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Abstract

We analyzed 58 high-energy proton events that occurred during the years 1996 —2022. In 32
out of the 58 (55%) events, the proton energies extended up to ~ 68 MeV but did not reach
100 MeV. In the remaining 26 events, the proton energies exceeded 100 MeV. We studied
the differences in the characteristics of these proton events and their associations with solar
and interplanetary phenomena to improve understanding proton sources and acceleration
processes.

The coronal mass ejections (CMEs) associated with > 100 MeV proton events appeared
to be, on average, more energetic than those associated with < 100 MeV proton events.
The peak and integrated fluxes (fluence) of the soft X-ray (SXR) flares were higher in
> 100 MeV proton events, but there was almost no difference in the rise times of the flares.
In a major part of the > 100 MeV proton events, protons were released over the rise phase of
the SXR flares, whereas in most of the < 100 MeV events the proton releases occurred after
the peak of the SXR flares. We established limits for the CME speed Vg and SXR peak
flux Fpy or total fluence F;, which helped us to distinguish the events in the two groups. So-
lar eruptions with Veme > 1000 kms™" and Fy > 5- 107> W m ™2 had a high probability to
produce proton events of > 100 MeV. On the other hand, eruptions with Vg > 900 kms™!
and F; < 5-10~* I m~2 and eruptions with Vcye < 900 km s™! irrespective of the SXR total
fluence were very likely to produce proton events of < 100 MeV.

All proton events were associated with decametric Type III radio bursts, and most of them
had Type II bursts associations either in metric or decametric—hectometric (DH) wavelengths
or both. Both metric- and DH-Type Il emissions were observed in 50% of < 100 MeV proton
events while they were observed in 88% of > 100 MeV events. Our analysis showed that
protons in most of the > 100 MeV events were released low in the corona (< 3.0 Rg) before
the onsets of the DH-Type II radio bursts. Conversely, protons in most of the < 100 MeV
events were released higher in the corona (> 3 Rg) and after the DH-Type II onsets.

We conclude that protons in most of the > 100 MeV events are accelerated either by the
flare reconnection processes or by shocks low in the corona and could undergo reaccelera-
tion higher in the corona in CME shocks manifested in DH-Type II radio emission. In the
< 100 MeV events, protons are mainly accelerated in CME shocks at coronal heights > 3
Rp.
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1. Introduction

Solar Energetic Particle (SEP) events, consisting of protons, electrons, and heavier nuclei,
are accelerated at the Sun as well as in the interplanetary (IP) medium during the solar flares
and/or coronal mass ejections (CMEs) and propagate along IP magnetic field lines from the
Sun to the Earth (e.g., Cane, Richardson, and von Rosenvinge 2010; Papaioannou et al. 2016;
Reames 2021, and references therein). A two-category paradigm, impulsive and gradual, has
been used for classification of SEP events. The impulsive events are thought to be related
to solar flares. They are electron-rich and associated with Type III radio bursts. In gradual
events, particles are thought to be accelerated up to high energies in CME shocks. They
are proton-rich and associated with Type II radio bursts (Reames 1999, 2013, 2021; Desai
and Giacalone 2016). Impulsive SEP events result from resonant stochastic acceleration in
magnetic reconnection regions, whereas gradual SEP events result from shock acceleration
(e.g., Reames 2002).

The impulsive-gradual paradigm has been challenged by many observations. For exam-
ple, in a recent statistical study, Papaioannou et al. (2016) found that most of the SEP events
in their catalogue consisting of 314 SEP events did not conform to the simple two-category
division. Some studies (e.g., Kocharov and Torsti 2002; Kallenrode 2003) have suggested
mixed/hybrid models for SEP origins. SEP characteristics in these events may be similar to
gradual events but may also show some properties of impulsive events (Vainio et al. 2007).
In mixed/hybrid events, SEPs may result from reacceleration of seed particles from flares or
seed particles produced by CME lift-off processes (Kocharov and Torsti 2002). It has also
been suggested that in mixed/hybrid events, CMEs accelerate particles from the material of
preceding CMEs rather than from the quiet solar wind (Gopalswamy et al. 2002).

Gopalswamy et al. (2012) studied SEPs at energies reaching 1 GeV in ground level en-
hancement (GLE) events of Solar Cycle 23 and their associated solar eruption properties.
They found that the initial acceleration of the CMEs that produced GLE events was by a fac-
tor of two larger than that of the CMEs that did not produce GLE events. In another study,
Gopalswamy et al. (2014) investigated the key factors affecting the occurrence of large SEP
and GLE events. They suggested that the soft X-ray (SXR) flare is not a good indicator
of SEP or GLE events, whereas the CME speed is, being consistently high in large SEP
and GLE events and supporting the shock acceleration mechanism. Xie et al. (2019) found
a strong correlation between the CME kinetic energy and SEP peak intensity, which they
interpreted as a strong evidence for the CME-shock acceleration theory of SEPs.

Solar radio bursts play a significant role in the characteristics and occurrence of SEP
events. Cliver, Kahler, and Reames (2004) found that 25% of the bursts observed only at
metric wavelengths were associated with SEP events, whereas the association increased to
~ 90% when the metric-Type II bursts were accompanied by DH-Type II emission (see also
Gopalswamy 2003; Gopalswamy et al. 2005). The study by Cliver and Ling (2009) revealed
a high association rate (96%) between gradual SEP events and DH-Type II bursts, contrast-
ing with a low association rate (5%) for impulsive events. Miteva et al. (2013) found that
both gradual and impulsive SEP events are associated with Type III radio bursts, whereas
they have a lower association with Type II.

Kouloumvakos et al. (2015) investigated the properties of SEP events related to different
cases of radio bursts associations. They concluded that major proton events at over 50 MeV
were consistent with both flare- and shock-related particle release processes. The study also
concluded that distinguishing between flare-related and CME-related SEP events is compli-
cated.
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In a recent study, Ameri, Valtonen, and Pohjolainen (2019) divided the high-energy pro-
ton events into two categories: In Category 1 the protons were associated with only metric-
Type 11, or the proton release time occurred before the DH-Type II onset, whereas in Cate-
gory 2 the protons were associated with only DH-Type II, or the proton release time occurred
after the DH-Type II onset. The study concluded that acceleration of protons in Category 1
events occurred low in the corona, either by CME-driven shocks, or in solar flares, or in
CME initiation-related processes, whereas the protons in Category 2 events were acceler-
ated by CME-driven shocks high in the solar corona.

The purpose of the present investigation is to characterize two sets of proton events: one
with energies extending up to ~ 68 MeV but not reaching 100 MeV, and the other with pro-
ton energies exceeding 100 MeV. Based on potential differences in their characteristics and
associations with solar and interplanetary phenomena, we strive to improve the understand-
ing of the proton sources and acceleration processes and to recognize conditions leading
to proton energies exceeding 100 MeV. We investigate the characteristics of 58 high-energy
proton events and their solar sources and associations with radio emissions. The data sources
and the event selection are presented in Section 2. In Section 3, we describe the data analysis
and the characterization of the proton events with energies below and above 100 MeV. The
main results are summarized and discussed in Section 4, and the conclusions are presented
in Section 5.

2. Data Sources

The high-energy (= 68 MeV) proton events observed by the Energetic and Relativistic Nu-
clei and Electron (ERNE)! experiment (Torsti et al. 1995) on board the Solar and Helio-
spheric Observatory (SOHO) spacecraft (Domingo, Fleck, and Poland 1995) during the
years 1996—2022 are used in this study. The high-energy detector of ERNE covers the
proton energy range 13.8—131 MeV in ten differential energy channels. We also use pro-
ton data from the Geostationary Operational Environmental Satellites (GOES)? to identify
events with proton energies exceeding 100 MeV. The CME catalog of the SOHO Large
Angle Spectroscopic Coronagraph (LASCO)? (Brueckner et al. 1995) was used to find the
CMEs associated with the proton events. For solar soft X-ray flares associated with the
events, we used GOES* observations.

To understand the impact of the flare acceleration on particles in the upper corona, we
checked the decametric-Type III radio bursts observed by Wind/Plasma and Radio Waves
(WAVES)® (Bougeret et al. 1995). To understand the coronal shocks traced in metric (m)
Type 1I radio bursts and in decahectometric (DH) Type II radio bursts, we used the ra-
dio burst onset times given in the major SEP event list® of the CDAW Data Center and
the CDAW catalog’ for CME-associated Type II radio bursts constructed by Gopalswamy,
Mikeld, and Yashiro (2019). For event dates with no reported m-Type II bursts in the list of

1 srl.utu.fi/erne_data/.
2www.ngclc.noaa. gov/stp/satellite/goes/dataaccess.html.
3cdaw. gsfc.nasa.gov/CME _list.
4hesperia.gsfc.nasa.gov/goes/goes_event_listings/.
Scdaw. gsfc.nasa.gov/images/wind/waves/.
6cdaw.gsfc.nasaAgov/CME_list/sepe/.

Tedaw. gsfc.nasa.gov/CME_list/radio/waves_type2.html.
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the CDAW Data Center, we further checked the radio dynamic spectra provided by Hiraiso
Radio Spectrograph (HiRAS),® Green Bank Solar Radio Burst Spectrometer (GBSRBS),’
Learmonth solar observatory (LEAR) and Culgoora solar radio spectrograph (CULG).!°

We used the online catalog!' of Paassilta et al. (2017) for preliminary identification of
proton events. This catalog consists of high-energy proton events observed by ERNE at
energies 55—-80 MeV (nominal energy ~ 68 MeV) during the years 1996 —2022. However,
for this investigation, we selected events only from solar longitudes E30° — W90° with a few
events just behind the western solar limb. We also required that for the selected events, the
path lengths of protons obtained from the velocity dispersion analysis (VDA), as explained
in Section 3, were in the range 1 -3 AU.

3. Data Analysis and Event Characterization

We performed velocity dispersion analysis for all proton events in the list of Paassilta et al.
(2017) using 1-minute average proton intensities in eight energy channels of ERNE in the
energy range 13.8—-80.2 MeV. VDA is based on the linear relationship between the onset
times of the particle intensities in different energy ranges at the observation site close to
the Earth and the corresponding inverse speeds of the particles. We performed VDA using
the same technique as Ameri, Valtonen, and Pohjolainen (2019) by applying the Poisson-
CUSUM procedure (Huttunen-Heikinmaa, Valtonen, and Laitinen 2005) for determining
the onset times and estimating their uncertainties by a bootstrapping method. The linear fit
was performed using the Williamson—York method (Williamson 1968; York et al. 2004).
For more detail, see Ameri, Valtonen, and Pohjolainen (2019). VDA gives an estimate of
the solar release time of the particles at the acceleration site close to the Sun and the appar-
ent path length traveled by the particles when propagating from the Sun to the Earth (see,
e.g., Vainio et al. 2013). We further restricted our events by requiring that the apparent path
length given by VDA was in the range ~ 1 -3 AU, since it has been shown that in this path
length range, the corresponding release times of particles given by VDA are most reliable
(Lintunen and Vainio 2004; Kahler and Ragot 2006; Vainio et al. 2013; Xie et al. 2016). We
identified 74 high-energy proton events fulfilling our selection criteria. However, during 16
of the 74 events, SOHO was at 180° roll attitude, which means that ERNE was looking 45°
east from the Sun—Earth line instead of the nominal interplanetary magnetic field line direc-
tion (45° west). In this case, ERNE does not observe unscattered particles, which leads to
unknown inaccuracies in derived particle release times. Therefore we excluded these events
from the analysis and were left with 58 events. These events with their associated soft X-ray
flares, coronal mass ejections, and radio emissions are listed in Table 2 in the Appendix.
We divided the 58 SEP events in two groups with proton energies E < 100 MeV and E >
100 MeV. The proton intensities from ERNE/HED available for < 100 MeV are used for the
first group. For identifying E > 100 MeV events, all ERNE/HED proton energy channels are
used. Furthermore, we used the corrected 5-minute average fluxes of the differential proton
channel P7 (165-500 MeV) and the integral channel P7 (> 100 MeV) of GOES(8-12)/EPS
for confirming E > 100 MeV events. For dates after 2010, when EPS data were not available,

85olobs.nict. go.jp/radio/cgi-bin/MainDisplay.pl.

9 www.astro.umd.edu/~white/ eb/index.shtml.

10y ww.sws.bom. gov.au/World_Data_Centre/1/9.

Hgwe.ssa.esa.int/utu-stl-federated.
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Figure 1 (al) The temporal variations of proton intensities in ten energy channels of ERNE/HED along with
the integral channel > 100 MeV and differential channel 165 —500 MeV of GOES in the event of 14 August
2010 and (b1) the event of 10 June 2000. The ranges of the energy channels of ERNE/HED from top to
bottom are (13.8—16.9), (16.9-22.4), (20.8-28.0), (25.9-32.2), (32.2-40.5), (40.5-50.8), (50.8-67.3),
(63.8-80.2), (80.2—101), and (101 -131) MeV. (a2), (b2) and (a3), (b3) are the same as (al), (b1) but for
proton energies < 100 MeV and > 100 MeV, respectively.

we used the corresponding energy channels from GOES(13-16)/EPEAD. Examples of both
types of proton events are shown in Figures 1a (E < 100 MeV) and 1b (E > 100 MeV). In
our set of events, 32 out of the 58 events (55%) belonged to the group E < 100 MeV, and
the rest 26 (45%) in the group E > 100 MeV. We examined the characteristics of the events
in these two groups to comprehend under which conditions particles can be accelerated to
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energies > 100 MeV. The study focused on the observed characteristics of the SEP events,
occurrence and timing of concomitant solar phenomena, and characteristics of the potential
sources of the accelerated particles.

3.1. Time-Intensity Profiles and Energy Spectra of Protons

Figures la and 1b show the temporal profiles for the events of 14 August 2010 (E <
100 MeV) and 10 June 2000 (E > 100 MeV). For the first event. the increase in the in-
tensity was detected up to 63.8—80.2 MeV as shown in Figure 1 (a2), whereas there was no
enhancement of intensities above the background at energies > 100 MeV (see Figure 1 (a3)).
For the second event the intensity increases were clearly detected at energies > 100 MeV as
shown in Figure 1 (b2) and (b3).

We investigated the proton peak intensities, intensity rise times, and rise rates at two en-
ergy channels, 13.8-22.4 MeV (nominal energy 17.5 MeV) and 50.8 —80.2 MeV (nominal
energy 63.9 MeV). For E < 100 MeV events, the average peak intensity was 0.53 +0.13
pfu (1 pfu =1 proton/(cm? s srMeV)) at 17.5 MeV and 0.007 £ 0.001 pfu at 63.9 MeV,
whereas for E > 100 MeV events, the corresponding peak intensities were 3.24 4 0.53 pfu
and 0.178 = 0.034 pfu. These values demonstrate a significant difference in the efficiency of
the acceleration mechanism in E < 100 MeV and E > 100 MeV events. For E < 100 MeV
events, the efficiency is not only weaker, but also more rapidly decaying with energy.

To investigate the intensity rise time, we determined the onset times of the events using
the same method as for VDA. The maximum intensities of the events were chosen to be near
the end of the main rise phase to reduce the effects of possible fluctuations in the intensities
and to exclude energetic storm particles. There was no significant difference in the average
rise times of E < 100 MeV and E > 100 MeV proton events (see Table 1).

It is well known that the temporal profiles of SEP events originating from different so-
lar longitudes (heliolongitudes) show differences in their intensities. To some extent, such
longitude effects are attenuated for our events, since they were selected from the longitude
range E30° to W90°, including four events lying behind the west limb. Most of the events
originated from western longitudes, whilst only four events from both groups originated
from the eastern longitudes. For all events, we determined the connection angle (see, e.g.,
Paassilta et al. 2017), i.e., the longitudinal distance of the flare site from the footpoint of
the Parker spiral leading to the spacecraft near 1 AU. The connection angle is defined to be
positive when the flare is located to the west from the footpoint and negative if the flare is to
the east. For E < 100 MeV events, the connection angle ranged from 54° to —90° with 59%
having negative connection angles. The range of the connection angles for E > 100 MeV
was from 50° to — 76° being negative in 58% of the events. The average flare longitude and
connection angle did not differ significantly between the two groups of events as shown in
Table 1.

We calculated the intensity rise rate as the difference between the logarithms of the
background-normalized intensity at 80% and 20% of the maximum divided by the corre-
sponding rise time (see Equation 3 of Ameri, Valtonen, and Pohjolainen 2019). The average
rise rate for E > 100 MeV events at the nominal energy ~ 17.5 MeV was only slightly higher
than that for E < 100 MeV events, whereas at the nominal energy ~ 63.9 MeV, there was a
significant difference. The rise rate for E > 100 MeV events was 0.044 4 0.006 min~!, and
for E < 100 MeV events, only 0.019 £ 0.004 min~'. This follows from the similar rise times
of the events in the two groups but much higher peak intensities of E > 100 MeV events,
which is emphasized at the higher energy. The results are summarized in Table 1.
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Table 1 Average values with standard errors of the parameters characterizing the proton events in the two
groups and the associated coronal mass ejections, soft X-ray flares, and radio emissions.

Parameter E < 100 MeV events E > 100 MeV events p—value*

Proton events

Ik at 17.5 MeV (pfu) 0.53 +£0.13 3.24+0.53 43.107°
Ipk at 63.9 MeV (pfu) 0.007 £ 0.001 0.178 £0.034 56-107°
Rise time at 17.5 MeV (h) 2.07£0.31 1.83£0.22 0.52
Rise time at 63.9 MeV (h) 1.46 £0.24 1.56 £0.24 0.78

Rise rate at 17.5 MeV (min_l) 0.024 +0.003 0.029 +0.003 0.2

Rise rate at 63.9 MeV (min_l) 0.019 £ 0.004 0.044 £ 0.006 0.0012
Connection angle (°) —16£6 —11+7 0.63
Spectral index —2.95+0.14 —2.10+0.06 14107
Path length (AU) 1.41 £0.06 1.64 £0.11 0.088
to,p — txro (min) 37+4 22+3 0.0034
fo,p — tyrpk (min) 1843 443 0.0005
to,p — trgg (min) 28 +4 1243 6.1-1074
to,p — 1y (Min) 2744 1243 0.0046
to,p — tpHIr (min) 2544 —844 3.0-1077
Release height (Rp) 46+04 32403 0.0066
Coronal mass ejections

Linear speed (kms~1) 1017 £ 85 1398 £ 99 0.006
Space speed (kms 1) 1296 £ 92 1598 £ 117 0.063
Halo CME (%) 45 80 .
Angular width (°) 248 £21 329413 0.002
Initial acceleration (km 372) 1.35+0.17 1.96 +0.23 0.056
Soft X-ray flares

Peak flux (10*4 w m*2) 0.61 £0.13 2.68 +£0.85 0.023
Fluence (1073 Jm—2) 1.13+0.23 4.03+1.16 0.021
Longitude (°) 44+ 6 45+7 ~1

Rise time (min) 1942 18+3 0.6
Duration (min) 40+ 6 39+6 0.88

Radio emissions

Type III association (%) 100 100

m-Type II association (%) 78 92

DH-Type II association (%) 63 96

trr — txrpk (min) —12+2 —9+1 0.2
tmIl — trpk (Min) —9+2 —9+2 ~1
tDHI — trpk (Min) —3+2 1143 0.0027
Type mlI onset height (Rp) 2.1£0.2 2.1£0.2 ~1
Type DHII onset height (Rg) 3.1£0.2 44+04 0.01

* p-value of the null hypothesis that the averages of the two groups are equal derived from the two-tailed
t-test

The symbols used in the table are:

ka: proton peak intensity, to,p: proton release time, txro: SXR flare onset, txrpk: SXR flare peak time, tyyy:
decametric Type III onset, ty,1: metric-Type II onset, and tpyr: DH-Type II onset
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We constructed single-power-law differential energy spectra of the form I (E) oc E” in
the energy range 13.8—80.2 MeV for the events of the two groups. The spectra were calcu-
lated by using the background-subtracted intensities at the time of the maximum (TOM; see,
e.g., Van Hollebeke, Ma Sung, and McDonald (1975), Miroshnichenko (1996)) intensity us-
ing 1-hour integration time in most cases. For some events, a shorter integration time was
used due to a rapid fall of the intensities after maximum. The spectral indices were derived
by fitting a straight line for the log-log presentation of the intensities vs. energies using the
Williamson—York fitting method (Section 2). For events 21, 27, and 58, a single power law
was not a satisfactory fit, so they were excluded when calculating the average spectral index
for E > 100 MeV events. For E < 100 MeV events, the range of spectral indices lay between
— 1.52 and — 4.40 with the average of —2.95 +0.14. For E > 100 MeV events, the range
was from — 1.65 to — 2.75 with the average of — 2.10 &£ 0.06. For 72% of the E < 100 MeV
events, the spectral index was < —2.5, whereas 87% of the E > 100 MeV events had the
spectral index > —2.5.

3.2. Coronal Mass Ejections and Soft X-ray Flares

As the properties of the CMEs associated with the proton events, we investigated the CME
linear speed Ve and width given in the LASCO CME catalog (Yashiro et al. 2004), CME
space speed, and CME initial acceleration. For two events, LASCO CME data were not
available due to data gaps. The space speed for halo CMEs is given in the LASCO halo
CME catalog (Gopalswamy et al. 2010). For nonhalo CMEs (width > 100°), we estimated
the space speed by using the cone model of Xie, Ofman, and Lawrence (2004) and the
formula given by Gopalswamy et al. (2010). We also estimated the CME initial acceleration
based on the indirect flare-proxy method of Zhang et al. (2001) (see also Zhang and Dere
2006) by dividing the CME space speed by the rise time of the associated soft X-ray flare.

The CME linear speed of E < 100 MeV events ranged from 464 kms~! to 2331 kms™!
being > 900 km s~! for half (16/31) of the events. For E > 100 MeV events, the range of
speeds was from 546 kms™' to 2459 kms~! being for most of the events (22/25, 88%)
>900 kms~!. On average the CMEs associated with E > 100 MeV proton events were
significantly faster than those associated with E < 100 MeV events as shown in Table 1.
About half (55%) of the CMEs associated with E < 100 MeV events were nonhalos with
an average width of 155° &+ 19°. Only 20% of the E > 100 MeV CMEs were nonhalos
and had the average width of 206° & 14°. Average widths taking into account also the halo
CMEs are given in Table 1. The average initial CME acceleration for E > 100 MeV events
of 1.96 £0.23 kms~? was found to be significantly higher than that of the E < 100 MeV
events (1.35+0.17 kms™2).

To describe the characteristics of the solar soft X-ray flares, we used the longitude, peak
flux Fpx, integrated flux (fluence) F;, flare onset, rise and peak times, and flare duration.
The results are noted in Table 1. We examined the time profiles of soft X-ray fluxes of
all the flares. When several flares occur in quick succession, they merge together, and the
onset times recorded in the GOES list are not accurate (Gopalswamy et al. 2012). For these
cases, the onset times of the flares associated with the particle events are our estimates, and
they deviate from those given in the GOES list. These events are marked with an asterisk
in Table 2 in the Appendix. Only the average flare peak flux and fluence turned out to be
significantly different between the E < 100 MeV and E > 100 MeV events. The range of
soft X-ray peak flux for E > 100 MeV events was from M1.4 to X17, being for most (77%)
of the events > M5.0, whereas for E < 100 MeV, the range was from C3.2 to X3.7, being <
M5.0 for 59% of the events. The averages of peak flux and fluence for E > 100 MeV events
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Figure2 (a) Scatter plot of the CME linear speeds as functions of soft X-ray peak fluxes. (b) The same as (a)
but as functions of soft X-ray total fluence for E < 100 MeV and E > 100 MeV events.

were Fp = (2.441+0.84) 107 Wm™? and F; = (4.03£1.16) -10~ Tm™2, respectively,
which were significantly higher than those of the E < 100 MeV events (Fy = (0.61 &
0.13)-10*Wm2and F; = (1.134+0.23) - 1073 Jm™2).

To distinguish the E < 100 MeV and E > 100 MeV events from each other based on
the CME and flare properties, we plotted the CME linear speeds as functions of the soft
X-ray peak fluxes and total fluence for the two groups of events as shown in Figures 2a and
2b, respectively. In Figure 2 the horizontal lines are drawn at Veye = 900 kms™!, and the
vertical lines at Fpx =5 - 1075 Wm~2 (M5.0) (Figure 2a) and at F; =5 - 10~ Im~2 (Fig-
ure 2b). These lines divide the proton events into four quadrants. In each quadrant the events
are associated with different types of CME-flare combinations: quadrant (1) fast CMEs and
strong flares, quadrant (2) fast CMEs and weak flares, quadrant (3) slow CMEs and weak
flares, and quadrant (4) slow CMEs and strong flares. As shown by Figure 2, most of the
E > 100 MeV events are in quadrant (1) in both Figures 2a and 2b: 17 out of 25 (68,%)
in Figure 2a and 22 out of 25 (88%) in Figure 2b. None of the E > 100 MeV events is in
quadrant (3) of Figure 2a (slow CME and weak flare peak flux), and none in quadrant (2)
of Figure 2b (fast CME and low flare fluence). Only one of the E > 100 MeV events is in
quadrant (3) of Figure 2b and two in quadrant (4). However, E < 100 MeV events are quite
evenly distributed in all quadrants of Figure 2b with 10 events in quadrant (1), which makes
it impossible to reliably distinguish E > 100 MeV events. On the other hand, CME speeds
below 900 kms~! with any value of soft X-ray fluence and CME speeds above 900 km s~!
with F; below 5 -10~* J m~2 are quite reliable signatures of E < 100 MeV events (Figure 2b).
Using soft X-ray peak flux does not improve the separation between the two groups of pro-
ton events, although increasing the CME speed limit in this case to 1000 km s~ would leave
only one E < 100 MeV event against 15 E > 100 MeV events in our data set in quadrant (1)
of Figure 2a, making the conditions Vcyg > 1000 kms™! and Fpx > 5- 107> Wm™2 are-
liable signature of E > 100 MeV events. However, a significant amount of E > 100 MeV
events also falls below these limits (Vome = 1000 kms™ and Fpx =5- 1075 Wm™).

3.3. Type Il and Ill Radio Emissions and Temporal Relations with Soft X-ray Flares

We consider the onset times of radio emissions to be the times of their first appearance in the
available dynamic radio spectra. We list both metric- and DH-Type II bursts for those events
where the metric bursts seem to continue to DH wavelengths; the onset times are those of
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the first appearance within the observed frequency ranges. The start time of a decametric-
Type III burst is specifically determined as the highest frequency observed in Wind/WAVES
RAD2 1-minute time resolution dynamic spectra, typically at 14 MHz. A radio burst is
considered to be associated with a proton event if its onset time occurs after the start of a
CME-associated flare.

All the 58 high-energy proton events investigated were associated with decametric-Type
III bursts. Almost all, 29/32 (91%), E < 100 MeV events and all E > 100 MeV events were
also associated with Type II bursts either in metric or DH wavelengths or both. Both metric-
and DH-Type II emissions were observed in 16 (50,%) E < 100 MeV events, whereas
metric- only and DH-Type II only were observed in 9 (28%) and 4 (13%) events, respec-
tively. For E > 100 MeV events, both metric- and DH-Type II bursts were associated with
23 (88%) events, whereas only metric-Type II and only DH-Type II were observed in one
(4%) and two (8%) events, respectively.

The onset times of the decametric-Type III radio bursts (ty;) occurred in most cases (91%)
of both event groups over the rise phase of the SXR flare, i.e., during the time from the onset
(txro) to the peak flux (txpx) of the SXR flare. The onsets of the metric-Type II bursts (ty)
over the rise phase of the SXR flare were found to occur slightly more frequently, in 92%
of the E < 100 MeV events and in 96% of the E > 100 MeV events. The average time
differences ty; — typk and tp; — typx Were similar for the two groups of events, as shown in
Table 1. For DH-Type II bursts, the finding was different. For E < 100 MeV events, the DH-
Type II onset (tpgyr) occurred in most cases (12/20, 60%) over the rise phase of the SXR
flare, whereas for E > 100 MeV events, it occurred in most cases (21/25, 84%) after the
SXR rise phase. The range of tpyir — typk Was from — 51 min to 12 min for E < 100 MeV
events and from — 20 min to 53 min for E > 100 MeV events. The average time differences,
—3 £ 2 min for E < 100 MeV and 11 & 3 min for E > 100 MeV events, were significantly
different.

3.4. Proton Release Times with Respect to Soft X-ray Flares and Radio Emissions

The release times of protons (t, ) were derived using the velocity dispersion analysis as
described in Section 3. The distributions of the time differences t,, — typk are shown in
Figure 3a. These distributions are based on the nominal values of t,, without taking into
account their uncertainties presented in Table 2 in the Appendix. When investigating the
proton release times of the two groups of events with respect to the peak time of the SXR
flares, we found that in most of the E < 100 MeV events (26/32, 81%), the release times
were consistent with the proton release occurring after the SXR peak time. In the major part
(15/26, 58%) of the E > 100 MeV events, protons were released over the rise phase. On
average, the time differences between the proton release times and the SXR peak or onset
times were significantly shorter for E > 100 MeV events compared to E < 100 MeV events
(Table 1).

Protons in all events were released over or after the type III radio burst onsets, with the
exception of event number 15 (E > 100 MeV). The same was true for the metric-Type II
onsets with two exceptions (events number 21 (E > 100 MeV) and 30 (E < 100 MeV)). The
distributions of the differences between the nominal proton release times and the decametric-
Type 111 (t, p — tir) and metric-Type II (t, , — tmir) Onsets are heavily overlapping for the two
groups of proton events (Figures 3b and 3c), but mainly due to the longer tails of the E
< 100 MeV events, the average time differences for E < 100 MeV events were significantly
longer than those for the E > 100 MeV events (Table 1).

For DH-Type Il radio bursts, we found a significant difference between the E < 100 MeV
and E > 100 MeV events, as shown in Figure 3d. Most of the E < 100 MeV events (17/20,
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Figure 3 (a) Distributions of the differences between the proton release times and the peak times of the
associated SXR flares for < 100 MeV and > 100 MeV proton events. (b) Distributions of the differences
between the proton release times and the associated decametric-Type III onsets. (c) and (d) Distributions of
the differences between the proton release times and the metric- and DH-Type II onsets. All distributions are
based on the nominal proton release times.

85%) were released after the DH-Type II onset, whereas most of the E > 100 MeV events
(20725, 80%) were released before the onset. The average time difference between the proton
release times and DH-Type II onsets (t, , — tpuir) was — 8 =4 min for E > 100 MeV events,
which is significantly shorter than for E < 100 MeV events (25 & 4 min).

3.5. Proton Release and Solar Radio Burst Heights

We estimated the proton release heights from the CME heights under the assumption that
protons are accelerated in CME-driven shocks (Reames 2009). We used the height-time data
given in the SOHO/LASCO CME catalog for the CMEs associated with our events. For two
events, LASCO data were not available due to data gaps. When necessary, we extrapolated
the heights downward using a simple linear fit (Yashiro et al. 2004). The release height
of protons was assumed to be the height at which the leading front of the CME was at
the proton release time as obtained from VDA. An additional assumption intrinsic to this
method is that acceleration occurs in a shock close to the leading front of the CME, which
can cause significant error in the obtained heights, if, e.g., the shock occurs on the CME
flanks.
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Figure 4 Distributions of the estimated heights for (a) the proton release and (b) the onset of DH-Type II
radio bursts for E < 100 MeV and E > 100 MeV events based on the CME height-time data. In the proton
release heights, the uncertainties in the proton release times are not taken into account.

Histograms of the proton release heights for the two groups of events are presented in
Figure 4a. The range of proton release heights for E < 100 MeV events is from 1.5 Rg
to 9.8 Ry with an average of 4.6 £ 0.4 Rg. For E > 100 MeV events, the main range is
from 1.0 R to 5.4 R. For three events, the result was < 1.0 Rg, which is clearly wrong.
In addition, there were two isolated events with heights > 8 Rg. The average, calculated
without the three events with heights < 1 Ry and the two isolated outlier events at large
heights, is 3.2 £ 0.3 Rg. Within the uncertainties caused by the uncertainties in the proton
release times, most of the release heights of the E > 100 MeV events (16/25, 64%) are < 3
R, whereas for 21 of the 31 (68%) E < 100 MeV events, the release heights are > 3 Rg.
There is a significant overlap in the proton release heights between the two groups, as shown
in Figure 4a. However, the two-tailed t-test shows that the average proton release heights are
significantly different between the two groups.

We also estimated the onset heights of metric- and DH-Type II radio bursts based on
the CME heights at the time of the onsets of these bursts (e.g., Gopalswamy et al. 2012).
For almost all events, the onset heights of metric-Type II bursts were below 3.0 R. Event
number 12 (E < 100 MeV) and events number 2 and 34 (E > 100 MeV) were exceptions,
with heights being slightly above 3 R,. For metric-Type II bursts, the average onset heights
are similar for the two groups as presented in Table 1. The onset heights of the DH-Type II
bursts were significantly different for the two groups of events as shown in Figure 4b. For a
major part of the E < 100 MeV events (14/20, 70%), the DH-Type II onset heights were in
the range from 1.0 to 3.0 R. For most of the E > 100 MeV events (17/24, 71%), DH-Type
II onsets occurred at heights 3.3 —8.8 Rg. For E > 100 MeV events, the average DH-Type 11
onset height was 4.4 + 0.4 Ry, which is significantly higher than the corresponding height
3.0+ 0.2 Ry) for E < 100 MeV events.

Comparing the DH-Type II onset heights and the proton release heights, we can conclude
that proton events of > 100 MeV were released low in the corona before the DH-Type II
onset, whereas proton events of < 100 MeV were released higher in the corona than the
DH-Type II onset. This is consistent with the release times of protons relative to the onset
times of DH-Type II bursts (see Section 3.4).
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4. Summary and Discussion

We have analyzed high-energy proton events observed by SOHO/ERNE and the associated
flares, CMEs and radio emissions. We used the online proton event catalog of Paassilta
et al. (2017) and performed velocity dispersion analysis for the events in the energy range
13.8—-80.2 MeV to determine the release times and apparent path lengths of the particles.
For further analysis, we selected 58 proton events with apparent path lengths in the range
1.0-3.0 AU. An additional selection criterion was that the events originated from the lon-
gitude range E30° to W90°, with four events being behind the western limb. We divided the
events into two groups based on the observed energy, E < 100 MeV and E > 100 MeV. We
then investigated the characteristics of the events of these two groups with the aim to reveal
under which prerequisites and circumstances particles are accelerated to energies exceed-
ing 100 MeV. We also searched for signatures based on electromagnetic observations that
could be used as a warning of such high-energy proton events. The results are summarized
in Table 1.

The particle event characteristics that we investigated were the peak intensities, intensity
rise times, and rise rates at the nominal energies 17.5 MeV and 63.9 MeV, energy spectra,
connection angles, and release times and heights of the particles. In addition to certain tem-
poral relations discussed later, there were significant differences between the E < 100 MeV
and E > 100 MeV events in the peak intensities, rise rates, and spectral indices. The average
peak intensities in E > 100 MeV events at 17.5 MeV were by a factor of 6 times higher
than in E < 100 MeV events and at 63.9 MeV even by a factor of 25 (Table 1). The average
rise rates at 17.5 MeV were similar but were by a factor of 2 higher at 63.9 MeV for E
> 100 MeV events. The average single power-law spectral index for E < 100 MeV events
was —2.95+0.14, whereas for E > 100 MeV, it was —2.10 = 0.06. Kouloumvakos et al.
(2015) found that the proton events associated with Type III/II radio bursts had significantly
higher peak intensities and harder energy spectra than those associated with only Type III
or only Type II bursts. The peak intensities and energy spectra of E > 100 MeV events are
similar to the Type III/II-associated events of Kouloumvakos et al. (2015). Also the average
spectral index of E > 100 MeV events is closer to the GLE events investigated by Gopal-
swamy et al. (2016), whereas the average spectral index of E < 100 MeV events resembles
that of the regular SEP events of Gopalswamy et al. (2016). The differences in the peak
intensities, rise rates, and spectral indices of E < 100 MeV and E > 100 MeV events sug-
gest that the efficiency of the acceleration mechanism for E < 100 MeV events is not only
weaker, but also more rapidly decaying with energy than for E > 100 MeV events.

Eighty percent of the CMEs associated with E > 100 MeV events were halos, whereas
only 45% of the E < 100 MeV events were associated with halo CMEs. Consequently, also
the average angular width of all CMEs was significantly larger for E > 100 MeV events. The
average linear speed of the CMEs associated with E > 100 MeV events was significantly
higher (by a factor of 1.4) compared to E < 100 MeV. Thus, on average, CMEs associated
with E > 100 MeV events are more energetic. Similarly, Firoz et al. (2010, 2011b) have
observed that very high-energy solar particles producing GLEs are associated with very fast
CMEs, which frequently are halos, whereas non-GLE-associated CMEs are significantly
slower. We also found that the CME initial acceleration was by a factor 1.5 stronger for E
> 100 MeV events. For CMEs associated with GLE events, Gopalswamy et al. (2012) found
the CME initial acceleration to be by a factor of 2 stronger than in ordinary CMEs. The
ordinary CMEs of Gopalswamy et al. (2012) consisted of 448 limb CMEs with the average
speed of 806 kms~! and initial acceleration of 1 kms~2. The GLE-associated CMEs had
an average sky plane speed of 1885 kms~' and initial acceleration of 2.3 kms~2. Both
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the average linear speeds (1017 and 1398 kms~!) and the initial accelerations (1.35 and
1.96 kms~2) of our E < 100 MeV and E > 100 MeV events are in qualitative agreement with
Gopalswamy et al. (2012), results being in between of their ordinary and GLE-producing
CMEs. Note that our E < 100 MeV events already have higher maximum energies than SEP
events on average (Paassilta et al. 2017), and E > 100 MeV events include seven GLEs.

The average soft X-ray peak flux was significantly different (by a factor of 4) between
E < 100 MeV and E > 100 MeV events (Table 1). The ranges were overlapping, but 59%
of the E < 100 MeV events had SXR peak fluxes below 5.0 - 107> W m~2, whereas 77%
of the E > 100 MeV had SXR peak fluxes above this limit. For GLEs in the time period
1986 —2006, Firoz et al. (2011a) found that on average soft X-ray flares associated with
GLE events were significantly stronger than non-GLE-associated flares. It is worth noting
that the soft X-ray flare rise times were similar for the two groups of events. For the events
of our dataset, the average SXR fluence was more than three times higher for E > 100 MeV
events compared to E < 100 MeV events.

Firoz et al. (2019b) analyzed 14 GLE-associated and 23 non-GLE-associated SEP events
occurring with soft X-ray flares of the size 2 MS5. They found that the mean SXR flu-
ence over the entire flare was by almost a factor two larger for the GLE-associated SEP
events. Firoz et al. (2019b) also concluded that there was a strong linear dependence be-
tween the CME speed and the SXR fluence for the GLE-asociated SEP events (see also
Andriopoulou et al. 2011), whereas the dependence was only weak in the non-GLE events.
Similar trend is visible in our E > 100 MeV events (correlation coefficient =0.71 £0.11),
whereas for E < 100 MeV, the correlation is weak (0.23 £ 0.14). In our dataset, all events
with F; <5.0-107* Im~2? and CME speeds above 900 kms~' were E < 100 MeV events.
Also, events with CME speeds below 900 km s~ at any F; were very likely E < 100 MeV
events. These values of Veyg and F; define regions which contain most of the E < 100 MeV
events and very few E > 100 MeV events. On the other hand, if the CME speed exceeds
1000 km s~! and the X-ray peak flux is more than 5.0 - 10~ W m™2, then with high proba-
bility the proton energies exceed 100 MeV.

All our events were associated with decametric-Type III radio bursts. All E > 100 MeV
events and 91% of E < 100 MeV were associated with Type II bursts at metric or
decametric-hectometric wavelengths. This is somewhat different from Kouloumvakos et al.
(2015), who reported that Type III emission was associated with 53 out of 65 (82%) high-
energy (~ 68 MeV) proton events and Type II emission with only 44 (68%) events. For E
> 100 MeV events, both metric and DH-Type II bursts were observed in 88% of the events,
whereas for E < 100 MeV, this association was only 50%. E < 100 MeV events were more
frequently associated with metric-Type II bursts (25/32, 78%) than with DH-Type II (20/32,
63%). For E > 100 MeV events, these associations were almost equal (92% and 96%). Xie
et al. (2016) found DH-Type II associations for all their 28 large, high-energy (> 10 MeV)
proton events and m-Type II associations for 21 (75%) events.

Comparison of the release times of protons and SXR peak times showed that in most
of the E < 100 MeV events (26/32, 81%), protons were released after the rise phase of
the flare. The average time difference between the proton release time t,, and the X-ray
peak time typc was 18 4= 3 min. In a major part of the E > 100 MeV events (15/26, 58%),
protons were released over the SXR flare rise phase with average time difference t,, —
typk Of 4£3 min. In general, protons in E < 100 MeV events are released later relative
to the SXR flare onset time compared to E > 100 MeV events. This is in agreement with
the investigation of Firoz et al. (2019a) of GLE-associated and non-GLE-associated SEP
events.
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Apart from one E > 100 MeV event, protons in both groups were released after the Type
III radio burst onset, and with one exception in both groups after the metric-Type II onset.
With respect to DH-Type II onsets, there was a clear difference between E < 100 MeV and
E > 100 MeV events. Protons in 17 out of 20 (85%) E < 100 MeV events were released
after the DH-Type II burst onset, whereas in most of the E > 100 MeV events (20/25, 80%),
protons were released before the DH-Type II onset. Thus it appears that flares associated
with low-coronal shocks manifested in m-Type II radio bursts dominate the high-energy
protons (E > 100 MeV), whilst the CME propagation phases associated with shocks higher
in the corona manifested in DH-Type II radio bursts dominate the lower-energy protons (E
< 100 MeV) (see also Grechnev et al. 2015; Trottet et al. 2015; Firoz et al. 2019a,b; Zhang
et al. 2022).

We examined the proton release heights and radio burst onset heights based on the CME
heights at the particle release times and radio burst onset times. There was a significant
overlap in the distributions of E < 100 MeV and E > 100 MeV events. The release heights
of particles in E < 100 MeV events were in the range 1.5-9.8 Ry with more than two
thirds (21/31, 68%) at heights > 3.0 Rg. For E > 100 MeV events, the main range was
from 1.0 Ry to 5.4 Ry, with the majority (16/25, 64%) being at heights < 3.0 R, but
with two outliers at heights > 8 Ry. Similar release heights have been derived in other
studies. For example, Kouloumvakos et al. (2015) estimated the release heights of their 65
high-energy proton events to be in the range from 1 Rg to 8 Ry with an average of 3.4
Rg. For GLE events, Reames (2009) found the particle release heights to be in the narrow
range of 2—4 R, for well-connected events with increasing heights for events originating
from the shock flanks. Gopalswamy et al. (2012) reported similar results for GLEs of So-
lar Cycle 23. The release heights ranged from 1.71 to 4.01 R with an average of 3.09 Rg
for well-connected events and from 2.74 Ry to 8.49 Ry with an average of 5.18 Ry, for
poorly connected events. Our results for E > 100 MeV events, which include seven GLE
events, are in qualitative agreement with the results of Gopalswamy et al. (2012). Li et al.
(2013) investigated the first GLE event of Solar Cycle 24 and concluded that the GLE pro-
tons were released when the associated CME was at the height & 3.07 R This is also in
qualitative agreement with our result for the release heights of protons in E > 100 MeV
events.

There was no significant difference in the onset heights of metric-Type II bursts in the
two groups. Again, the situation was different for the radio bursts at decametric—hectometric
wavelengths. For most of the E < 100 MeV events with DH-Type II emission (14/20, 70%),
the onset heights were below 3.0 R, but mainly due to one event at exceptionally large
height (6.4 Ry), the average was 3.0 &= 0.2 Rg. For most of the E > 100 MeV events (17/24,
71%), the onset heights were above 3.0 Ry with the average of 4.4 + 0.4 Ry. In general,
we found that the average DH-Type II onset heights for E > 100 MeV events were higher
than the average proton release heights, whereas they were lower for the E < 100 MeV
events, as shown in Table 1. Comparison of the release times of particles and DH-Type II
onset times showed that particles in most of the E < 100 MeV events were released after
the DH-Type II onsets, whereas in 20 out of 25 (80%) E > 100 MeV events, they were
released before the DH-Type II onset. This is in qualitative agreement with the results of
Firoz et al. (2019a,b) and Zhang et al. (2022). Therefore it is likely that particles in the
majority of E > 100 MeV events are accelerated either by the flare reconnection processes
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or by shocks low in the corona. The nature of the exciter of the low-coronal shocks is not
clear. For example, Grechnev et al. (2015) favors sharply erupting flux ropes instead of
flare pressure pulses or the outer surface of CMEs. Protons in the E > 100 MeV events
could undergo reacceleration higher in the corona in CME shocks observed as DH-Type 11
emission. Protons in E < 100 MeV events, again, are mainly accelerated in CME shocks at
coronal heights > 3 R

5. Conclusions

Based on our dataset of 32 E < 100 MeV events, in which proton energies extended up
to ~ 68 MeV but did not reach 100 MeV, and 26 E > 100 MeV events, in which energies
exceeded 100 MeV, we defined limits for CME speed and soft X-ray peak flux or total
fluence, which were used to make distinction between these two groups of events. If the
CME speed is above 1000 kms~' and the X-ray peak flux is more than 5-107> Wm™2,
then with high probability protons exceed the energy of 100 MeV. On the other hand, in
our dataset, all events with the X-ray total fluence below 5-10~* Im~2 and CME speeds
> 900 kms~! were E < 100 MeV events, and events with CME speeds below this limit with
any X-ray total fluence very rarely had energies exceeding 100 MeV.

The observed higher proton peak intensities and rise rates emphasized at higher nomi-
nal energies (63.9 MeV vs. 17.5 MeV) and harder energy spectra of E > 100 MeV events
demonstrate a more efficient acceleration mechanism involved in these events and rapidly
decaying efficiency of the acceleration process in E < 100 MeV events.

The CMEs associated with E > 100 MeV events had on average significantly higher
speeds and were more frequently halos compared to E < 100 MeV events, indicating as-
sociation of SEP events reaching energies above 100 MeV with generally more energetic
CME:s.

Protons in the E > 100 MeV events were mostly released low in the corona (< 3.0
Ry) before the onset of decametric—hectometric radio Type II bursts. Protons in the E
< 100 MeV events, on the other hand, were mostly released higher in the corona (> 3
R) and after the DH-Type II onsets.

There was almost no difference in the rise time of the associated soft X-ray flares between
the two groups of proton events, but the E > 100 MeV events had a tendency of being
released over the rise phases of the SXR flares, whereas protons in E < 100 MeV events
were released after the flare peaks.

We conclude that particles in the majority of E > 100 MeV events are accelerated either
by the flare reconnection processes or by shocks low in the corona and could undergo reac-
celeration higher in the corona in CME shocks observed as DH-Type Il emission. Protons in
E < 100 MeV events, again, are mainly accelerated in CME shocks at coronal heights > 3
Re.

Appendix A
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