain
why these events can have energy onset dispersion. The observed energy dispersion dura-
tions between &~ 45 MeV protons at & 30% light speed and ~ 4.5 MeV protons at =~ 10%

@ Springer



The “SEP Clock”: A Discussion of First Proton Arrival Times Page 17 of 21 126

light speed extend over more than 9 hours. The magnetic field line length would need to be
above 13 AU to produce this dispersion.

Strauss et al. (2023) address the large inter-event variation of electron and proton on-
set delays with extended acceleration sources. Similarly, we observe significant inter-event
variation in proton delays between different energies. While extending the source size from
5° to 35° in longitude helps with matching some onset delays at large separation angles bet-
ter, Strauss et al. cannot match occurrences of instances of extremely short onset delays in
some well-connected events (their Figures 6 and 7, center panels). These hint towards sig-
nificant event-to-event variations in propagation conditions, such as low-turbulence states
within magnetic clouds vs. high-turbulence conditions within corotating interaction regions.

An analytical estimate that includes both particle streaming along and diffusion perpen-
dicular to the mean magnetic field (Equation 5 of Strauss et al. 2023) suggests that dispersion
durations have a dependence proportional to magnetic connection distance to a higher power
(e.g., 2). Such a dependence could match the observations better than the linear fits we used
in Figure 4. However, given the limited number of events, in particular at larger connection
distances, we have not considered here whether this or another dependence may provide a
better fit to the observations. Fully understanding the variability of proton onset delays and
energy dispersion durations at small magnetic connection distances requires further investi-
gation.

We conclude that cross-field diffusion is a nonnegligible effect in the discussed proton
energy range from ~4.5-45 MeV. This is not necessarily a contradiction to reports of
“dropouts” in so-called impulsive ion events that are observed in the keV/n range. Since
gyrocenters of these lower-energy particles move at only a few times the speed of the solar
wind they are less likely to encounter scattering centers in the turbulent solar wind magnetic
field than protons at much higher speeds, and their lower speeds do not allow them to move
far away from their field line of origin before they reach 1 AU. A study that compares the
longitudinal extents of MeV and keV/n ion events with energy dispersion using suitable
instrumentation (i.e., measurements sufficiently free from cross-contamination of high- and
low-energy ions) could resolve this question.

The need for large, expanded sources that accelerate protons to high energies is, in part, a
conclusion from the observations of broad energetic particle events. We note, however, that
a rapid reduction in magnetic field line length between the COB point and the observer from
an expanding shock front is not supported by our result that shows that the duration of energy
dispersion increases away from the source longitude. Neither is a scenario supported in
which the expanding source simply expands in the lower solar corona (e.g., an EUV wave),
i.e., without lifting the COB point into the heliosphere, as in this scenario the magnetic field
line length to the observer will stay the same, independent of magnetic connection distance.

A feasible explanation of increasing energy dispersion duration with magnetic connec-
tion distance is a rather large role of cross-field diffusion between the accelerating source
and the observer at 1 AU.

Appendix

A common occurrence among the events is the presence of a type III radio burst. We use the
onset time of the detection of the type III radio burst in the frequency range of Wind/WAVES
(20 kHz—20 MHz) as a common reference start time of the event, as all other phenomena
are either not present in all events (e.g., type II radio bursts) or not visible with common
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Figure A1 Radio observations on 14 Feb. 2014, by Wind/WAVES. The type III onset time (08:22 UT) has
been entered in Table 1. This event corresponds to event No. 37 in Table 1.

instrumentation (e.g., X rays from the backside of the Sun as viewed from the Sun—Earth
line).

Figure A1 shows the example of a type III radio burst that is associated with one of the 52
events of Table 1. The onset time of the type III radio burst can be determined to be within
minutes accuracy, although some events have more than one bright type III, therefore the
association itself can be ambiguous. All 52 individual SEP events listed in Table 1 did have
significant type III radio bursts associated with them.

We also looked into the uncertainty of onset times of type Ills observed at STEREO A
and B as compared to Wind. A large and representative sample that includes events from all
12 source location sectors of Figure 5 shows that the uncertainty is under 2 minutes for most
events, with the largest discrepancy at 7 minutes.

We noticed that for a small number of well-connected events, the orientation of the in-
strument with respect to the nominal magnetic field direction could affect the onset time and
onset duration derivations. An example is that of event No. 41 in Figure A2. In the figure,
a span of 24 hours is shown that includes onsets of two events, Nos. 41 and 42 of Table 1.
The onset fit method for event No. 41 on the left suggests a rather brief dispersion feature.
However, the intensity-time-profile fit is strongly influenced by the intensity enhancement
observed at 02:42UT, or 3 hrs 20 min after the type III onset. This surge in proton intensity
is observed in coincidence with the magnetic field direction rotation from 270° to within
the EPHIN FOV, which is centered about 45°. The magnetic field is observed at the Ad-
vanced Composition Explorer (ACE) spacecraft, also in orbit around L1, as SOHO does
not carry a magnetometer. This is a well-connected event; therefore, the expectation is that
particle focusing would lead the first arriving protons to be nearly field aligned. Both events
in this figure are observed when the instrument FOV is oriented perpendicular to the Parker
spiral direction. Therefore, during the early phase of event No. 41, only a small fraction
of arriving protons have sufficient pitch angle to be detected, leading to population 1. Af-
ter the rotation, the bulk of arriving protons is observed (population 2). The spectrograms
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Figure A2 The top four panels have the same organization as Figure 1, but for events No. 41 and 42 in Table 1,
for 24 hours starting on 28 March 2014, 21:22UT. The bottom panel shows the magnetic field azimuth (in GSE
coordinates) measured by ACE. Ranges between like-color horizontal lines indicate the SOHO/COSTEP-
EPHIN field of view range for field-aligned particles streaming anti-sunward. The approximate onset phases
of SEP events No. 41 and 42 are highlighted by wide bars.

that identify the maximum energies to be around 40 MeV suggest that both populations are
from the same source. Hence, the actual duration of energy dispersion is underestimated by
the fitting method. We assume this effect diminishes with increasing magnetic connection
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distance as the cross-field diffusion process preferentially affects protons with high pitch
angles. The onset dispersion period of event No. 42 is also affected by a magnetic field fluc-
tuation, occurring at 20:02 UT (or 20 hrs 40 min after the type III onset of event No. 41) but
in the opposite way. Here, the pre-fluctuation flux of high-energy protons is directed into
the instrument, while in the later phase the arriving low-energy protons are deflected away,
causing a problem for accurately determination of the low-energy proton onset. Both events
resulted in short 4.5 — 10 MeV dispersion-time outliers of the bottom panels of Figures 4 and
6.
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