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Abstract

A series of solar energetic electron (SEE) events was observed from 2022 November 9 to November 15 by Solar
Orbiter, STEREO-A, and near-Earth spacecraft. At least 32 SEE intensity enhancements at energies >10keV were
clearly distinguishable in Solar Orbiter particle data, with 13 of them occurring on November 11. Several of these events
were accompanied by <10MeV proton and <2 MeV nucleon ' heavy-ion intensity enhancements. By combining
remote-sensing and in situ data from the three viewpoints (Solar Orbiter and STEREO-A were ~20° and ~15° east of
Earth, respectively), we determine that the origin of this rapid succession of events was a series of brightenings and
jetlike eruptions detected in extreme ultraviolet (EUV) observations from the vicinity of two active regions. We find a
close association between these EUV phenomena, the occurrence of hard X-ray flares, type Il radio bursts, and the
release of SEEs. For the most intense events, usually associated with extended EUV jets, the distance between the site of
these solar eruptions and the estimated magnetic connectivity regions of each spacecraft with the Sun did not prevent the
arrival of electrons at the three locations. The capability of jets to drive coronal fronts does not necessarily imply the
observation of an SEE event. Two peculiar SEE events on November 9 and 14, observed only at electron energies
<50keV but rich in <1 MeV nucleon ' heavy ions, originated from slow-rising confined EUV emissions, for which
the process resulting in energetic particle release to interplanetary space is unclear.

Unified Astronomy Thesaurus concepts: Solar energetic particles (1491); Solar coronal waves (1995)

Materials only available in the online version of record: machine-readable table

1. Introduction interplanetary space at energies between a few keV to hundreds

Impulsive solar energetic electron (SEE) events are small of 1.<eV. These SEE. events are closely associated .with type III

short-lived electron intensity enhancements detected in radio bursts (e.g., Lin 1985; Wang et al. 20312? Klein 2021), and

often are accompanied by enriched “He and heavy-ion

intensities (e.g., Lin 1985; Reames et al. 1985; Mason 2007;

Original content from this work may be used under the terms Wang et al. 2012). The term “impulsive » originally assigned to
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solar energetic particle (SEP) events associated with short-

distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOL. duration (<1 hr) soft X-ray (SXR) flares (Cane et al. 1986), has
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been also commonly used to label these electron-rich and
3He-rich SEP events that are usually associated with these
short-duration flares (e.g., Reames 1990).

The solar origin of these impulsive SEP events has been
related to magnetic reconnection processes on open field lines
in association with solar jets (e.g., Nitta et al. 2006, 2008; Y.
M. Wang et al. 2006; Krucker et al. 2011; Bucik 2020;
Reames 2021, and references therein), although on some
occasions these jets cannot be easily distinguished, and only
just a brightening in extreme ultraviolet (EUV) coronal images
can be observed (e.g., Mason et al. 2023a; Nitta et al. 2023). In
other cases, large-scale activity originating from coronal jets
such as EUV waves (Bucik et al. 2015, 2016) or even small
narrow white-light (WL) coronal mass ejections (CMEs) has
also been observed at the origin of impulsive SEP events (e.g.,
Kahler et al. 2001; Reames 2021). Furthermore, Lin (1985)
reported that ~45% of impulsive SEE events observed at
energies above ~15keV are accompanied by detectable hard
X-ray (HXR) bursts. These HXR bursts are generally thought
to be produced by accelerated electrons traveling downward
toward the high-density chromosphere (e.g., Brown 1971).
Coronal nonthermal X-ray emissions at higher altitudes have
also been observed in association with coronal jets although
with a lower intensity than the low-altitude HXR bursts (e.g.,
Bain & Fletcher 2009; Glesener et al. 2012; Glesener &
Fleishman 2018). The high-altitude HXR component has been
interpreted as electrons escaping the Sun along open field lines
producing, via bremsstrahlung mechanisms, HXR emission
cospatial and cotemporal with the emerging jets (Glesener &
Fleishman 2018). Statistical studies of the association between
HXR flares and type III radio bursts (e.g., Reid & Vilmer 2017)
and between HXR flares and coronal jets (e.g., Musset et al.
2020) indicate a close temporal association, although the
correlations between HXR intensities and either type III radio
flux or jet velocity and jet duration are weak. Even if all these
phenomena result from the same eruptive event, the processes
involved in the generation of HXR and radio emissions as well
as the mechanism driving the jets are different, and hence, there
are weak correlations found among these phenomena as well as
large variability from event to event (e.g., Musset et al. 2020,
and references therein).

The source regions of coronal jets have been found to be
located in the peripheries of active regions (ARs) and coronal
holes (CHs; e.g., Raouafi et al. 2016; Shen 2021; Odermatt
et al. 2022, and references therein). The solar origin of *He-rich
SEP events has also been identified to be in sites close to open
magnetic field regions (e.g., Nitta et al. 2006; Y. M. Wang et al.
2006). All these observations are consistent with different
interchange-reconnection topologies proposed in the literature
for the origin of impulsive SEP events (e.g., Shibata et al. 1992;
Glesener et al. 2012; Wyper et al. 2018, 2019; Battaglia et al.
2023; M. Wang et al. 2023; W. Wang et al. 2023), in which
closed and open magnetic field lines reconnect where
accelerated electrons and coronal jets escape along open field
regions (e.g., Reames 2021, and references therein).

Factors playing a role in the observation of SEE events by a
spacecraft at a given location in the heliosphere include (i) the
site and properties of the particle sources, (ii) the magnetic
connection established (if any) between these sources and the
spacecraft, (iii) the particle transport conditions from their
source to the spacecraft, as well as (iv) the field of view, energy
range, and sensitivity of the particle detectors on board the
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spacecraft. In general, the frequency of observation of SEE
events is largely dependent on the phase of the solar cycle. For
example, Wang et al. (2012) reported that the occurrence rate
of SEE events observed near Earth during 1995-2005 by the
3DP instrument (Lin et al. 1995) on board the Wind spacecraft
(Acufia et al. 1995; Harten & Clark 1995) over three
consecutive energy channels within the energy range
0.1-300keV was ~190yr ' at solar maximum but only
~12yr~! at solar minimum. These rates correspond to ~1
event every 2 days at solar maximum but only one event per
month during solar minimum. At an energy of ~40 keV, Wang
et al. (2012) estimated that the rate of SEE events produced
over the whole Sun was of ~10* yr~! near solar maximum but
only ~35yr~ " at solar minimum. These rates correspond to
~27 events per day produced over the whole Sun near solar
maximum but less than three events per month during solar
minimum. The frequently quoted occurrence rate of ~1000
*He-rich events yr ' in the visible solar disk during solar
maximum was estimated by Reames et al. (1994) who used
observations of *He-rich events from 1978 to 1991 at energies
1.3-1.6 MeV nucleon ' by the Very Low-Energy Telescopes
(von Rosenvinge et al. 1978) on board the third International
Sun-Earth Explorer (ISEE-3; as per their definition, a 3He-rich
event was selected when the ion abundances integrated over the
duration of the event showed a *He/*He ratio greater than
0.10). The production of an event over the whole Sun or even
on the visible side of the Sun does not imply the detection of
the event by a spacecraft at a given heliospheric location since
the accelerated particles have to reach the spacecraft, and
therefore, the magnetic connection between particle sources
and spacecraft as well as the particle transport processes play a
predominant role (e.g., Wiedenbeck et al. 2013; Agueda &
Lario 2016).

Occasionally, SEE events and *He-rich events may appear in
intense sequences in association with multiple ejections from a
single AR or a combination of ARs (e.g., Reames et al.
1985, 1988; Wibberenz & Cane 2006; Bucik et al.
2014, 2018, 2023; Gdémez-Herrero et al. 2021; Ho et al.
2022; Mason et al. 2023a; Nitta et al. 2023; Rodriguez-Garcia
et al. 2023). In this paper, we analyze a sequence of impulsive
SEE events observed during the rising phase of solar cycle 25
that occurred between 2022 November 9 and 2022 November
15. These SEE events were observed by the energetic particle
suite of instruments on board Solar Orbiter (SolO; Miiller et al.
2020), on the spacecraft A of the Solar TErrestrial RElations
Observatory (STEREO-A, hereafter STA; Kaiser et al. 2008),
and on near-Earth spacecraft such as the Solar and Heliospheric
Observatory (SOHO; Domingo et al. 1995), the Advanced
Composition Explorer (ACE; Stone et al. 1998), and the Wind
spacecraft (Wilson et al. 2021). These SEE events occurred
when two nearby ARs transited over the Earth’s visible side of
the Sun and generated multiple flares and coronal jets as they
moved from central meridian to western longitudes. The period
analyzed in this paper constitutes one of the extended *He-rich
time periods observed by SolO as identified by Kouloumvakos
et al. (2023). In this paper, we characterize the ion abundances
observed during this period and examine the different solar
phenomena associated with the origin of the SEE events. In
particular, we determine the coronal EUV brightenings, EUV
jets, X-ray flares, and type IIl radio bursts that could be
associated with the origin of the SEE events and their
interdependences. The structure of the paper is as follows:
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Figure 1. Schematic representation of the nominal interplanetary magnetic
field configuration in the solar equatorial plane as seen from the north, showing
field lines connecting the Sun to the locations of Earth (green circle), Solar
Orbiter (SolO; blue circle), STEREO-A (STA; red circle), and Parker Solar
Probe (PSP; gray circle) on 2022 November 10 at 04:00 UT. Nominal Parker
spiral magnetic field lines have been plotted using the solar wind speed
indicated next to the HEEQ coordinates of each spacecraft; R being the
heliocentric radial distance, & the HEEQ longitude and A the latitude. The light
blue region indicates an SIR successively observed from east to west.

Section 2 describes the properties of the SEE events at these
locations (i.e., SolO, STA, and near Earth), paying attention to
the electron anisotropies and intensity-time profiles at each
spacecraft. We compare electron observations with proton and
ion measurements and relate these observations to the
interplanetary context where the events occurred. In
Section 3, a whole set of remote-sensing observations are used
to help determine the solar origin of the events. Section 4
analyzes the possible interdependence between these solar
phenomena and the observation of the SEE events at each
spacecraft. In particular, we analyze the role played by the
distance between the site where these solar phenomena
occurred and the region on the Sun where each spacecraft is
estimated to have established magnetic connection, paying
attention to the possible existence of extended particle sources
driven by the EUV jets. Finally, in Section 5, we discuss the
main conclusions of our analyses, and Section 6 summarizes
the most significant results.

2. Overview of the Energetic Particle Events

In this section, we analyze the energetic particle measure-
ments performed by SolO, STA, and near-Earth spacecraft
from 2022 November 9 to November 15. During the period
under analysis, STA was at heliocentric distance R =0.96 au
and at ~15° east of Earth, whereas SolO was moving from
R=0.59 au and 23° east of Earth on 2022 November 9 to
R=0.66au and 19° east of Earth on 2022 November 15.
Figure 1 shows the spatial distribution of these spacecraft on
2022 November 10 at 04:00 UT in the solar equatorial plane as
seen from the north. The filled circles (not to scale) indicate the
locations of the Sun (yellow), STA (red), SolO (blue), and
Earth (green). We also indicate in gray the location of Parker
Solar Probe (PSP; Fox et al. 2016), although, during this
period, PSP was performing high-speed data transfers to Earth
requiring the instruments to be powered off and thus not
collecting data. The legend next to each symbol in Figure 1
provides the heliocentric radial distance R, and the Heliocentric
Earth Equatorial (HEEQ) longitude ® and latitude A of each
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location. Nominal magnetic field lines connecting each one of
these locations with the Sun have been plotted assuming a
Parker spiral magnetic field configuration and the solar wind
speed indicated in the legend next to each symbol. The light
blue region indicates the presence of a solar wind stream
interaction region (SIR) that was sequentially observed from
east to west as discussed in Appendix A.

Figure 2 shows energetic electron intensities observed by
SolO (blue traces), STA (red traces) and by spacecraft located
at the Sun-Earth Lagrangian point L1 (green traces). In
particular, from SolO we show in panels (a) and (b) the average
of the intensities measured in the four apertures of the Electron
Proton Telescope (EPT) of the Energetic Particle Detector
(EPD) suite of instruments (i.e., SolO/EPD/EPT; Rodriguez-
Pacheco et al. 2020), whereas in panel (c) we show
2.4-6.0MeV electron intensities averaged over the four
apertures of the EPD High Energy Telescope (HET; i.e.,
SolO/EPD/HET; Rodriguez-Pacheco et al. 2020). From STA,
we show in panels (a) and (b) the average of the intensities
measured in the four apertures of the Solar Electron and Proton
Telescope (SEPT; Miiller-Mellin et al. 2008), and in panel (c)
the 2.8-4.0 MeV electron intensities measured by the HET
(von Rosenvinge et al. 2008) of the In situ Measurements of
Particles And CME Transients (IMPACT) suite of instruments
(Luhmann et al. 2008) on board STA (i.e., STA/HET). From
L1, we show in panels (a) and (b) spin-averaged data from the
3DP instrument on the Wind spacecraft (Lin et al. 1995),
whereas in panel (c) we show 2.64-10.4 MeV electron
intensities from the Electron Proton Helium INstrument
(EPHIN) of the Comprehensive Suprathermal and Energetic
Particle Analyser (COSTEP; Miiller-Mellin et al. 1995) on
board SOHO.

Figures 2(a) and (b) display the exceptional sequence of
electron intensity enhancements observed at the three different
locations, especially from late November 10 to late November
14. The identification of each one of these electron intensity
enhancements as a separated SEE event is based on whether the
intensity increased by a factor of 30 above the prior measured
intensity, kept increasing for at least three consecutive 1 minute
averaged data points, and eventually reached a maximum, and
either started to decay or a new event resulting from a new
injection was detected (with the same 30 condition). Prior to
November 13, the SEE events at SolO were characterized by
rapid onsets to a prominent peak followed by a gradual decay.
By contrast, the events at STA prior to mid-November 11
displayed more gradual intensity increases with smooth
rounded peaks, whereas at L1 the events with accentuated
peaks were not observed until mid-November 13. Figures 2(a)—
(b) also show that, for the SEE events prior to November 13,
the <100 keV intensities observed by SolO were usually larger
than at STA, whereas starting on November 13 STA intensities
were larger. In Appendix B, we detail the electron anisotropies
measured by the particle instruments on SolO, STA, and Wind
during these events. The onset and peak of most of the electron
events observed by SolO over the energies shown in
Figures 2(a)—(b) were highly anisotropic whereas during the
decay of the event the electron pitch-angle distributions (PADs)
evolved quickly to isotropic. The peculiar configuration of the
STA spacecraft during this period prevents a complete analysis
of the PADs at this spacecraft (see details in Appendix B). By
contrast, the events detected by Wind/3DP prior to November
14 displayed much weaker anisotropies and lower intensities
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Figure 2. (a)~(b) 10 minute averages of near-relativistic electron intensities observed by EPD/EPT on board SolO (blue), by SEPT on board STA (red), and by Wind/
3DP (green) at two different energies. (c) 10 minute averages of the relativistic electron intensities measured by EPD/HET on board SolO (blue), and COSTEP/
EPHIN on board SOHO (green), together with 15 minute averages of the 2.8-4.0 MeV electron intensities measured by the HET telescope on board STA (red). The
three solid green circles in panel (c) indicate three relativistic electron enhancements observed by SOHO at energies above ~2 MeV with solar origin associated with
CMEs. There are two additional relativistic electron enhancements at SOHO in mid-November 11 and early November 12 for which no CMEs were observed in
association with their solar origin (indicated by open green circles). An additional small relativistic electron event at SOHO can be perceived early on November 11
(see Section 5 for details). Panel (a) includes 10 minute averages of the 15-25 keV X-ray intensities observed by STIX on board SolO (thin teal trace); see Section 3.1.

than in the other spacecraft, while the two events on early and
late November 14 at L1 displayed anisotropic onsets.

Figure 2(c) shows electron intensities at energies above
~2.4MeV. Five electron intensity increases were clearly
observed by COSTEP/EPHIN (green traces). We indicate
with green circles these five intensity enhancements. As
discussed in Section 4.2, the events labeled with solid green
circles were associated with CMEs, whereas for the events with
open green circles no CMEs were observed. STA/HET only
detected two SEE events at these relativistic energies on
November 12 (second open green circle and first solid green
circle), whereas SolO/EPD/HET only detected a =>2.4 MeV
electron intensity enhancement late on November 12 (first solid
green circle). The large geometric factor of COSTEP/EPHIN,
together with an active anticoincidence system in this
instrument (see details in Miiller-Mellin et al. 1995), allows a
better detection of these relativistic electron events than that of
STA/HET and SolO/EPD/HET.

The exact number of electron events observed during the
period displayed in Figure 2 evidently depends on the energy
considered, and on the instrument field of view and instrument
sensitivity. Fortunately, the EPD suite of instruments on SolO
includes the Supra-Thermal Electron Proton sensor (STEP) that
measures with high sensitivity electrons with energies above
~4keV and overlaps with the energy coverage of EPT
(Wimmer-Schweingruber et al. 2021). The STEP field of view,
close to the nominal Parker spiral magnetic field direction, is
similar to the sunward aperture of EPT (see Figure 4 in

Rodriguez-Pacheco et al. 2020). The top panel of Figure 3
shows a spectrogram of the SolO electron intensities collected
by the sunward aperture of EPT at energies >35keV and by
STEP at energies <35keV. Whereas some events can be
tracked all the way from the highest energies detected by EPT
to the lowest energies of STEP (~4 keV), some other events
are only observed at very low energies. During November 11
(November 12), up to 13 (nine) distinct >10keV electron
events can be distinguished. The number of SEE events at
energies >65keV drops to 11 (four) on November 11
(November 12), and at energies >1 MeV drops to three (one)
on November 11 (November 12). The maximum energy at
which these events can be observed is different from event to
event. Two particularly intense events clearly distinguishable in
the SolO/EPD/STEP measurements at energies below
~45keV and ~58keV occurred early on November 9 and
late on November 14, respectively. These two events would
have been practically unnoticed if using only SolO/EPD/EPT
observations. By contrast, the number of SEE events measured
by STA/SEPT (at energies >65keV) is limited to 12 events
throughout the interval under study (see Figure 2(a)). There-
fore, depending on the instrument sensitivity, the particle
energy, and the instrument orientation in the case of anisotropic
particle flows, the number of the observed electron events
varies.

For each one of these >10keV electron intensity increases
measured by SolO, we have estimated the release time of the
first observed electrons. A velocity dispersion analysis (e.g.,
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Figure 3. (a) Electron spectrograms combining intensities collected by the sunward aperture of EPT (at energies 235 keV) and by STEP (at energies <35 keV) on
board Solar Orbiter. A total of 32 > 10 keV electron events with discernible onsets can be distinguished (see text for details). (b) Radio dynamic spectrum obtained
from the SWAVES instrument on board STA showing the sequence of type III radio bursts (see Section 3.2).

Vainio et al. 2013) was not possible for all these events because
a fit to the onset times at different energies versus the inverse of
the electron speed (1/v) did not provide a reliable linear
dependence and/or a realistic path length. These cases may
result from either onset times at different energies observed
under different magnetic field directions (i.e., the first electrons
are observed at different pitch angles, implying that electrons of
different energies followed different travel paths), incomplete
pitch-angle coverage at the onset of the event, and/or that the
injection of electrons at different energies did not occur
simultaneously. Therefore, a time-shift analysis (TSA) method
was applied to all the events to infer the electron release times.
The TSA method considers that the first detected electrons
traveled scatter free with a pitch angle of 0° along a nominal
Parker spiral magnetic field line. The scatter-free propagation
with small pitch angle seems a reasonable assumption given the
large anisotropies measured at the onset of most of the SEE
events (see Appendix B). The arrival times of the first electrons
have been obtained by using 1 minute averages of the particle
intensities and requiring an intensity increase above a factor of
30 of the pre-event intensity as measured by the aperture of
EPD/EPT that first detects an electron intensity increase. In the
case of low-energy SEE events observed only by EPD/STEP,
the intensity averaged over all the pixels of EPD/STEP has
been used (Rodriguez-Pacheco et al. 2020). The length of the
Parker spiral magnetic field line has been computed consider-
ing the measured solar wind speed or a nominal 400kms ™'
when solar wind measurements are not available. The

assumptions made in the TSA method could also differ from
the actual transport conditions undergone by the SEEs, and
therefore, the estimates of the particle release times should be
considered as approximate values when compared with the
timing of the solar phenomena analyzed in this paper
(Section 3). Details about the methods used to infer particle
release times and their limitations can be found, for example, in
Gomez-Herrero et al. (2021) or Vainio et al. (2013).

Table 17 lists the solar phenomena typically associated with
the origin of the SEE events observed during the period under
analysis (see details in Section 3), together with the estimated
release time of the >10keV electron events observed by SolO,
as well as the maximum energy for which an electron intensity
increase was observed. A total of 32 SEE events were observed
by SolO/EPD at energies >10 keV. The times listed in column
(8) of Table 1 are the estimated times when the first electrons
were released at the Sun (i.e., the solar release times or SRTs).
Therefore, when comparing them with the times of the solar
phenomena associated with the origin of the SEE events (i.e.,
HXR emission, EUV jets, and type III radio bursts), it would be
necessary to consider the light transit time in the remote-
sensing detection of these solar emissions (see Section 4). The
electron energy assumed to infer the SRTs listed is either
43 keV (the average energy of the first six energy channels of
EPT) or the maximum energy of the event if it was only
observed below 43 keV. SRTs are given with a resolution of

2 The complete table is available in its entirety in machine-readable form.



Table 1
List of Solar Phenomena and SEE Events in Chronological Order

Date STIX 15-25 keV Flare NOAA/SWPC Flare Report EUV Jets/Brightenings/CFs Type TII SolO e

(yyyy- GOES X-Ray Onset/Max" Class for NOAA AR Flare Flag®/Onset Time!/ SRT (Energy

mm-dd) Peak Time Peak Intensity ~ STIX Location Location Type® Location 1 R, Time' Range)
(hh:mm:ss)* (cts 4 s bin™h) (hh:mm:ss)

© @) (@) 3 “ ® © O] ®

2022-11-11 04:35:00 (04:29:52) 991 N12W08 04:33/04:41 (04:25/04:33) C3.3 AR 13141 SF E/04:36 (04:28)/jet N13W07 04:32:10 04:32 (5200 keV)

N14W03
2022-11-11 05:10:12 (05:05:04) 247 NI12W08 05:07,/05:14 (04:59/05:06) B7.8 AR 13141 E/05:13 (05:05)/jet NI12W08
2022-11-11 05:51:44 (05:46:36) 863 N12W08 05:46/05:56 (05:38/05:48) C1.9 AR 13141 E/05:52 (05:44)/bro- N13W08 05:47:26 05:50 (<130 keV)

ken CF

Notes. Date of the observation (column (0)), HXR flares detected by SolO/STIX (columns (1)-(3)), SXR flares detected by GOES-16 (column (4)), EUV jets and brightenings observed in SDO/AIA 193 A images
(columns (5)—(6)), release time of electrons producing type III radio bursts observed by STA/SWAVES (column (7)), and estimated SRTs for the SEE events observed by SolO/EPD (column (8)). Table 1 is published
in its entirety in the machine-readable format, where Time-STIX and STime-STIX are the times listed in column (1), Peak-STIX are the peak values listed in column (2), Loc-STIX are the locations listed in column (3),
Time-EUV and STime-EUYV are the times listed in column (5), Loc-EUV are the locations listed in column (6), STime-Type3 are the times listed in column (7), and STime-SEE are the release times listed in column (8).
 The times listed for the HXR flares are the peak time of the 15-25 keV HXR emission as observed by SolO/STIX, and in parentheses, the time shifted back to the Sun by considering the light transit time from Sun to
the spacecraft.

® The times listed for the SXR flares are the onset and peak of the SXR emission as reported by NOAA/SWPC (in parentheses are the same times shifted back to the Sun).

¢ Flag E indicates when the EUV brightening is seen as an EUV emission increase in Figures 7(b) and 8(b).

9 The times for the EUV jets and brightenings are the onset times of the emission as seen in SDO/AIA 193 A images (in parentheses, the times shifted back to the Sun).

¢ Type of EUV emission as described in Section 3.3; brightening (B), extended jet (EJ), coronal front (CF).

f Type III 1 R, times inferred using STA/SWAVES data except for those events indicated by So when SolO/RPW data were used.

(This table is available in its entirety in machine-readable form in the online article.)
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Figure 4. (a) 10 minute averages of the electron intensities measured by the sunward apertures of EPT (three top traces) and of HET (orange trace); (b) 10 minute ion
intensities measured by the sunward aperture of EPT (three top traces) and proton intensities measured by the sunward aperture of HET (orange and black traces);
(c)—(e) 30 minute averages of the H (red), He (black), “He (blue), O (green), and Fe (orange) ion intensities at (c) ~250 keV nucleon™ ", (d) ~700 keV nucleon™", and
(e) ~2 MeV nucleon . In panel (d), the numbers 1 through 6 identify the distinctive low-energy ion intensity enhancements observed during this period, whereas He
identifies an extremely *He-rich intensity enhancement observed early on November 10.

1 minute following the method described above, although the
errors associated with these values can be longer due to poorly
defined SEE event onsets, and the fact that the actual travel
path followed by the particles may differ from the assumed
nominal Parker spiral field lines.

2.1. Ion Abundances

The Suprathermal Ion Spectrograph (SIS) of the EPD suite
of instruments on SolO measures ion composition from
protons through ultraheavy nuclei over the energy range ~0.1—
10 MeV nucleon ! (Rodriguez-Pacheco et al. 2020; Wimmer-
Schweingruber et al. 2021). SIS is a time-of-flight mass
spectrometer consisting of two identical telescopes, one facing
sunward (telescope A) along the nominal Parker spiral magnetic
field direction and the other (telescope B) pointing antisunward
at an angle of 130° with respect to telescope A (Rodriguez-
Pacheco et al. 2020). The three bottom panels of Figure 4 show
ion intensities (H, 3He, 4He, O, and Fe in red, black, blue, green,
and orange, respectively) at three different energies as measured

by the telescope A of SIS (i.e., SIS-A). The two top panels of
Figure 4 show (a) electron intensities observed by the sunward
apertures of SolO/EPD/EPT and SolO/EPD/HET at different
energies, and (b) ion intensities measured by the sunward
aperture of SolO/EPD/EPT and proton intensities measured by
the sunward aperture of SolO/EPD/HET. Note that SolO/EPD/
EPT does not distinguish ion species, so the red, blue, and green
traces in Figure 4(b) refer to ions in general, although the
intensities are presumably dominated by protons. The orange
trace and the discrete black dots in Figure 4(b) are proton
intensities measured by SolO/EPD/HET. Note that at proton
energies above ~13 MeV (black traces in Figure 4(b)) only
discrete counts were detected by SolO/EPD/HET throughout
this time interval. In Figure 4(d), the numbers 1 through
6 identify six distinct ion intensity enhancements measured by
SolO/SIS. These six ion intensity enhancements are clearly
evident in the ion measurements from SIS as explained below
when describing Figure 5.

Whereas the electron intensity-time profiles in Figure 4(a)
show several distinct enhancements caused by single episodes
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Figure 5. From top to bottom: Time profiles of 0.23-0.32 MeV nucleon™' H (red), He (black), “He (blue), O (green), and Fe (orange) ion intensities; mass
spectrogram for elements from He to Fe for ions with energies 0.3—10 MeV nucleon™'; and 1 /ion speed vs. time of arrival for ions of mass 10-70 AMU. The dashed
oblique lines indicate ion increases with velocity dispersion signatures. The dispersionless low-energy ion intensity enhancement late on November 12 is due to a local
spatial magnetic field enhancement (see Figure Al(cl)) whereas at higher energies were due to the onset of the ion event #4.

of solar electron injections (see discussion in Section 4), low-
energy ion intensity-time profiles measured by SIS show more
irregular and long-lasting integrated intensity-time profiles with
possibly unresolved ion injections. For example, throughout
November 11, three clear distinct electron intensity enhance-
ments can be distinguished at energies 2500 keV (or 11 events
above ~065 keV, see Table 1), but only a single irregular event
can be resolved in the low-energy ion intensity-time profiles
(event #2 in Figure 4(d)). The events on November 9 and late
on November 14 (events #1 and #6 in Figure 4) were very
prominent at low-energy (<1 MeV nucleon ') ion intensities
(Figures 4(c)—(d)), but barely any increase was seen at higher
energies (Figure 4(e)) or at >63 keV electrons (Figure 4(a)).
These two events were only observed at electron energies

below ~45 keV and ~58 keV, respectively (see Figure 3(a)). It
is also notable, in Figures 4(c) and (d), the increase in SHe
counts observed early on November 10 (labeled *He in
Figure 4(d)) but without any clear increase in electron
intensities at any energy recorded by SolO/EPD (see
Figure 3(a)).

The only significant ion intensity increases at energies
~2 MeV nucleon ! in Figure 4(e) correspond to the ion events
#2, #3, #4, and #5. For these events, SolO/EPD/HET
detected also proton increases at energies =7 MeV (orange
trace in Figure 4(b)), but only discrete counts at proton energies
above ~13MeV (black dots in Figure 4(b)). Figure Al of
Appendix A shows that the SEP events at STA reached similar
proton energies as the SEP events at SolO, whereas only
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SOHO detected a minor proton intensity increase at energies
above 25 MeV in association with the ion event #5 early on
November 14.

Figure 5 shows SolO/EPD/SIS observations from 2022
November 8 to 2022 November 18. The top panel shows
intensities of 230-320 keV nucleon ' H (red), *He (black), “He
(blue), O (green), and Fe (orange) from SIS-A. Late on
November 8 and early on November 9, both H and “He
intensities were elevated, probably due to the effects of the SIR
passage by SolO (see Appendix A). The middle panel of
Figure 5 shows mass tracks for elements from He to Fe for
energies 0.4-10MeV nucleon™'. The bottom panel shows a
spectrogram of 1/ion speed versus time for ions with atomic
mass unit (AMU) in the range 10-70 AMU. Increases with
velocity dispersion signatures have been indicated with dashed
oblique lines that correspond to the onset of the events labeled
with the numbers 1 through 6 in Figure 4(d). The isolated event
with elevated *He intensities early on November 10 but hardly
any “He counts (labeled *He in Figures 4(d) and 5) stands out
in the mass tracks of the middle panel in Figure 5. These kind
of events with practically no measurable “He in plots such as
Figure 5 are due to a rollover of the “He spectrum below
400 keV nucleon ! (the threshold for the plot window) but with
the *He spectrum extending to higher energies into the plot
window, as previously reported by Ho et al. (2019).

By considering each blob of dots separated by the slanted
dashed lines in the bottom panel of Figure 5 as a different
event, we have computed, for each one of the indicated EPD/
SIS events, the *He/*He and Fe/O abundance ratios at the
energies 0.5-2.0MeVn~' and 0.32-0.45MeVn ', respec-
tively (see Table 2). The event #1 on November 9 stands out
for its elevated Fe/O ratio. In fact, this event was extremely
rich in ultraheavy ions (we refer the reader to Mason et al.
2023Db for details on the compositional signatures of this event).
By considering the inclined dashed lines in the bottom panel of
Figure 5, we infer an approximate release time of the ions that
formed each one of the ion events observed by SolO/EPD/SIS
(listed in column (4) of Table 2). In column (5) of Table 2, we
transcribe the electron SRT from column (8) of Table 1 for
those electron events that originated around the time of the ion
releases at the onset of the corresponding ion event. The
estimated ion release times seem to be delayed with respect to
the electron SRTs. Such delays in the injection of ions with
respect to electron injections have been previously reported
(e.g., Reames et al. 1985; Ho et al. 2003; Wang et al. 2016).
However, there are greater uncertainties in the ion release times
inferred from SIS measurements than in the electron release
times. The longer ion flight times introduce larger uncertainties
in the ion release times than in the case of electrons (e.g.,
Janitzek et al. 2024, in preparation).

The SEE events corresponding to the ion events #2, #4,
and #5 were the most intense SEE events at energies <60 keV
observed by SolO throughout the interval under study
(Figure 4(a)). The most intense ~65 keV SEE events at STA
occurred in mid-November 11 during the ion event #2 and late
on November 12 in association with the ion event #4, whereas
at L1 the most intense SEE event occurred early on November
14 in association with the ion event #5. We note that, during
this period, the Suprathermal Ion Telescope (SIT; Mason et al.
2008) on board STA detected only a diffusive low-energy ion
intensity increase from late November 10 to November 16 with
an initial energy-dispersionless peak early on November 11.

Lario et al.

These ion intensity profiles (not shown here) were similar to the
<1MeV proton intensities measured by STA/SEPT (blue and
red traces in Figure Al(b2) in Appendix A) and most likely
were affected by the passage of the SIR by this spacecraft.
Whereas the whole period at STA displayed ion abundances
consistent with >He-rich events, the individual distinct events at
STA were not well resolved. Owing to the configuration of
STA spacecraft during this period in which STA/SIT pointed
perpendicular to the nominal Parker spiral direction (see details
in Appendix B), the onsets of the presumably anisotropic
events were not observed at STA making individual events less
distinct. The Ultra-Low-Energy Isotope Spectrometer (ULEIS;
Mason et al. 1998) on board ACE detected a diffusive gradual
low-energy ion intensity enhancement on November 12 during
the passage of the SIR by this spacecraft and a more impulsive
event early on November 14 for which the event-integrated
0.5-2.0MeVn~' *He/*He ratio is 0.22+0.01, and the
0.32-0.45MeVn~' Fe/O ratio is 1.52+0.07. This event
corresponds to event #5 in Figure 4(d).

3. Overview of the Associated Solar Phenomena

As described in Section 1, the solar phenomena typically
associated with the origin of impulsive SEP events include
coronal jets, HXR flares, and type IIl radio bursts. In this
section, we describe the observations of these phenomena from
2022 November 9 to November 14 inclusive. The association
of these phenomena with the origin of the observed SEE events
is described in Section 4.

3.1. X-Ray Flaring Activity

The thin teal line in Figure 2(a) shows the 15-25 keV X-ray
counts collected over 1 minute intervals by the Spectrometer/
Telescope for Imaging X-rays (STIX; Krucker et al. 2020) on
board SolO. Although there are more X-ray enhancements than
SEE events, the onset of the ~66 keV electron events shown in
Figure 2(a) coincide, in general, with the occurrence of a
15-25keV X-ray count rate enhancement; although an
inspection of the figure shows that the 15-25keV X-ray
intensity increase is not well correlated with the electron
intensity measured by SolO/EPD. Column (1) of Table 1 lists,
for each single HXR flare, the time when the 15-25 keV X-ray
count rate peak was measured. In parentheses, we indicate the
time of the peak shifted back to the Sun by taking into account
the heliocentric distance of SolO and the light transit time so
that it can be compared with the electron SRTs listed in column
(8). Column (2) lists the 15-25keV X-ray peak intensity of
each single HXR emission in units of the counts measured by
STIX in bins of 4 s. STIX data allow us to locate the origin of
the X-ray emission (e.g., Massa et al. 2023). Column (3)
provides the location of the STIX flares given primarily by the
STIX science flare list,”> but using different count thresholds.
For those small flares not included in the STIX flare list, the
locations were obtained manually using the same method.
Specifically, the location of the maximum X-ray intensity was
found first in a full-disk back-projection map reconstructed
from STIX data. Then, the source parameters (including its
location) were fitted with a single singular Gaussian using a
forward-fitting algorithm based on visibilities (Volpara et al.
2022). Note that every single flare listed in Table 1 may be

= github.com/hayesla/stix_flarelist_science
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Table 2

Ton Composition Ratios for Each SolO/EPD/SIS Event
Event He/*He® Fe/O° Estimated Ion SRT Estimated e~ SRT Most Likely Solar Origin
(€] (@) 3 “ () ©
#1 2.19 £0.52 2.66 £ 0.25 09 Nov/~06:28 UT 05:47 UT either small brightening at N24EQ1 at 05:45 UT or slow confined eruption without clear jet from N33W33
*He 243 +£9.1 unknown
#2 0.219 £ 0.009 0.62 £0.10 11 Nov/~02:24 UT 01:42 UT coronal front originating at 01:25 UT from N13WO05 followed by a brightening from the same region at 01:40 UT
#3 1.25 £0.03 0.92 +£0.13 12 Nov/~02:48 UT 02:17 UT coronal front originating at 02:11 UT from N12W18
#4 0.36 +0.02 0.93 +0.24 12 Nov/~19:00 UT 17:52 UT coronal front originating at 17:44 UT from N12W28 and coronal front with CME at 17:53 UT from N13W27
#5 0.84 +£0.02 1.04 £0.10 14 Nov/~02:48 UT 02:37 UT brightening at 02:36 UT at N26W32 followed by extended jet with CME at 02:39 UT from N24W34
#6 0.12 +0.01 1.00 + 0.26 14 Nov/~23:35 UT 22:31 UT slow-rising confined eruption without clear jet from N10W34 at ~22:32 UT
Notes.

i 3He/4l-[e ratios computed over the energy range 0.5-2.0 MeV nucleon .

b Fe/O ratio computed over the energy range 0.32-0.45 MeV nucleon .
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Figure 6. SDO/AIA 193 A image taken on 2022 November 11 at 11:41 UT.
At that time, NOAA ARs 13140 and 13141 were located close to central
meridian. An EUV jet is observed at the southwestern edge of AR 13141. The
red contours identify coronal holes (CH) surrounding the ARs. The blue, red,
and green dots indicate the footpoint locations of the nominal field lines
connecting to SolO, STA, and L1, respectively.

constituted of multiple HXR emissions. The grouping of a
cluster of peaks as a single flare listed in Table 1 is based on
both a visual inspection of the intensity-time profiles and an
analysis on whether these peaks originated from the same
region. Although the X-ray emission in typical solar flares may
originate from two or even three emission sites (e.g., Krucker
et al. 2008), the locations provided in column (3) of Table 1
correspond to the centroid of the most intense thermal source.
We indicate with the label “no pixel data” in column (3) of
Table 1 those STIX flares for which measurements allowing
flare location were unavailable.

For completeness, in column (4) of Table 1, we have added
the SXR flares provided by the Solar and Geophysical Data
(SGD) event reports*® of the National Oceanic Atmospheric
Administration (NOAA) Space Weather Prediction Center
(SWPC) during this time interval. These reports are based on
the 0.1-0.8 nm (1.5-12 keV) X-ray flux measurements by the
Geostationary Operational Environmental Satellites (GOES).
The listed times in column (4) of Table 1 are the observation
times of the onset and peak of the SXR flare, whereas the times
listed in parentheses are when the onset and peak of the SXR
flare occurred on the Sun. In general, the sites of the GOES/
SXR flares are consistent with the STIX locations. Most of the
X-ray activity during this period originated from two adjacent
ARs (i.e., NOAA ARs 13140 and 13141).

Figure 6 shows a 193 A image taken by the Atmospheric
Imaging Assembly (AIA; Lemen et al. 2012) instrument on
board the Solar Dynamics Observatory (SDO; Pesnell et al.
2012) at 11:41UT on 2022 November 11 indicating the
location of the two neighboring ARs producing most of the
X-ray solar flares at the origin of the SEE events. An EUV jet

26 www.swpc.noaa.gov /products /solar-and-geophysical-event-reports
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in the southwest edge of AR 13141 can be observed (indicated
by the purple arrow) that originated at 11:26 UT (solar time)
from a location near to the concomitant GOES class M1.2 SXR
flare at N12W11 (see Table 1; EUV jets will be discussed in
more detail in Section 3.3). This X-ray flare and jet were most
likely associated with the origin of the large SEE event
observed by SolO around midday on November 11 (Figure 2),
which reached <2 MeV energies (orange trace in Figure 4(a)),
and was observed also as a 7-10 MeV proton event (orange
trace in Figure 4(b)). Any possible contribution to the low-
energy ion intensities was obscured by the ongoing event #2.
The red contours in Figure 6 indicate CHs near the two
adjacent ARs identified using the solarsoft Collection of
Analysis Tools for Coronal Holes®” (Heinemann et al. 2019).
An elongated CH in the eastern hemisphere of the Sun
extended from the northeast to south of AR 13141. Two other
CHs were found northeast of AR 13140 and at the southwest
edge of AR 13141 next to the region where the jet propagated.
The presence of CHs near the regions where EUV jets
originated indicates the presence of open field lines that
facilitate the escape of accelerated particles (e.g., Nitta et al.
2006). The blue, red, and green dots in Figure 6 indicate the
nominal site of the magnetic footpoints connecting to SolO,
STA, and spacecraft located near the Sun—Earth Lagrangian L1
point such as SOHO, ACE, and the Wind spacecraft. The
computation of these magnetic connecting footpoints is
described below in Section 4.1. We emphasize that the large
distance between the magnetic footpoints and the site of both
the flare and associated jet in Figure 6 did not prevent the
arrival of electrons at all three spacecraft as shown in Figure 2,
in particular for STA and near-Earth spacecraft.

3.2. Type Il Radio Bursts

Figure 3(b) shows the dynamic spectrum of radio emissions
observed by the radio and plasma wave instrument (SWAVES;
Bougeret et al. 2008) on board STA. Radio observations by the
Radio and Plasma Waves (RPW) instrument (Maksimovic
et al. 2020) on board SolO exhibit patterns comparable to those
depicted in Figure 3(b). However, due to the superior data
quality at the high frequency range of STA/SWAVES with
respect to SolO/RPW (Maksimovic et al. 2021), we choose to
exclusively show data from STA/SWAVES here for a cleaner
and more definitive analysis. Figure 3 shows that the most
intense SEE events correspond well with intense type III radio
bursts that start at high (~16 MHz) frequencies and extend to
almost the local plasma frequency. For those type III radio
bursts when drift at different frequencies is clearly apparent, we
infer the release time at the Sun of the electrons producing the
type III emission as listed in column (7) of Table 1. Our
methodology for inferring these release times is rooted in an
empirical electron density model by Kruparova et al. (2023),
which translates observed frequencies into radial distances. The
assumptions are that the type III radio bursts originate as
fundamental emissions, and the exciter beams move at constant
speeds. These speeds are calculated from the observed
frequency drift coupled with the applied density model.
Consequently, we are able to trace the electron beams back
to their solar surface origin, enabling us to estimate their onset
times as listed in column (7) of Table 1.

z github.com/sgheinemann/CATCH
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Figure 7. From top to bottom: (a) Intensity of the type III radio emissions detected by STA/SWAVES at 1 MHz; (b) 304 A EUV intensity integrated over the
indicated area where the main jets were detected using STA/EUVI observations (details are given in the text); (c) ~75 keV electron intensities as measured by the
sunward apertures of STA /SEPT (red) and SolO/EPD/EPT (blue); (d) ~6-10 MeV proton intensities detected by STA/LET (red) and SolO/EPD/HET (blue); (e)
1-8 A SXR intensities measured by GOES (black) and 12-25 keV HXR count rates provided by SolO/STIX (teal). The vertical dotted—dashed lines indicate the
estimated electron release times as listed in column (8) of Table 1. The red circles in panels (a) indicate the type III radio bursts for which Langmuir waves were

observed in situ by STA/SWAVES (see Section 3.2).

Some of the type III radio bursts extended to low frequencies
and produce local Langmuir waves. The observation of these
Langmuir waves indicates that the electron beams causing the
type III radio emissions associated with these intense SEE events
are able to reach the spacecraft location (e.g., Lin 1990; Ergun
et al. 1998). Using STA/SWAVES observations, Langmuir
waves were detected for periods of approximately ~20 minutes,
starting at ~18:00UT on November 10; ~02:20UT,
~11:50 UT, and ~18:50 UT on November 11; ~02:45UT,
~04:50UT, and ~18:20 UT on November 12; ~14:15UT on
November 13; and ~03:20 UT on November 14. These time
intervals correspond to the times of the most intense SEE events
observed by STA (see Figures 2(a)-(b) and Figures 7 and 8
below in Section 4). Apart from these periods, RPW on SolO also
observed clear Langmuir waves at ~06:00 UT on November 9
and at ~23:05 UT on November 14 corresponding to the onset of
the ion events #1 and #6 and associated low-energy SEE events
(Figure 4). The majority of observed Langmuir waves are
consistent with type III radio bursts generated by fundamental
emission.

An inspection of Figure 3 reveals that the intense low-energy
electron events associated with the *He and Fe-rich ion events
#1 and #6 in Figure 5 observed early on November 9 and late
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on November 14 occurred in association with type III radio
bursts starting at frequencies below ~1 MHz and with clear
drifting signatures observed just below <76kHz and
<153 kHz, respectively. The radio emission signatures at
higher frequencies were more complex and much weaker. The
lack of high frequency emissions for these two type III radio
bursts may indicate that the bursts originated on the far side of
the Sun (e.g., Dulk et al. 1985). However, this is unlikely here
since their association with the SEE events and related EUV
emissions (see Section 4 below) clearly indicates that these
events originated from the visible side of the Sun. Therefore,
the lack of radio emission at higher frequencies may suggest
that either (i) the energy density of the initial electron beams
was not sufficient to produce a substantial amount of waves
that translated into detectable radio emission (e.g., Li et al.
2008, 2009; Reid & Kontar 2018), or (ii) the environmental
conditions, such as the background electron density gradient or
the density fluctuations responsible for radio wave scattering, in
the region where the electron beams started to propagate, were
not appropriate to generate Langmuir waves (Voshchepynets
et al. 2015). In order to produce radio emission starting at low
frequencies, the initial electron beam has to remain stable as it
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Figure 8. The same as Figure 7 but using SDO/AIA 304 A observations in panels (b).

reaches higher altitudes with enough energy density to produce
a detectable type III radio burst.

No interplanetary type II radio bursts were detected during
the time interval analyzed in this study. However, as reported
by Hou et al. (2023), a metric type II radio burst at high
frequencies (>160 MHz) was observed at ~02:25 UT on 2022
November 12 in association with a coronal EUV jet that
appeared in SDO/AIA 193 A images at 02:19 UT from the
same edge of the AR 13141 as the jet shown in Figure 6. No
CME was seen in association with this EUV jet and metric type
II radio burst (Hou et al. 2023), but an SEE event at energies
<200 keV was observed by SolO (see Table 1 and Section 4.2).
We note that observations of type II radio bursts produced by
fast EUV wave fronts ahead of jets, but lacking CMEs, have
been previously reported in the literature (e.g., Kumar &
Manoharan 2013; Kumar & Innes 2015; Kumar et al. 2016).

With the exception of an additional metric type II radio burst
observed between 20:00 UT and 20:15 UT on November 9 at
frequencies 180-25 MHz, temporally associated with a C4.3
SXR flare from N28EO1 at 19:46 UT (see Table 1), no other
metric type II radio bursts were listed in the NOAA/SWPC/
SGD reports throughout the time period analyzed in this paper.
The association of this metric type II radio burst with the C4.3
SXR flare would imply an origin associated with an EUV jet
starting at 19:36 UT (see Table 1). A CME originating from a
different region at S27E62 started to propagate over the
southeast limb of the Sun at 19:56 UT on November 9 as seen
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in SDO/AIA 193 A images and later in WL images by the
Large Angle Spectroscopic Coronagraph (LASCO; Brueckner
et al. 1995) on board SOHO with a plane-of-sky speed
Veme =228 kms™! and plane-of-sky width wenme = 130° (as
reported in the Coordinated Data Analysis Workshop, hereafter
CDAW, catalog of CMEszg; Yashiro et al. 2004). This WL
CME appeared in the LASCO/C2 coronagraph field of view at
20:24 UT on November 9 with leading edge at the position
angle PA =123° and at a height of 2.42 R., (note that the
position angle is measured counterclockwise from solar north
in the C2 coronagraph images). This CME is still compatible
with the observation times of this metric type II. Regardless of
the origin of this metric type II, no SEE event was observed by
any of the spacecraft at this time.

3.3. Coronal EUV Jets and Brightenings

Coronal jets, understood as explosive collimated eruptions
magnetically rooted on the Sun surface that propagate up into
the corona, may display varied morphologies from narrow
elongated spires, to large eruptive structures or surges,
occasionally with helical or twisted formations (e.g., Moore
et al. 2010; Raouafi et al. 2016; Bucik et al. 2018; Shen 2021).
Rapid jets may even be accompanied by large-scale propagat-
ing EUV waves (e.g., Buc¢ik et al. 2015, 2016; Nitta et al.
2015). On the other hand, EUV brightenings are sudden

3 cdaw.gsfc.nasa.gov/CME_list/
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amorphous increases in EUV light without any clear evidence
of material being ejected. The distinction between EUV jets
and brightenings could be due to the fact that the ejected
material is not bright enough to be detected by current
instrument capabilities. However, other factors such as
projection effects, the time cadence and wavelength of the
observations, or that the magnetic field configuration of these
brightenings does not allow the escape of material into the
corona, may also play a role in the lack of detection of coronal
jets (e.g., Shen 2021). The development of a large-scale coronal
front (CF) originating from an EUV jet depends on multiple
factors such as the initial speed and size of the driving jet as
well as the medium where the jet propagates. The relative
speed between the jet and the local Alfvén speed determines
whether these CFs are just sub-Alfvénic compressive waves or
structures that can steepen into shocks in the case of super-
Alfvénic jets that may then act as efficient particle accelerators
(e.g., Kozarev et al. 2017; Lario et al. 2017b; Kouloumvakos
et al. 2019).

In order to determine whether EUV brightenings, jets, or
CFs were observed in association with the SEE events, we have
examined SDO/ AIA images at the wavelengths 94, 131, 171,
193, 211, and 304 A together with 195 A and 304 A images
from the Extreme Ultraviolet Imager (EUVI) of the Sun Earth
Connection Coronal and Heliospheric Investigation (Howard
et al. 2008) on board STA. The cadence of the SDO/AIA
images used was ~1 minute. For STA /EUVI, the cadence was
5 minutes for 195 A i images and 10 minutes for 304 Ai images.
Column (5) of Table 1 lists the onset time (with a resolution of
1 minute) of these EUV emissions as observed in SDO/AIA
193 A images from 2022 November 9 to November 14
(inclusive). We indicate whether the signature of the EUV
emission corresponds to a brightening (indicated by the label
B), a jet when some ejected material can be followed in
successive images, or to a CF (indicated by the label CF) when
the ejected material drove a front seen as a propagating arch in
the EUV images. Within the jets class, we have distinguished
those cases when the jet is just a narrow small signature with a
width of less than a fraction of a degree, from those cases when
the jet is a wider structure. Those cases when the wide ejected
structure can be tracked by more than ~10° from its origin are
indicated by the label EJ. When necessary, additional
characteristics of the observed EUV emission are also indicated
in column (5) of Table 1. The specific features of these EUV
emissions depend to a large extent on the used wavelength, the
time cadence of the images, and even the subjective perception
of the observer. The timing and the phenomenological
descriptions in column (5) of Table 1 are based on ~1 minute
cadence of the 193 A SDO /AIA images, and these may differ
from those inferred using other wavelengths or time cadences.

Column (6) of Table 1 provides the longitude and latitude in
Stonyhurst heliographic coordinates (with a resolution of 1°) of
the site of either the brightening for the B events or the region
where the ejected material originated. Most of these EUV jets
and brightenings originated at the periphery of the ARs 13140
and 13141 (see for example the case shown in Figure 6). The
location of these ARs near central meridian longitudes from
November 9 to November 12 facilitated the observation of
small brightenings and small jets, with some possible jets
appearing just as brightenings due to projection effects. Later,
when the ARs were at western longitudes, small events may
have been hidden by coronal structures, but the largest EUV
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emissions, including structures propagating over the west limb,
were more easily observed. The associations made in Table 1
with specific X-ray flares listed in columns (1) through (4) are
based on their concomitant occurrence and location. The
associations made in Table 1 with the electron events listed in
column (8) are based on their close temporal occurrence. In the
case of consecutive EUV emissions, a one-to-one association
between a single solar phenomenon and a single SEE event can
be difficult to establish. In particular, linking the most intense
SEE events with the most prominent EUV emission can be
sometimes misleading since some SEE and *He-rich events can
only be associated with EUV brightenings (e.g., Mason et al.
2023a; Nitta et al. 2023). For this reason, in the next section,
we examine the interdependence between the phenomena
discussed here (i.e., EUV jets, X-ray flares, type III radio
bursts), and the electron SRTs for the observed SEE events.

4. Interdependence between X-Ray Flares, EUV Jets, Type
III Radio Bursts, and SEE Events

Figures 7 and 8 show, from top to bottom, (a) the 1 MHz
radio intensity in solar flux units (s.f.u.) measured by STA/
SWAVES; (b) the 304 A EUV intensity 1ntegrated over a box
centered at the coordinates indicated in each panel using
measurements from STA/EUVI in Figure 7 and SDO/AIA in
Figure 8; (c) ~75keV electron intensities measured by the
sunward apertures of STA/SEPT (red) and SolO/EPD/EPT
(blue); (d) ~6-10 MeV proton intensities measured by the Low
Energy Telescope (Mewaldt et al. 2008) on board STA (i.e.,
STA/LET) (red) and by SolO/EPD/HET (blue); (¢) 1-8 A
SXR intensities detected by the X-ray Sensor (XRS) on board
GOES-16 (black),”” and 15-25 keV HXR count rates provided
by SolO/STIX (teal). Each column of Figures 7 and 8
corresponds to a single day from 2022 November 9 to 2022
November 14 (inclusive). The vertical dotted—dashed lines in
Figures 7 and 8 indicate the estimated electron release times
listed in column (8) of Table 1. Note that the times of the X-ray
intensities from GOES and SolO/STIX in panels (e) of
Figures 7 and 8 have been shifted back to account for the light
transit time from the Sun to_Earth and SolO locations,
respectively. Similarly, the 304 A EUV intensity-time profiles
in panels (b) have been shifted by the light transit time from the
Sun to STA and LI in Figures 7 and 8, respectively. The
1 MHz radio intensity-time profiles in panels (a) of Figures 7
and 8 have been time shifted by assuming that this emission
originated from a height of 8 R before being measured by
STA/SWAVES. The red circles in panels (a) of Figures 7 and
8 indicate the type III radio bursts for which Langmuir waves
were detected by STA/SWAVES. These type III radio bursts
coincide with the most intense >75 keV electron events shown
in Figures 7(c) and 8(c).

The boxes selected to compute the EUV intensities shown in
panels (b) of Figures 7 and 8 include the location where most of
the prominent EUV jets and brightenings were observed. The
coordinates provided in each panel (b) indicate the Stonyhurst
position of the center point at the beginning of each day (we also
provide its Carrington Longitude (CL) that remains the same
throughout the day). The size of the selected box is indicated in
units of pixels of the original images (STA /EUI full-size images
are 2048 x 2048 corresponding to 1.7” pixel '; whereas SDO/
AIA full-size images are 4096 x 4096 pixels corresponding to

2 www.ngdc.noaa.gov/stp/satellite /goes-r.html
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0.6" pixel !). To derive the lightcurves for each day, all the
images collected during that day were first derotated using the
time of the first image of the day as reference to compensate for
the solar rotation. The lightcurves were then obtained by adding
the intensity of each pixel belonging to the selected region after
subtracting a background image. This background image
approximates the intensity of the quiet Sun and is estimated
from the median intensity of the bottom 20% intensity in time at
each pixel. Therefore, the lightcurves in Figures 7(b) and 8(b)
can be considered as normalized integrated 304 A EUV
intensities and are given in units of SDO data number (DN)
per second (see details in Ugarte-Urra & Warren 2012; Ugarte-
Urra et al. 2015). The EUV intensity enhancements seen in the
304 A lightcurves of the Figures 7(b) and 8(b) are indicated by
the flag E in column (5) of Table 1 (although the identification of
the EUV features made in Table 1 is based on SDO/AIA 193 A
images rather than 304 A images).

For 2022 November 9, we include in panel (b) of Figure 7 an
additional EUV intensity-time profile (orange trace) computed
over a different area that includes an EUV large-scale slowly
rising structure lacking a clear jet that occurred almost
simultaneously with the estimated SRT of the low-energy
(<45keV) SEE event (Figure 3) associated with the ion event
#1 in Figure 5. This slow-rising structure occurred from a
region at a latitude ~N30 and in longitudes ranging from W17
to W34 (see details in Section 4.3) that was not included in the
area used to compute the black EUV intensity curve. At that
time, a small EUV brightening was also observed at N24EQO1
that could be related to this large-scale slow-rising structure
(see details in Section 4.3); this small EUV brightening is not
captured by the area used to compute the EUV intensity-time
profiles in the leftmost panel (b) of Figure 7.

For the ion event #6 at the end of 2022 November 14
(Figure 5), a large-scale confined slow-rising EUV structure
occurred at the estimated SRT of the associated SEE event.
This structure occupied a large area from W34 to W56 in
longitude and at about ~N10 in latitude at the southeast of
AR 13141 (see details in Section 4.3). The area covered to
compute the 304 A intensity-time profile in the rightmost panel
(b) of Figure 8 included, in addition to both ARs 13140 and
13414, the area where this large-scale EUV structure rose.
However, it only contributed a small increase in the EUV
intensity that was followed by a brightening and a jet from
AR 13140 that could be associated with the origin of a
subsequent low-energy (<58 keV) SEE event at the end of
November 14 (see Table 1) .

Figures 7 and 8 display a clear association between SEE
release times with intense type III radio bursts, intense HXR
flares, and increases in the EUV intensities produced by
coronal jets and/or brightenings, especially for the events on
November 11 and 12. Notable exceptions include the
following:

(1) The sequence of small HXR flares from ARs 13140 and
13141 during the second half of November 9 for which no
SEE events were observed. The two GOES C1.2 and C4.3
flares at 17:55UT and 19:46 UT on November 9
associated with intense EUV jets stand out in this period,
but no energetic electron increases were detected in
association with these events.

(2) The low-energy (<100keV) SEE event with SRT at
11:25 UT on November 10 associated with a small type III
radio burst and a small narrow EUV jet starting at
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11:18 UT (solar time), extending up to 11:21 UT (solar
time), but lacking any significant X-ray emission.

(3) The small SEE event with SRT at 19:49 UT on November
10 observed at energies <80keV associated with a small
EUV jet but lacking any jet or clear X-ray emission.

(4) The intense HXR flare and M1.1 SXR flare associated with
a continuous EUV eruption at 00:04 UT (solar time) on
November 12 for which no type III radio bursts and no
new SEE intensity increase were observed.

(5) The long-duration SXR emissions starting at ~14:50 UT
and ~16:20UT on November 12 associated with EUV
brightenings in footpoints of loops in AR 13141, with no
clear EUV jets, concurrent with very weak HXR flares,
and for which no increases of electron intensities above
~10keV were detected. In contrast, the subsequent
sequence of three consecutive SEE events (with increasing
maximum energy) occurring after ~17:00 UT associated
with intense EUV emissions, especially the last EUV jet at
17:53 UT (solar time) that drove a CF, a CME, and
associated with an intense HXR flare, a C6.5 SXR flare,
and an intense type III radio burst.

(6) The intense HXR flare and concomitant GOES C4.0 flare at
06:17 UT on November 13 accompanied by a large EUV
jet that developed into a CF, but no type III radio burst or
SEE event were observed (see Section 4.2).

(7) The X-ray flares in the last ~6 hr of November 13 and
throughout November 14 located at far western (>W45)
longitudes on the Sun as seen from Earth. Many were
associated with faint type III radio bursts, but no SEE
events at energies above ~10 keV were observed by SolO.
During this period, an EUV brightening at 02:36 UT was
followed by two EUV eruptions at 02:39 UT and 02:54 UT
on November 14 from longitudes around ~W34 at the
eastern edge of AR 13145 (this AR resulted from the decay
of AR 13140, which started to break apart). These
eruptions were most likely the origin of the intense SEE
events early on November 14 for which two injections
were observed at SRT =02:37 UT and SRT = 02:56 UT
that resulted in the ion event #5 in Figure 5 also observed
by STA and L1, and also a >25MeV proton intensity
increase at SOHO (see Figure Al).

(8) The ion events #1 and #6 early on November 9 and late on
November 14 (Figure 4(d)) observed just at electron
energies below ~45 keV and ~58 keV, respectively, were
not associated with a clear EUV jet or X-ray flare. The
solar origin of these two events is analyzed in Section 4.3
below.

Regarding the association made between the onset times of
the solar emissions and the SRTs of each SEE event listed in
Table 1, we note that there could be some inconsistency, in part
due to the uncertainties in the estimated SRTs, but also due to a
possible delay between the onset of the solar phenomena and
the release of SEEs (e.g., Krucker et al. 1999; Haggerty &
Roelof 2002; Kouloumvakos et al. 2015). Figure 9(a) shows
the distributions of time delays between the onset of the
associated EUV emission for the SolO SEE events observed at
energies >10 keV (gray histograms) and the SolO SEE events
observed at energies >65 keV (black histograms). Figure 9(b)
shows the same time delay distributions but with respect to the
onset of the associated HXR flares. For completeness,
Figure 9(c) shows the distribution of time delays between the
SRT of the SEE events and the estimated onset time of the type
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Figure 9. Distributions of the time delays between electron SRTs and the onset of the associated (a) EUV emissions, (b) HXR flares, and (c) type III radio bursts as
listed in Table 1. The times listed in Table 1 have been rounded to 1 minute resolution, and the bins used in the histograms are 2 minute wide. The gray (black)
histograms are for >10 keV (>65 keV) SEE events observed by SolO. Positive delays indicate that the estimated SRT occurred after the onset of the associated (a)

EUV emission, (b) HXR flare, and (c) type III radio burst.

III radio bursts as listed in columns (7) and (8) of Table 1 (note
that the type III radio bursts associated with the ion events #1
and #6 that started at low frequencies are not included in
Figure 9(c)). The estimated electron SRTs show a delay with
respect to the onset of the EUV emission ranging from ~1 to
~15 minutes. Such a delay may result from the fact that the
electron injection does not occur at the onset of the EUV
emission but at a later time, which may correspond to the time
when the EUV emission intensifies, when the jet expands a
certain distance and encounters open field lines, or compression
waves or shocks develop that are able to accelerate particles.
Alternatively, if the electrons are only accelerated at the site
origin of the jet or the EUV brightening, the electron SRT delay
may represent the time needed for the electrons to reach open
field lines and escape into interplanetary space. The SEE event
with the longest delay of ~15 minutes had SRT = 13:00 UT on
November 13, was observed at energies <102 keV, and was
associated with a jet able to drive a CF and a CME (see
Section 4.2). The SEE event with the second largest delay (i.e.,
~12 minutes) had SRT =07:38 UT on November 12 but was
observed only by SolO/EPD/STEP at energies below
~20keV, which also increases the uncertainty in the SRT.
Despite the uncertainties in the SRT times, Figure 9(a) shows a
systematic delay in the SRT with respect to the onset of the
EUV emission with a mean of ~4 minutes for >10keV SEE
events and ~2.7 minutes for >65 keV SEE events.

For those events, with which we have associated an HXR
flare, there are also delays between the onsets of the HXR flare
and the SRTs (Figure 9(b)), but these are shorter than the
delays with respect to the onset of the EUV emissions. Note
that the higher the energy reached by the SEE event, the more
likely it is to find an association with an HXR flare. For
example, it was not possible to find an associated HXR flare for
37.5% of the 32 >10keV SEE events, compared with 19% of
the 21 >65 keV events. This is consistent with prior results for
the high-energy (>1.3 MeV nucleon™ ') *He-rich events ana-
lyzed by Reames et al. (1988). Owing to the uncertainties in the
estimated SRT, there are three cases for which the estimated
SRT occurred earlier than the onset of the HXR such as the
SEE events with SRT =09:36 UT and SRT =11:28 UT on

November 11 with delays of ~—3minutes. The longest
positive delay occurred for the event with SRT = 13:00 UT
on November 13 associated with an EUV CF and a WL CME
for which the onset of the HXR flare occurred ~10 minutes
earlier (see Section 4.2).

An association with type III radio bursts for which we were
able to compute their onset time at 1 R, could be made for 24
out of the 32 >10keV SEE events and for 19 out of the 21
>65keV SEE events. The higher the energy reached in the
SEE event, the clearer the association with an intense type III
radio burst. The delays between SRT and the onset of type III
radio bursts are smaller than for the onset of the EUV and HXR
emissions. The delay observed, in some events, indicates that
the low-energy electrons responsible for the type III radio
bursts are apparently released earlier than the SEEs. Uncer-
tainties in the SRTs (Section 2) and type III onsets (Section 3.2)
may affect these results, including two events for which the
SRT is prior to the type III onset. Note that the type III radio
burst onset times were computed under the assumption that
they were generated by fundamental emission. If the type III
radio bursts resulted from harmonic emission, the inferred type
IIT onset times would have shifted to later times by the order of
a few (~20) s. This would imply a shorter time difference with
respect to the energetic electron SRTs, but within the
uncertainties used in Figure 9(c).

Delays observed between the SRT and several solar
phenomena have been previously discussed in the literature
(e.g., Haggerty & Roelof 2002; L. Wang et al. 2006) and have
been attributed to the delayed acceleration of electrons by
shocks driven by CMEs (e.g., Simnett et al. 2002) and/or
scattering transport processes and energy-dependent injection
processes leading to errors in SRT estimates (e.g., Kahler et al.
2005, 2007; Ragot & Kahler 2008). In addition, the TSA
assumption of scatter-free transport may lead to short SEE
travel times and hence delayed SRTs compared to the case
when scattering occurs. Similarly, the assumption of a Parker
spiral path length may lead to delayed SRTs compared to the
case when the actual path followed by the particles is longer.
The SRTs may also be impacted by difficulties in identifying
SEE onset times due to limited pitch-angle coverage and
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closely spaced events. Nevertheless, the observed delays are
consistent with prior results (e.g., Haggerty & Roelof 2002;
Kouloumvakos et al. 2015), with a trend to shorter delays
considering the impulsive nature of the events analyzed here.

Table 1 lists multiple cases of EUV eruptions and X-ray
flares without any associated SEE event. Several factors might
account for this. Open field lines that would allow the particles
to escape may not be present near a particular jet or X-ray flare,
or overlying close field lines may impede particle escape. There
may also be a lack of magnetic connection between an
observing spacecraft and the source of an SEE event, as
explained further in Section 4.1. In Section 4.2, we also
consider the possibility that the jets were accompanied by
large-scale coronal structures able to accelerate and inject SEPs
into regions of interplanetary space not necessarily connected
to the site where EUV emissions originate. Finally, in
Section 4.3, we analyze two confined EUV eruptions that
could be associated with the origin of the ion events #1 and
#6 identified in Figures 4 and 5.

4.1. Magnetic Connectivity Spacecraft—Sun

An important factor in the detection of SEPs by a spacecraft
in interplanetary space is the magnetic connection established
between the spacecraft and the particle source (e.g., Lario et al.
2017a, and references therein). Table 1 lists the locations of the
flares, EUV brightenings, and the origin of the EUV jets
observed throughout the time interval under study. These
locations indicate the sites where presumably the acceleration
and release of particles started, especially if these processes
involved reconnection between close and open field lines
offering the opportunity for the accelerated particles to escape
into open interplanetary space. In order to estimate the site on
the solar surface where a spacecraft establishes magnetic
connection, a series of approximations and assumptions
regarding the topology of the magnetic field in the corona
and in interplanetary space are required. Several methods have
been applied in the literature to compute the magnetic
connection of spacecraft with the Sun (e.g., Nolte &
Roelof 1973; MacNeice et al. 2011; Lario et al. 2017a;
Rouillard et al. 2020; da Silva et al. 2023). Common
assumptions include a nominal Parker spiral to describe the
large-scale configuration of the interplanetary magnetic field
and the use of the potential field source surface (PFSS) model
(e.g., Schrijver & De Rosa 2003) to describe the coronal
magnetic field below the source surface (where the magnetic
field is assumed to be radial, usually placed at 2.5 R.,). Here,
we use PFSS coronal magnetic field solutions to trace field
lines from the Parker spiral field line footpoint on the source
surface for each location (SolO, STA, and L1). The tracing is
performed in a narrow region of 2°5 around the Parker spiral
footpoint at the source surface. The Parker spiral footpoint is
obtained using the solar wind speed measured by each
spacecraft (SolO, STA, and ACE) at a specific time. For SolO,
there are a few time intervals when solar wind measurements
were not available (see Figure A1(f1)). For the solar wind data
gaps on November 14, we interpolated the solar wind
measurements at nearby times. For the time interval prior to
November 11, we assumed a linear decay of the solar wind
speed from 600 km s~ at the beginning of November 9 to the
actual value observed at the beginning of November 11. For the
input to the PFSS model, we utilized the Air Force Data
Assimilative Photospheric Flux Transport (ADAPT; Arge et al.
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2010) photospheric magnetic field maps based on the Global
Oscillation Network Group (GONG) magnetograms.’” ADAPT
is an ensemble model that provides maps using 12 different
realizations, with each realization yielding slightly different
connectivity (da Silva et al. 2023). Specifically, to estimate the
spacecraft magnetic footpoints, we used the realization number
10. The ADAPT maps have a 2 hr cadence, and we selected the
map closest to the time used to determine the connection
points.

The cross symbols in Figure 10 indicate the heliographic
longitudes (top panels) and latitudes (bottom panels) of the
magnetic connection points computed at the times of the HXR
flares listed in Table 1 using the method described above
(hereafter the Parker-PFSS-ADAPT, or PPA method) for SolO
(left column), STA (middle column), and L1 (right column).
For each single time, the points used in the initial 2°5 wide
region at the source surface tend to converge into one, two, or
even three areas on the solar surface as they are tracked down
using the PFSS configuration applied to specific ADAPT maps.
Rather than assigning the coordinates of the footpoint to the
average of the connectivity footpoints obtained from this initial
distribution of points, we have plotted in Figure 10 the
coordinates of the centroid of each cluster of footpoints
computed as that point that minimizes the sum of squared
distances between data points and their respective cluster
centroids (i.e., using a K-means clustering analysis;
Lloyd 1982). The distance between the clusters of points
provides an estimate of the uncertainties of the footpoint
locations obtained by the PPA method. Figure 10(al) shows
three tracks of footpoint longitudes (crosses in different blue
tones) that indicate the longitude of the centroids of the areas
where the footpoints accumulate. The footpoint longitudes
move toward the west limb, whereas their latitudes
(Figure 10(b1)) stay approximately in the same position. The
shaded blue areas in Figures 10(al) and (bl) highlight the
clusters of footpoints at similar longitudes that evolve together
in time allowing a visual association between the longitude and
latitude of each cross symbol. Similarly, Figure 10(a2) shows
four tracks of footpoint longitudes (crosses in different red
tones) for STA, although for each single time there are just one,
two, or three clusters of footpoints. The reddish crosses in
Figure 10(b2) indicate the latitudes of the centroids of the
cluster of STA footpoints. The shaded pink areas associate the
longitude and latitude of those footpoints at similar longitudes
that evolve together with time from east to west. Note that on
November 14 a cluster of footpoints accumulated at longitudes
in the range W45-W60 and latitudes N12-N13. Finally,
Figure 10(a3) shows three tracks of footpoint longitudes
(crosses in different green tones) for spacecraft at L1, whereas
the greenish crosses in Figure 10(b3) indicate their latitudes.
Note that during November 14 two clusters of footpoints were
obtained at longitudes in the ranges W45-W60 (with latitudes
within NO8 and N13) and W90-W105 (with Ilatitudes
N17-N35).

The blue solid lines in Figures 10(al) and (b1) indicate the
longitude and latitude of the SolO magnetic footpoint using just
the nominal Parker spiral considering the same solar wind as
when computing the connection footpoint using the PPA
method. Similarly, the red solid lines in Figures 10(a2) and (b2)
and the green solid lines in Figures 10(a3) and (b3) indicate the
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Figure 10. Heliographic coordinates of the HXR flares observed by STIX (magenta and teal triangles), EUV jets/brightenings (small orange and black circles), and of
the magnetic connection points of, from left to right, SolO (blue symbols), STA (red symbols), and L1 (green symbols) estimated using the Parker-PFSS-ADAPT
(PPA) method (crosses) or just a Parker spiral configuration (solid lines). Magenta (teal) triangles indicate when the HXR flare occurred in AR 13141 (AR 13140).
Small orange (black) circles indicate when the EUV jets and/or brightenings occurred in the vicinity of AR 13141 (AR 13140). The vertical dotted—dashed lines
indicate the SRT of the >65 keV SEE events observed by SolO (left column), STA (middle column), and Wind (right column). The shaded areas highlight the clusters
of footpoints at similar longitudes that evolve together in time as obtained by the PPA method.

coordinates of the footpoints of the nominal Parker spiral field
lines connecting to STA and L1, respectively.

Several factors play a role in the accuracy of the estimated
footpoint locations plotted in Figure 10. First, the field
configurations assumed in both the PPA and the Parker spiral
methods may differ from the actual field configurations. For
example, the high-speed solar wind stream (HSS) and an SIR
sequentially observed by SolO, STA, and near-Earth spacecraft
(see Appendix A) may have distorted the interplanetary field
configuration from a nominal Parker spiral. In particular, the
magnetic field tends to be more radial in the rarefaction region
of an HSS (e.g., Murphy et al. 2002; Lario & Roelof 2010), and
the interaction of slow and fast solar wind in the SIR may
distort the magnetic field. Deviations of ~10° when using
Parker spiral ballistic backmapping from 1 au are expected to
occur (Nolte & Roelof 1973), whereas different assumptions
for acceleration and corotation of the solar wind also introduce
variations in the estimated footpoint locations (e.g., Dakeyo
et al. 2024, and references therein). Magnetic field meandering
in interplanetary space may also lead to deviations in the
assumed nominal Parker spiral field lines (Giacalone &
Jokipii 2004). Additionally, the PFSS configuration assumed
in the PPA method may not be an accurate representation of the
coronal magnetic field. It is well known that the choice of
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magnetogram used for input as well as the ADAPT realization
selected may provide different connectivity results (e.g., Lario
et al. 2017a; da Silva et al. 2023). Also, the potential field
assumption made in the PFSS model does not incorporate time-
dependent phenomena such as magnetic reconnection or the
effects produced by propagating coronal jets frequently
observed in the period under study, nor the rapid changes in
the low corona that may have occurred. Therefore, a precise
estimate of the uncertainties of the footpoint locations
displayed in Figure 10 is difficult to evaluate, and the plotted
values should be judiciously considered.

The magenta and teal triangles common to each panel of
Figure 10 indicate the coordinates of the HXR flares obtained
from STIX observations, whereas the orange and black circles
indicate the location origin of the EUV jets and/or brightenings
indicated with the flag E in column (5) of Table 1. The magenta
triangles and orange circles are used when the HXR and the
EUV emissions occurred near AR 13141, whereas the teal
triangles and black circles indicate if they occurred near
AR 13140. Figure 10 shows the close concomitance in time
and location between the HXR (triangles) and EUV (circles)
emissions. At the beginning of the time interval under study
(November 9) and at the end (from mid-November 13 and
throughout November 14), most of the emissions occurred near
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Figure 11. SDO/AIA 193 A running difference images shortly after the origin of the ion events #4 (a), #5 (b), and #3 (c) as identified in Figure 5. The solar
eruption and CF in panel (d) was not associated with any particle event. The eruptions in panels (a) and (b) were associated with white-light SOHO/LASCO CMEs.
No white-light CMEs were identifiable in association with the eruptions in panels (c) and (d).

AR 13140, whereas throughout November 10, 11, and 12 most
of the activity occurred near AR 13141. Figure 10 includes also
an orange star symbol early on November 9 at N24EO1 that
indicates the location of a small EUV brightening probably
associated with the low-energy (<45keV) SEE event and ion
event #1 (see Section 4.3). The orange bars occupying (i) the
longitudes and latitudes W17-W34 and N30-N34 early on
November 9, and (ii) W34-W56 at N10 late on November 14
indicate the location of large-scale slow-rising confined EUV
structures lacking a clear EUV escaping jet that could be
associated with the ion events #1 and #6 and the associated
SEE events (see details in Section 4.3).

Figure 10 shows that, within the uncertainties described
above, the footpoints of the nominal Parker spiral field lines
connecting to SolO were close in longitude to the site of the
solar eruptions on November 11-12, but separated in latitude
by ~7°. By contrast, the footpoints computed using the PPA
method during the same period were separated by ~10° in
longitude, and more than ~10° in latitude. For STA (L1), the
nominal Parker spiral footpoints were close in longitude to the
site of the solar eruptions from November 12 (14) onwards, but
the latitudes were separated by more than ~10°. Note that, for
the PPA method, STA and L1 footpoints were close to the site
of the solar eruptions on November 14, but this is not the case
for SolO.

Despite the uncertainties in the connectivity computations,
Figure 10 shows that, except for STA and L1 PPA footpoints
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on November 14, there was a large (=10°) distance between
the estimated footpoint locations and the site where the EUV
jets and brightenings originated. This is especially problematic
for the observation of particles if their sources were limited in
extent, and SEE release occurred only where EUV brightenings
and jets originated. The cases of extended jets able to generate
CFs, or even expand to higher altitudes driving CMEs, may
offer the possibility to create coronal disturbances that may
accelerate energetic particles over a broad range of latitudes
and longitudes (e.g., Kozarev et al. 2017). In the next section,
we describe whether these structures (CFs and CMEs) were
observed in association with the release of SEEs, and whether
they propagated toward the sites of the estimated magnetic
connection footpoints.

4.2. CFs and CMEs

Figure 11 displays SDO/AIA 193 A running difference
images observed shortly after the onset of some of the largest
EUYV jets listed in column (5) of Table 1. Three of these jets
(panels (a), (c), and (d)) were able to drive CFs. The CF in
Figure 11(a) was driven by a jet that was observed to originate
at ~18:01 UT on November 12 from N13W27. According to
the CDAW /SOHO/LASCO CME catalog, a WL CME with a
plane-of-sky speed Veye = 175 km s~ ! and plane-of-sky width
wemg = 45° appeared in the LASCO/C2 coronagraph field of
view at 19:12UT on November 12 with leading edge at
PA =241° and at a height of 2.54 R.... It is likely that this CME
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originated with the jet that drove the CF shown in Figure 11(a).
However, its origin close to central meridian (as seen from
Earth) makes the observation of the CME difficult with Voyg
and wcpmEg values significantly influenced by projection effects.

The CF shown in Figure 11(c) was driven by a jet that was
observed to originate at 02:19 UT on November 12 from
N13W32. In this case, no clear WL CME was seen in LASCO
images, nor can any material expelled over the limb of the Sun
be seen in EUV images that could be associated with this jet.
Similarly, the CF in Figure 11(d), driven by a jet originating at
06:18 UT on November 13 from N13W34, did not show any
trace of ejected material over the solar limb in either EUV or
WL images. By contrast, the eruption in Figure 11(b) started as
an EUV brightening at 02:44 UT on November 14 that was
followed by an extended jet observed at 02:47 UT moving
mostly in the vertical direction. This did not leave any clear
signatures close to the solar surface in the form of an EUV
wave or CF, but extended to higher altitudes in the form of a
CME (seen both in EUV and WL images). In fact, a narrow
CME can be seen in Figure 11(b) over the west limb at
PA ~ 290° that appeared later in the LASCO/C2 field of view
with leading edge at 2.9 R, at 03:24 UT. According to the
CDAW /SOHO/LASCO CME catalog, this CME had a plane-
of-sky speed Veump =321 kms ™' and width weye = 74°.

The jet origin of the CF in Figure 11(a) was associated with
(1) an SEE event clearly seen at all three locations (SolO, STA,
and L1) even at relativistic energies (indicated by the first green
circle in Figure 2(c)), (ii) a 27 MeV proton intensity increase at
the three locations (Figure Al), and (iii) the ion event #4 in
Figure 5. The jet origin of the CF in Figure 11(c) was
associated with (i) an SEE event clearly observed by STA and
SolO (although the event at SolO only reached energies
<200keV) and (ii) the ion event #3 in Figure 5. Note that this
SEE event was followed by a more intense SEE event at SolO
with estimated SRT at 04:28 UT that probably originated with a
jet at 04:25 UT (solar time) on November 12 which was able to
drive a CF (not shown here) though no material was evident
over the limb in WL or EUV. The sequence of two SEE events
at energies <300 keV was observed also at STA and L1 (see
Figures 2(b), Al(a2), and (a3)), whereas at energies >2.5 MeV
the intensity increases observed by SOHO/EPHIN early on
November 12 (second open green circle in Figure 2(c)) could
be related to the jet at 04:25 UT, but no clear CME (either in
EUV or WL images) could be associated with it. Note that,
according to Hou et al. (2023), the jet at 02:19 UT (02:11 UT
solar time) on November 12 that was the origin of the CF in
Figure 11(c) was able to drive a shock responsible for a metric
type II radio burst. However, the estimated Alfvén Mach
number of this shock was only in the range 1.09-1.18,
implying a weak shock. Therefore, the gradual relativistic SEE
intensity increase observed at L1 early on November 12 was
most likely associated with the jet at 04:25 UT (solar time), but
for which no CME was observed.

Figure 11(d) displays another CF observed during this period
that was associated with an intense HXR flare (see Figure 8),
but for which we could not associate any SEP intensity
increase. We note that all the CFs identified moved southward
(as those shown in Figures 11(a), (c), and (d)) and were limited
in extent because of the neighboring CHs (Figure 6).
Additionally, the CFs moved in the opposite direction of the
northern latitudes where the estimated footpoints of field lines
connecting to the spacecraft were located (Figure 10). It is
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possible that the jets moved vertically, being able to compress
or even drive shock waves propagating at higher altitudes that
intercepted the field lines connecting to the spacecraft.
However, these jets did not leave a clear trace on the northern
part of the solar disk that could be detected in EUV images.
Noticeably, the observation of a CF, such as the one shown in
Figure 11(d), did not warrant the observation of an SEP event.

The eruption in Figure 11(b) with the 321 km s ' WL CME
over the west limb was associated with the origin of the ion
event #5 in Figure 5 and the intense SEE event observed by
the three spacecraft early on November 14 (see Figure 2).
However, it did not display a clear CF over the solar disk. The
SEE event could have started with an EUV brightening at
02:44 UT on November 14 and continued with the extended jet
at 02:47 UT but only reaching energies <237 keV at SolO. By
contrast, this SEE event was observed at relativistic energies by
SOHO/EPHIN (indicated by the third green circle in
Figure 2(c)). In fact, this SEP event was observed even at
proton energies 2>25MeV by SOHO/COSTEP/EPHIN
(Figure A1(b3)) and as a *He and Fe-rich event by ACE/
ULEIS. The largest intensities and higher energies of this event
at L1 may be a consequence of the better magnetic connection
to the source region for near-Earth spacecraft than for SolO
(Figure 10).

For completeness, we should indicate that, during the period
under study, the CME with the fastest plane-of-sky speed
reported in the CDAW /SOHO/LASCO CME catalog was an
extremely narrow CME with weme = 9°, Veme = 560 kms™!,
and PA =268° at 02:36 UT on November 14 that cannot be
associated with any EUV event occurring on the visible side of
the Sun. The widest CME during this period appeared in the
LASCO/C2 field of view at 09:12 UT on November 11 with
weme = 139° and Veyg = 190 km s~!. This CME was most
likely generated from behind the west limb of the Sun as seen
from Earth, and no SEP event could be associated with it.

In column (5) of Table 1, we indicate when a CME or
material expanding over the solar limb could be observed.
Apart from the two cases shown in Figures 11(a) and (b), we
should add the following:

1. A CME observed by LASCO/C2 at 13:36 UT on
November 13 with Veygs =397 kms ™! and weyg = 85°
at PA =320° probably associated with the EUV jet at
12:53 UT from N26W28. This CME was most likely
associated with an SEE event at SolO measured at
energies <102 keV, but at even higher energies and with
higher intensities at STA and Wind (see Figures 2(a)—
(b)). Of note is that this SEE event was even measured at
energies above ~2.64 MeV by SOHO/COSTEP/EPHIN
(indicated by the second green circle in Figure 2(c)). The
SEE event at SolO showed a delay of ~15 minutes
between the estimated SRT and the origin of the EUV jet,
whereas for Wind the delay was of ~6 minutes, which
may be due to the time required for the jet to drive a
shock with a better connection to L1 than to SolO.

2. A CME observed by LASCO/C2 at 18:42UT on
November 14 with Veyg =278 km s~ ! and weme = 64°
at PA =285° probably associated with the EUV jet at
17:59 UT from N28WS55. The associated SEE event (see
Figures 2(a)—(b)) was observed at L1 but not at STA or
SolO (presumably L1 was much better magnetically
connected; see Figure 10).
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3. Material expanding over the west limb of the Sun seen in
both EUV and WL images, probably associated with the
EUV jets at 09:27 UT and 17:39 UT on November 14 that
extended into the WL C2 coronagraph images seen at
10:24 UT at PA =260° and at 18:42 UT at PA =290°,
respectively. This amorphous ejected material was not
even classified as a CME in the CDAW /SOHO/LASCO
CME catalog. We indicate these two jets with CME" in
column (5) of Table 1. None of these two jets could be
associated with SEE events.

Apart from these three items above, no other WL CME
reported in the CDAW /SOHO/LASCO CME catalog or any
other WL material seen in LASCO/C2 images seem to be
associated with the origin of the observed SEE events. Also,
since the observation of CMEs generated by these jets is
facilitated when the source of these jets is close to the limb
(rather than close to central meridian longitudes), most of the
WL CMEs were observed late on November 12, and during
November 13 and 14.

4.3. The Solar Origin of the lon Events on 2022 November 9
and November 14

Table 2 shows that the events associated with heavy-ion
intensity increases tend to be associated with jets able to drive
CFs. Two significant exceptions are the ion events #1 and #6
in Figure 5 that were very prominent at low-energy
(<1 MeV nucleon™") ion intensities but for which electron
intensity enhancements only reached energies below ~45 keV
and ~58keV, respectively (see Figures 4, 5, and 3(a)). The
type III radio bursts associated with these events were observed
only at low frequencies (see Figure 3(b)).

For the ion event #1, two EUV episodes occurred almost
simultaneously that were coincident with the estimated electron
SRT but far from the two ARs (see Table 1). Figure 12(a)
shows an SDO/AIA 211 A image of the region where the two
EUV episodes took place prior to their occurrence. The
overplotted white and black contours indicate regions of strong
(~100 G) positive (white) and negative (black) polarity line-of-
sight magnetic field as measured by the Helioseismic and
Magnetic Imager (HMI; Scherrer et al. 2012) on SDO. An
inverse S-shaped filament channel (indicated by the white
arrow) can be seen northwest of the main positive magnetic
region. Figures 12(b) and (c) are SDO/AIA 211 A running
difference images displaying the structures associated with
these two EUV episodes. The two red arrows labeled N30W17
and N33W34 indicate the coordinates of the footpoints of the
inverse S-shaped filament as it developed as a confined slow-
rising structure. At ~05:20UT, some material was seen
moving along the filament toward its western foot. The whole
structure increased in size at ~05:36 UT, and started to rise at
~05:45 UT, reaching a maximum extent at ~06:03 UT, and
then decaying until around ~06:46 UT. Throughout this
evolution, there was no observational evidence of material
being ejected from this structure. The confinement of this
structure was most likely due to the effects produced by
overlying magnetic field, in such a way that brightenings on
this slowly rising structure resulted from interactions with the
material above, and any possible jets would have remained
confined by upper coronal loops. Material moving along this
slowly rising structure may precipitate in the footpoints of the
filament producing brightenings (Wyper & DeVore 2016;
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Kumar et al. 2019a). Coincident with the expanding of this
slowly rising structure, a brightening at N24EQ1 (left red arrow
in Figure 12(b)) occurred, with bright material running along a
pre-existent close loop, but again with no evidence of ejected
material. An additional small jet observed at 06:01 UT (or
05:53 UT in solar time) from the western edge of AR 13141 at
N12E17 (not included in Figure 12) seems to occur too late to
explain the low-energy SEE event with SRT = 05:47 UT, but is
still compatible with the onset of the ion event #1 (Table 2).
No X-ray flaring emission was observed in association with all
these EUV episodes. Whether the low-energy <45keV
electrons and <1MeV nucleon™' ions observed during this
SEP event were released from the EUV brightening close to
central meridian, the large-scale rising structure, or the later
small jet, cannot be resolved. The estimated magnetic field
connectivity for SolO favors the small brightening close to
central meridian (see orange star in Figures 10(al)-(bl)).
However, the largest EUV phenomenon occurring at this time
was the western slowly rising structure although this was
distant from the estimated SolO magnetic connection (left
orange bar in Figures 10(al)-(b1)).

In order to explain the ultraheavy-ion intensity enrichment
observed in this ion event #1, Mason et al. (2023b) invoked
a particle acceleration mechanism consisting of preferential
heating via interaction of electromagnetic hydrogen cyclotron
waves with a seed population of different ion species (Roth &
Temerin 1997). Heavy ions are resonantly accelerated by the
second or higher harmonics of these waves, whereas the most
abundant “He and H ions damp the waves at the frequencies
resonant with these particles. The background magnetic field
gradient is an important component of this acceleration
process, wherein the magnitude of the acceleration is
proportional to the field gradient. Owing to the field gradient,
particle cyclotron radii changes along this gradient allow a
single wave to accelerate particles with a range of cyclotron
frequencies. This process leads to an increase in the Fe/O
ratio due to a depletion of O (see details in Mason et al.
2023b). It is possible that this field gradient can be found in
coronal loops or as the large-scale structure rises to higher
coronal altitudes where enhancements of low first-ionizing-
potential elements (such as Fe) in closed field structures have
been observed (e.g., Mondal et al. 2023). However, the
mechanism allowing the release of particles onto open
magnetic field lines from these closed structures remains
uncertain. One possibility is that interchange magnetic
reconnection processes at the footpoints of these structures
where brightenings occur enable the particles to find open
field lines and hence the possibility to escape toward
interplanetary space, or alternatively, this reconnection may
occur at higher altitudes explaining the weak or inexistent
signatures of the type Il radio burst at high frequencies.

The right column of Figure 12 shows SDO/AIA 211 A
images of the region where most likely the ion event #6
originated. Figure 12(d) shows an SDO/AIA 211 A image at
the time of the estimated electron SRT. The SDO/
HMI £ 100 G line-of-sight magnetic field contours concen-
trated where ARs 13141 and 13140 were located (top right
corner of the figure). The white arrow identifies a filament
structure that extends from the position indicated by the
arrow to the southwest edge of the white magnetic field
polarity at the center of the image. The filament started to rise
at around ~22:31 UT with material moving downward
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Figure 12. SDO/AIA 211 A images for the EUV phenomena related to the origin of the ion events #1 (left column) and #6 (right column). The top two panels are
direct SDO/AIA 211 A images prior to the estimated SRTs of the associated SEE events, with overlaid SDO/HMI line-of-sight magnetic field polarity (white and
black contours). The four bottom panels are running difference images indicating the main features associated with these EUV confined eruptions.

toward N10W34 (left red arrow in Figure 12(e)) whereas
other material moved toward the western footpoint at
N10WS56 (right red arrow in Figure 12(e)) along a closed
structure (identified as outer spine in Figure 12(e)). A
confined jet indicated in Figure 12(f) was also seen to
propagate along this structure. The continuous motion of
material along this closed structure ended at ~23:45 UT but
without displaying any clear evidence of material ejected to
higher altitudes.

22

Figure 12 shows the largest EUV phenomena occurring over
the whole solar disk at the estimated SRT times of the low-
energy SEE events associated with the ion events #1 and #6.
No X-ray flaring emission was observed at those times.
Whereas the slow-rising confined structures are similar for the
two events, the ion event #6 displayed smaller Fe/O and
3He/4He ratios than the ion event #1 (Table 2), whereas
ultraheavy-ion intensity enrichments were only observed in the
ion event #1 (Mason et al. 2023b). The similarity between the
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two SEE events lies in the fact that the electron intensity
enhancements were observed just at low energies (i.e., below
~50keV) and that the associated type III radio bursts started at
low (<1MHz) frequencies. Probably, overlying closed field
configurations inhibited the release of clear EUV jets into open
space and hence the escape of an intense electron beam able to
generate a strong radio emission from low in the corona. A
continuous leakage of particles from adjacent open field lines,
probably during brightenings produced by interchange recon-
nection, could be at the origin of these two low-energy particle
events, and only at larger distances was the beam of electrons
intense enough to generate type III radio emission.

5. Discussion

The intense series of SEE events observed by SolO, STA,
and L1 spacecraft from 2022 November 9 to November 15
offers the possibility to analyze the association between the
release of energetic electrons and solar EUV brightenings,
EUV jets, X-ray flares, and type III radio bursts. This sequence
of SEE events was extraordinary in terms of its frequency,
especially on November 11 when SolO observed 13 SEE
events at energies above ~10keV, 11 events above ~65 keV,
and three events above ~500keV. This frequency of SEE
events is much larger than the daily average at solar maximum
(e.g., Wang et al. 2012), even though the period analyzed here
occurred during the rising phase of solar cycle 25.

Despite the longitudinal separation between SolO and L1
(STA) of ~23° (8°) at the beginning of November 9 and of
~19° (4°) at the end of November 14, the most intense SEE
events were observed at all these locations. Distinct patterns in
the measured intensities (Figure 2) and anisotropies
(Appendix B) at each spacecraft indicate the influence exerted
by the varying magnetic connection of each spacecraft to the
Sun, although modeling suggests that none of the spacecraft
were directly connected to the sites of the solar phenomena
associated with the SEE events (Figure 10).

The series of SEE events was associated with a sequence of
EUV brightenings and jets from the periphery of the
ARs 13140 and 13141. At the beginning of November 9,
AR 13140 (13141) was centered around ~N28E14
(~N14E25), and by the end of November 14, it was at
~N28W62 (~N14WS55). Although there are uncertainties in
the spacecraft magnetic connectivity estimates (Figure 10), the
two ARs were better connected with STA by November 13 and
with L1 by November 14, resulting in the observation of SEE
events with faster anisotropic rises to higher peak intensities at
STA (L1) than at SolO by November 13 (November 14). By
contrast, the closer magnetic connection of SolO with the ARs
during November 10-12 led to the observation of events with
rapid anisotropic increases and higher peak intensities at SolO,
whereas the same events at STA and L1 displayed weaker
anisotropies, gradual increases, and smaller intensities.

Remote-sensing observations during this sequence of SEE
events show a plethora of solar phenomena that are commonly
associated with such events. The abundance of EUV transient
phenomena, including brightenings, jets, continuous ejections
of material, and slow-rising structures that failed to erupt
(Table 1), made the association between individual SEE events
and these phenomena difficult to establish. We observe a
general association between SEE events and X-ray flares, EUV
emissions, and type III radio bursts (Figures 7 and 8). However,
other factors, such as the magnetic connectivity between
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spacecraft and the sources of SEEs, also determine whether the
SEEs can be reliably associated with these solar phenomena.
During November 11 and 12, the association between these
solar phenomena and the >10keV SEE events observed by
SolO was remarkable (Figures 7 and 8), presumably because
the connection between SolO and the region where X-ray flares
and EUV jets occurred was apparently better than on other days
(Figures 10(al)—(b1)). On the other hand (see Section 4), there
are (i) small SEE events with no associated X-ray flare or EUV
jet (these cases are usually associated with small EUV
brightenings; see Table 1), and (ii) cases when intense solar
phenomena occurred but an SEE event was not observed. In
such cases, it is possible that energetic particles were produced,
but no SEE event was observed due to poor magnetic
connection; or that, during their propagation, the particles did
not reach the open field lines connected to the observing
spacecraft.

The observation of the most intense SEE events by SolO,
STA, and near-Earth spacecraft has implications for the extent
of the particle sources. These intense SEE events tend to be
associated with extended EUV jets able to drive CFs that occur
in close temporal association with HXR flares and with marked
type III radio bursts extending from high frequencies to local
Langmuir waves. Some of these most intense events were
accompanied by <10MeV proton intensity increases and
heavy ions (i.e., the ion events #2, #3, #4, and #5 in
Figure 5). We have analyzed whether these CFs were extended
enough to establish magnetic connection with all these
spacecraft. However, the results are not conclusive. First of
all, we find that the observation of a CF does not imply the
observation of an SEE event (e.g., Figure 11(d)). Additionally,
the observed CFs propagated away from the estimated
magnetic footpoints (Figure 11). It is possible that jets
propagated toward higher altitudes in the corona being able
to drive a compression wave or a shock capable of accelerating
particles, but without leaving clear evidence of associated
shock fronts on the solar disk. However, apart from propagat-
ing in the correct direction, conditions have to be appropriate
for a jet to drive these structures and accelerate particles.

It has been suggested that the observation of relativistic
SEEs in large widespread SEP events requires a contribution
from electron acceleration at a CME-driven shock (e.g.,
Dresing et al. 2022). Figure 2(c) shows three clear
2.64-10.4 MeV electron intensity increases seen by SOHO/
COSTEP/EPHIN (indicated by the three solid green circles in
Figure 2(c)) that were associated with WL CMEs. However,
these CMEs were modest in terms of their plane-of-sky speeds
and widths: Veyg=175kms™ ! and weyg =45° for the
relativistic  SEE event at ~18:15UT on November 12
(Figure 11(a)); Veme =397 km s~ ! and weme = 85° for the
relativistic SEE event at ~13:05UT on November 13;
Veme =321 kms™ ! and wepg = 74° for the relativistic SEE
event at ~02:55 UT on November 14 (Figure 11(b)). Apart
from these three WL-CME-associated relativistic SEE events,
there were other smaller gradual relativistic electron intensity
increases at L1. A relativistic electron increase at L1 on
November 11 (first open green circle in Figure 2(c)) was most
likely associated with the CF generated by the EUV jet at
11:26 UT (solar time) on November 11 from N12W10 that
produced an SEE event at SolO at energies <2 MeV. As
discussed in Section 4.2, the small 2.64-10.4 MeV electron
intensity increase observed by SOHO/COSTEP/EPHIN early
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on November 12 (second open green circle in Figure 2(c))
could be related to the CF originated at 04:25 UT (solar time).
A possible additional very small 2.64-10.4 MeV electron
intensity increase could be distinguished in the COSTEP/
EPHIN green intensity curve in Figure 2(c) early on November
11, which was most likely associated with an EUV jet at
01:40 UT (solar time) on November 11 from NI13WO06,
although a CF generated by the prior EUV jet at 01:25 UT
(solar time) was still expanding and could have contributed to
this SEE event. No CME could be associated with these three
relativistic electron intensity enhancements on November 11
and early November 12, although their origins at longitudes
near central meridian (as seen from Earth) make the
observation of possible CMEs difficult.

Next, we consider whether, despite uncertainties in the
estimated electron SRTs, they may provide insight into particle
acceleration and transport in SEEs. We found some delays with
respect to the onset of the EUV jets (Figure 9), which may
result from the time needed (i) to accelerate particles; (ii) for
the particles to propagate and reach open field lines connecting
to the observing spacecraft; (iii) for the structures driven by the
EUV jets, if able to accelerate particles, to reach open field
lines allowing the accelerated particles to escape into
interplanetary space; or (iv) for closed structures confining
accelerated particles to become open and release the acceler-
ated particles. Although not shown here, we find no correlation
between the delays in Figure 9 and the angular distance
between the field line footpoints and the site of EUV emissions,
which tends not to favor (ii) or (iii) as the main cause. Most
likely, multiple factors, such as different coronal magnetic field
topologies and different particle source properties, may
contribute to this lack of correlation between this angular
distance and the particle SRTs. Precise modeling of the
magnetic field configuration of these regions, as well as of the
formation and propagation of jets, and of the particle
acceleration and transport in these field topologies is required
to elucidate the origin of the SRT delays.

Several of the SEE events are accompanied by *He-rich SEP
events. Prior observations of *He-rich SEP events have shown
associations with EUV jets that were triggered by minifilament
eruptions (e.g., Bucik et al. 2018, 2023). In fact, it has been
suggested that the origin of jets in both CHs (Sterling et al.
2015) and in the periphery of ARs (Sterling et al. 2024) always
involves the eruption of a minifilament. In a statistical study of
jets in CHs, Kumar et al. (2019b) found that about ~70% of
jets were associated with filament eruptions, but ~30% showed
no evidence of a minifilament although exhibited miniflare
arcades and other eruptive signatures. In the series of events
analyzed in this work, minifilaments were observed prior to the
eruption of the jets in the periphery of the ARs in a few cases.
Two cases are shown in Appendix C where raising minifila-
ments were clearly observed. In other cases, the pre-eruption
filaments did not completely disappear, but a partial filament
eruption or just the eruption of some filament strands might
have occurred with the large-scale structure of the filament
remaining mostly unaffected by the jet eruption (see similar
examples in Mancuso et al. 2024). However, for most of the
EUV jets in Table 1, the pre-eruption filaments were not
detected. In particular, the repeated production of jets from the
two nearby ARs, as well as the presence of suspended loop
material from the two adjacent ARs, may have made it difficult
to detect any pre-eruption filaments that might have been
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present (see similar cases in Sterling et al. 2024). Another
possibility is that the generation of these jets did not require the
eruption of a minifilament. However, establishing whether all
the jets and associated SEE events discussed here were driven
by a filament eruption interacting with the ambient magnetic
field (e.g., Wyper et al. 2017; W. Wang et al. 2023) or just the
narrow ejection of material produced by direct interchange
magnetic reconnection requires the analysis of the magnetic
topology of the source regions, which is beyond the scope of
the present work.

The two peculiar SEE events on November 9 and November
14 observed at low electron energies (<45 keV and <58 keV,
respectively) but rich in <1 MeV nucleon ' heavy ions were
not associated with clear jets or X-ray flares. The type III radio
bursts associated with these two events started at frequencies
below 1 MHz, indicating that the parent solar eruption was not
able to drive an electron beam intense enough to generate radio
emission from its inception. Both eruptions involved slow-
rising confined EUV filaments (Figure 12), but how the SEE
electrons and heavy ions might have escaped into interplane-
tary space cannot be determined. The solar origin of the
episode of extremely high *He / “He ratio early on November 10
(Figure 5) also cannot be resolved.

6. Summary

To summarize, the main results obtained in this study of a
sequence of SEE events are the following:

1. A strong temporal and spatial association with HXR
flares and EUV jets has been found for the most intense
SEE events (Figures 7 and 8). Less intense and energetic
SEE events may also be associated with EUV bright-
enings and small jets, but an HXR flare may be absent
(Table 1).

2. Heavy-ion events associated with SEEs are generally
related to extended jets and CFs (Table 2). Exceptions are
ion events #1 and #6, which most likely originated with
slowly rising confined EUV structures (Section 4.3).

3. The separation between the estimated magnetic field line
footpoint and the location of the related EUV jet did not
preclude the observation of the most intense SEE events
at three locations spanning <22° in longitude. Never-
theless, this separation regulated the characteristics of the
observed intensity-time profiles and anisotropies
(Figure 2).

4. The anisotropic SEE events observed at ~0.6au
displayed significant delays between the estimated SRTs
and the onset of both EUV jets and HXR flares
(Figure 9), confirming prior results obtained from
statistical studies of SEE events observed at 1 au.

5. Some of the EUV jets were able to drive CFs that
tended to be associated with intense SEE events.
However, these CFs did not propagate toward the
estimated field line footpoints of the observing space-
craft, and the detection of a CF did not necessarily
imply the observation of an SEE event (Figure 11).
Therefore, it is unclear from these events whether CFs
are relevant for the acceleration of SEEs and their
spread in the inner heliosphere.

6. A few CMEs were observed in association with the EUV
jets, but they were modest in speed and size (Section 4.2),
which suggests that they were unable to drive shocks that
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could accelerate particles. In general, the observation of a
wide and fast CME is not required for the acceleration
and detection of a relativistic SEE event.

7. In the absence of broad particle sources, the spread of
SEEs to distant heliospheric locations requires field
configurations with field lines that extend in longitude
and latitude that our methods to estimate magnetic
connectivity did not reproduce. The presence of CHs
near the origin of the EUV brightenings and jets
(Figure 6) may also facilitate the escape of SEEs.
Alternatively, SEE transport processes in either the solar
corona and/or interplanetary space may allow SEEs
accelerated from a narrow solar region to spread over a
wide range of heliolongitudes, but these must maintain
the large anisotropies observed at the onset of these SEE
events.
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Appendix A
Interplanetary Context

The left column of Figure Al shows energetic particle
intensities, magnetic field, and solar wind parameters collected
by SolO from November 9 to November 17. Specifically, from
top to bottom, we display (al) energetic electron intensities
averaged over all apertures of EPD/EPT (red and blue traces)
and EPD/HET (green and orange traces); (bl) ion intensities
averaged over all apertures of EPD/EPT (red, blue, and green
traces) and proton intensities averaged over all apertures of
EPD/HET (orange and black traces); (cl) magnetic field
magnitude B; (d1) magnetic field elevation angle 6; (el)
magnetic field azimuthal angle ¢ in spacecraft centered radial—
tangential-normal (RTN) coordinates measured by the SolO
magnetometer instrument (SolO/MAG; Horbury et al. 2020);
(f1) solar wind proton speed V,; (gl) density N,; and (hl)
temperature 7, as measured by the Proton Alpha particle
Sensor (PAS) of the Solar Wind Analyzer (SWA; Owen et al.
2020) on board SolO.

The middle column of Figure Al shows from top to bottom
(a2) energetic electron intensities averaged over all apertures of
STA/SEPT (red, blue, and green traces) and electron
intensities measured by STA/HET (orange and gray traces);
(b2) ion intensities averaged over all the apertures of STA/
SEPT (red and blue traces) and proton intensities measured by
STA/LET (green and orange traces) and by STA/HET (black
traces); (c2) B; (d2) ; (el) ¢ in RTN coordinates as measured
by the magnetometer instrument on STA (Acuiia et al. 2008);
(f2) V,; (g2) N,; and (h2) T, as measured by the Plasma and
Suprathermal Ton Composition investigation (PLASTIC; Gal-
vin et al. 2008) on board STA.

The right column of Figure Al shows from top to bottom
(a3) spin-averaged energetic electron intensities measured by
the foil semiconductor detector telescopes (SO-F) of Wind/
3DP (Lin et al. 1995; red, blue, and orange traces) and
relativistic electron intensities measured by SOHO/COSTEP/
EPHIN (gray trace); (b3) spin-averaged ion intensities
measured by the open detector of the semiconductor telescopes
(SO-SP) of Wind/3DP (top four traces showing only
significant increases on November 14) and proton intensities
measured by SOHO/COSTEP/EPHIN (magenta, orange, and
black traces); (c3) B; (d3) 0; (e3) ¢ in RTN coordinates as
measured by the magnetometer instrument on ACE (ACE/
MAG:; Smith et al. 1998); (f3) V,; (g3) N,; and (h3) T,, as
measured by the Solar Wind Electron Proton Alpha Monitor
(SWEPAM; McComas et al. 1998) on board ACE.

The most noticeable solar wind structure during the period
shown in Figure Al is the high-speed solar wind stream
(indicated by HSS in Figure Al) observed by STA on
November 11-12 and by ACE on November 12-13. This
HSS was preceded by an enhanced magnetic field and solar
wind density region between the HSS and the prior slow
(~300 km sfl) solar wind (as indicated by the label SIR in
panels (c2) and (c3)). Plasma data from SolO/SWA were only
available from 2022 November 11 onwards whereas SolO/
MAG field data were available after mid-November 9. The
short-duration magnetic field increase at SolO on mid-
November 10 could be related to the SIR. However, assuming
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Figure A1l. From top to bottom: Near-relativistic and relativistic electron intensities, energetic proton intensities, magnetic field magnitude B, magnetic field elevation

angle ¢, magnetic field azimuthal angle ¢ in spacecraft centered RTN coordinates, solar wind proton speed

V), solar wind proton density N, and solar wind proton

temperature T), from 2022 November 9 to 17 measured by SolO (left column), STA (mid column), and at L1 (right column). See text for the specific instruments that
collected these measurements. The solid vertical lines in the second and third columns indicate the passage of stream interface (SI) of the stream interaction region
(SIR) preceding the passage of the solar wind high-speed stream (HSS) seen first by STA and later at L1. Existing SolO magnetic field and solar wind plasma data do
not certify the passage of the SIR although the decreasing solar wind speed profile seen by SolO during November 11-12 suggests the passage of a preceding HSS.

that the HSS was a corotating structure, the SIR and HSS
should have been observed at SolO late on November 8 and
late on November 9, respectively. Unfortunately, this cannot be
confirmed because of the SolO plasma data gap. Nevertheless,
the decreasing solar wind speed seen by SolO during
November 11-12 is consistent with the passage of a preceding
HSS, with the short-duration magnetic field increase at SolO on
mid-November 10 being interpreted as a local structure
presumably unrelated to the SIR. Differences between the
magnetic field and solar wind parameters' time profiles
observed during corotation of solar wind streams by multiple
spacecraft even at close proximity could be attributed to the
different latitudes of where these spacecraft are located and/or
temporal variations of the region where the HSS originated
(e.g., Gomez-Herrero et al. 2011). The lower latitude of the
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near-Earth spacecraft during the period under study (see
Figure 1) may be the reason why ACE observed a lower solar
wind speed and a less compressed SIR than STA. The solid
vertical lines in the middle and right columns of Figure Al
indicate the passage of the stream interface (SI) of the SIR
identified as the time when the solar wind density within the
SIR drops significantly (following the approach described in
Richardson 2006).

According to the above interplanetary context, the sequence
of SEE events observed by SolO on November 11 and 12
occurred during the passage of the tail of the HSS with the SIR
already rotated beyond SolO location. The SEE events on
November 13 and 14 occurred during the passage of a more
irregular slow solar wind. Because of the uncertainty caused by
the SolO/MAG and SolO/SWA data gaps, the low-energy
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(<45keV) SEE event on 2022 November 9 associated with the
ion event #1 (Figure 4) and the first SEE event on November
10 could have occurred during or after the passage of the SIR.
The electron events at STA occurred once the SI of the SIR
already passed over the spacecraft. Whereas the first two SEE
events at this spacecraft in late November 10 and early
November 11 occurred during the passage of the SIR, the
subsequent electron events occurred during the HSS and decay
phase of the HSS. By contrast, the first SEE events observed at
L1 occurred prior to the passage of the SIR. The most intense
SEE events at L1 occurred during the HSS passage already in
late November 12 and on November 13 and 14. The electron
events observed at L1 prior to and during the SIR passage
showed a much more gradual increase and rounded smooth
maximum intensity, whereas the subsequent electron events
already in the HSS starting in late November 12 displayed a
much faster rise to a peak intensity and a gradual decay.

Panels (al) and (a2) of Figure Al show that only the SEE
events with SRTs, at ~01:42 UT, ~03:11 UT, and ~11:28 UT
on November 11, and at ~17:52UT on November 12,
produced intensity enhancements extended to energies
21MeV. Figure 2(c) shows that only the event late on
November 12 left a signal at energies above ~2.4 MeV in the
EPD/HET detector. By contrast, panel (a3) of Figure Al and
Figure 2(c) show that at L1 the events at ~18:15UT on
November 12, ~13:05UT on November 13, and early on
November 14 left a clear signal in the SOHO /EPHIN electron
detector at energies =2.4 MeV. In Section 4.2, we analyze the
solar activity associated with these more energetic events.

The panels (bl), (b2), and (b3) of Figure Al show that the
ion intensities at energies <2MeV were more likely (i)
influenced by the effects of the SIR (like the <600keV ion
increases early on November 11 at STA or the already elevated
<600 keV ion intensities at the beginning of the plotted period
on November 9 at SolO), and/or (ii) resulted from the merging
of different injections (see also Figure 4). By contrast, the ion
intensity enhancements at higher energies were a consequence
of specific solar injections. Note that neither EPD/EPT, STA/
SEPT, nor Wind/3DP/SO-SP intensities in panels (b1)—(b3)
distinguish among different ion species. Therefore, the low-
energy intensity traces plotted in panels (bl), (b2), and (b3) of
Figure Al may be constituted by a mix of the predominant
proton population plus other heavy-ion species such as He
particles. By contrast, EPD/HET, STA/LET, STA/HET, and
SOHO/COSTEP/EPHIN provide proton intensities and allow
us to distinguish those solar events that produced high-energy
particles. In Section 4.2, we indicate the solar events that more
likely produced also these high-energy proton intensity
enhancements. However, the production of these high-energy
protons was restricted to energies below ~13 MeV since only
discrete counts were detected in the energy channels above this
energy (black traces in panels (bl), and (b2) of Figure Al).
The exception is the SEP event early on November 14
that produced >25MeV proton intensity enhancements as
observed by SOHO/COSTEP/EPHIN but not by the
other spacecraft (see Section 4.2 for details on the solar origin
of this event).

Appendix B
Energetic Electron Anisotropies

The four apertures of EPD/EPT and STA /SEPT allow us to
analyze the energetic particle anisotropies at the three-axis
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stabilized SolO and STA spacecraft (e.g., Dresing et al. 2014;
Goémez-Herrero et al. 2021), whereas the Wind spin-stabilized
spacecraft allows the 3DP instrument to scan different regions
of the sky and thus infer a more complete estimate of the 3D
particle anisotropies. The pitch-angle coverage by the four
apertures of EPD/EPT and STA/SEPT depends on the
orientation of the magnetic field with respect to these
telescopes. The four apertures of EPD/EPT cover four viewing
directions that are to the north, to the south, along the nominal
Parker spiral to the Sun, and along the nominal Parker spiral
away from the Sun (see Figure 4 in Rodriguez-Pacheco et al.
2020). These apertures are designated north, south, sun, and
asun, respectively. STA/SEPT apertures have a similar
configuration. However, the configuration of STA during the
period of these events was such that the sun aperture, which
originally pointed toward the Sun along the direction of the
nominal Parker spiral direction, pointed perpendicular to the
nominal Parker spiral direction in the ecliptic in the [-R, —T]
quadrant, whereas the asun aperture happened to point in the
opposite direction in the [+R, +7] quadrant. The north and
south apertures of STA/SEPT pointed perpendicular to the
ecliptic plane in the south and north direction, respectively.
Particle intensities measured by 3DP are stored into eight pitch-
angle bins and usually provide a more complete coverage than
EPD/EPT or STA/SEPT.

The top panel of Figure Bl shows the 46.7-86.6 keV
electron intensities measured in each one of the four EPD/EPT
apertures (sun in red, asun in yellow, north in purple, and south
in teal). The second panel of Figure B1 shows the pitch-angle
coverage scanned by the four EPD/EPT apertures. Since the
magnetic field pointed mostly sunward (¢ ~180°), the sun
aperture receives particles with large pitch angles, whereas the
asun telescope scans small pitch angles. The third panel of
Figure B1 shows the same pitch-angle coverage but color-
coded according to the 46.7-86.6keV electron intensities
measured in each aperture. The fourth panel shows the
magnetic field magnitude B (black trace) and the RTN
components of the magnetic field vector. The bottom panel
shows the first-order anisotropy coefficient defined as

A=3["1qoudu/ [ 1Gdp where I is the pich-
angle dependent intensity measured in a given viewing
direction, and p is the average pitch-angle cosine for that
direction. Details of how this anisotropy coefficient is
computed can be found in Dresing et al. (2014), Briidern
et al. (2018), and references therein. The sign of A is given in
terms of the magnetic field polarity. For a magnetic field
polarity pointing sunward (like it was observed for this period;
i.e., ¢ ~ 180° in Figure Al(el)), A < 0 means particles flowing
mostly away from the Sun. Large values of A (ie., |A| =2)
indicate highly anisotropic flows of particles, whereas small
values (i.e., JA| <0.2) indicate isotropic flows (e.g., Dresing
et al. 2014). Figure B1 shows that the onset and peak of most of
the 47-87 keV electron events at SolO were highly anisotropic
whereas during the decay of the event the PADs evolved
quickly to isotropic.

Figure B2 shows, with the same format as Figure B1, the
anisotropy profiles of the 45-85keV electron intensities
measured by STA/SEPT. Owing to the peculiar configuration
of STA during this period, the pitch-angle coverage is not
appropriate to detect particles with large pitch-angle cosine
(i.e., |p| ~1). Therefore, the particle intensities are mostly
isotropic with the exception of (i) the first event observed late
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Figure B1. Time evolution of (a) 46.7-86.6 keV electron intensities measured in each one of the four EPD/EPT apertures; (b) pitch-angle coverage scanned by the
four EPD/EPT apertures; (c) pitch-angle distribution color-coded according to the 46.7-86.6 keV electron intensities in the four apertures; (d) magnetic field
magnitude B (black trace) and RTN components of the magnetic field vector B, in blue, B, in green, and B, in magenta; (e) first-order anisotropy coefficient.

STEREO A / SEPT

45-85 keV

Intensity

(a) SEPT Electrons
— sun
asun
— north
—— south

Pitch angle (*) ((s cm? sr MeV)~1)

Pitch angle (°)

SEPT
sun
asun
north
south

=
o
=

=
(=4
]

Intensity
((s cm? sr MeV)~1)

(e)

First-order
anisotropy
o

|
[N]
L

11-12
00:00

11-11
00:00

11-10
00:00

11-09
00:00

11-13
00:00

11-16
00:00

11-15
00:00

11-14
00:00

Date / Time 2022

Figure B2. The same as Figure B1 but for the 45-85 keV electrons measured by STA/SEPT.

on November 10 that is dominated by the intensities in the
north aperture because of the peculiar out-of-the-ecliptic field
orientation observed after the SI of the SIR (see
Figures A1(d2)), and (ii) the small SEE events early on
November 12 when the magnetic field became radial (¢ ~ 180°
in Figure Al(e2)), and the sun telescope detected particles with
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pitch angles above 135° and hence the discrete positive values
of A.

Figure B3 shows the 46.15-85.7 keV electron anisotropies
as measured by Wind/3DP. The general appearance is that the
gradual smooth electron intensity increases prior to November
13 displayed very weak anisotropies. The first electron
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Figure B3. Time evolution of (a) 46.15-85.7 keV electron intensities measured by Wind/3DP binned in eight different pitch angles; (b) the eight pitch angles used to
bin the measured intensities; (c) pitch-angle distribution color-coded according to the 46.15-85.7 keV electron intensities; (d) magnetic field magnitude B (black trace)
and RTN components of the magnetic field vector B, in blue, B, in green, and B, in magenta; (e) first-order anisotropy coefficient.

enhancement early on November 11, observed prior to the
arrival of the SIR, showed some weak anisotropy (|A| <0.5),
whereas the rest of intensity increases were isotropic. During
the onset of the electron event at the end of November 12, the
lack of particle intensities for |u|~ 1 does not allow us to
completely evaluate A. For the events on November 14, when
Wind established better magnetic connection with the particle
sources (see Figure 10), the events showed rapid increases to
peak intensities with larger anisotropies at the onset of the
events.

Appendix C
Structure at the Origin of the Jets

Figure C1 shows two cases where minifilaments were clearly
observed prior to the sequence of eruptions on (top row)
November 12 between 17:32 UT and 18:01 UT and (bottom
row) November 14 between 02:44 UT and 03:02 UT. From left
to right, each panel shows (a) SDO/HMI line-of-sight
magnetograms, (b) H, (6563 A) image obtained from the
(top) El Teide and (bottom) Learmonth observatories,>' and (©)
SDO/AIA 304 A images. The times at the bottom of each
panel indicate when the images were taken. The arrows in the
H, and 304 A indicate minifilament strands observed prior to
the sequences of eruptions. The colored lines in the HMI panels
indicate the position of the filaments that occurred to be in
regions of mixed polarity and close to magnetic polarity
inversion lines separating areas of two field polarities. In the
top row of Figure C1, the yellow, green, and blue lines and
arrows indicate the filament strands that erupted on November

3 nso.edu/data/nisp-data/h-alpha/
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12 at 17:32 UT, 17:45 UT, and 18:01 UT, respectively. Note
that some material was seen to erupt at 17:52 UT from the same
region, but no clear erupting filament could be discerned
because of the brightening left by the prior eruption at
17:45 UT. The eruption at 18:01 UT drove the CF shown in
Figure 11(a). In the bottom row of Figure Cl, the yellow
(green) lines and arrows indicate the filament eruption observed
at 02:47UT (03:02 UT) on November 14. The first of these
eruptions was able to drive the CME displayed in Figure 11(b),
but for which no CF in EUV images was observed.

For most of the EUV jets in the period under study (listed in
Table 1), the pre-eruption filaments were not observed in either
H,, or EUV images. This lack of observation might result from
the fact that either the mechanism that generated the jets did not
involve the eruption of a minifilament or the conditions for
their observation were not appropriate. It has been pointed out
that, in coronal jets produced by ARs, the erupting minifila-
ments may be hidden behind suspended absorbing material
from the AR, making their detection difficult or impossible
before they lose their minifilament character (Sterling et al.
2024). Similarly, the recurrent jets and brightenings occurring
from the same region often overwhelm the observation where
these possible subsequent jets might form. Another factor to
consider is that, as previously observed (e.g., Sterling et al.
2024), magnetic eruptions making some AR jets often carry
only thin minifilament strands that are hard to detect. Whether
all the jets observed during this period were generated in the
same fashion involving the eruption of a minifilament is
beyond the scope of the present work. Therefore, the analysis
of the specific mechanism that triggers each EUV eruption is
not addressed here.
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Figure C1. From left to right: SDO/HMI line-of-sight magnetograms, H,, images from GONG ground-based observatories, and SDO/AIA 304 A images at the times
indicated at the bottom of each panel observed prior to a sequence of (top row) three jets on November 12 and two jets (bottom row) on November 14. The yellow,
green, and blue arrows and lines indicate the location of minifilaments observed prior to their eruption and were no longer observed after their eruption.
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