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ABSTRACT

Context. We study the solar energetic particle (SEP) event observed on 9 October 2021, by multiple spacecraft including Solar Orbiter
(SolO). The event was associated with an M1.6 flare, a coronal mass ejection (CME) and a shock wave. During the event, high-energy
protons and electrons were recorded by multiple instruments located within a narrow longitudinal cone.
Aims. An interesting aspect of the event was the multi-stage particle energization during the flare impulsive phase and also what
appears to be a separate phase of electron acceleration detected at SolO after the flare maximum. We aim to investigate and identify
the multiple sources of energetic electron acceleration.
Methods. We utilize SEP electron observations from the Energetic Particle Detector (EPD) and hard X-ray (HXR) observations from
the Spectrometer/Telescope for Imaging X-rays (STIX) on-board SolO, in combination with radio observations at a broad frequency
range. We focus on establishing an association between the energetic electrons and the different HXR and radio emissions associated
with the multiple acceleration episodes.
Results. We have found that the flare was able to accelerate electrons for at least 20 minutes during the nonthermal phase observed in
the form of five discrete HXR pulses. We also show evidence that the shock wave has contributed to the electron acceleration during
and after the impulsive flare phase. The detailed analysis of EPD electron data shows that there was a time difference in the release of
low- and high-energy electrons, with the high-energy release delayed. Also, the observed electron anisotropy characteristics suggest
different connectivity during the two phases of acceleration.

Key words. type III radio emission; Energetic electrons; Solar flares

1. Introduction

Acceleration of solar energetic particles (SEPs) during eruptive
events may be associated with several different physical phe-
nomena and mechanisms, such as solar jets and flares, CMEs,
or shock waves (e.g. see Klein & Dalla 2017; Anastasiadis et al.
2019; Vlahos et al. 2019; Reames 2021), and they can accelerate
particles to energies ranging from a few tens of keV to several
GeV. The origins of SEPs measured in-situ have been a long-
standing debate. This is because it is difficult to distinguish be-
tween several possible processes and interpretations using in-situ
observations only near 1 AU. Previous studies suggest that both
flare- and shock-related physical processes can contribute to the
acceleration of SEPs (e.g., Kouloumvakos et al. 2015; Papaioan-
nou et al. 2016); however, it remains an open issue to quantify
the contribution of each process to each species and a broad en-
ergy range. Energetic electrons are thought to be primarily accel-

erated in the low corona, and the physical mechanisms respon-
sible for the acceleration of electrons may then be constrained
to reconnection, for example at solar jets (e.g. see Krucker et al.
2011; Glesener et al. 2012; Musset et al. 2020; Zhang et al. 2022)
or at current sheets forming at the wake of CMEs (Kahler &
Hundhausen 1992; Klein et al. 1999). It is not yet well under-
stood if shock waves can have any role in the acceleration at
high energies (i.e. >1 MeV) through a drift acceleration at shock
fronts (Ball & Melrose 2001).

While it is commonly believed that both protons and elec-
trons can be accelerated to very high energies at magnetic recon-
nection sites in the low corona, it is still not clear which condi-
tions can facilitate the escape of the accelerated particles from
the acceleration site to the interplanetary space. The direct injec-
tion and escape of the energised electrons can be described in
three scenarios, namely, the electrons released 1) by propagating
shock fronts (e.g., Kouloumvakos et al. 2022a), 2) CME interac-
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tion with the ambient magnetic field lines, 3) by open magnetic
field lines rooted directly to the active region that gives direct
access to interplanetary space (Masson et al. 2019). Depending
on the proximity of the acceleration site to open magnetic field
lines, the electrons can escape directly into the interplanetary
space via open magnetic field lines and usually manifest as type
III radio bursts (see, Reid & Ratcliffe 2014, for a review).

Type III radio emission is produced when beams of ener-
getic electrons resonantly generate Langmuir/slow-electrostatic
waves which are linearly (Krasnoselskikh et al. 2019; Tkachenko
et al. 2021; Jebaraj et al. 2022) or non-linearly (Ginzburg &
Zhelezniakov 1958; Cairns 1987; Melrose 2017) transformed
into electromagnetic waves at the plasma frequency and/or its
harmonics. Type III radio bursts are known to be associated with
flares, jets, and other solar eruptive phenomena. There is also
a very good connection of energetic electron events with type
III bursts at energies below 300 keV (e.g., Krucker et al. 2007,
2008; Klassen et al. 2011a,b, 2012, 2018).

On the other hand, efficient shock acceleration of electrons,
while possible, may be constrained to the shock drift acceler-
ation mechanism (SDA; Ball & Melrose 2001, and references
therein) in regions where a quasi-perpendicular shock geome-
try is present. However, the efficiency of energy gain from the
mechanism itself is rather limited since most electrons are trans-
mitted through the shock transition regardless of electron energy
when the shock geometry tends towards perpendicular to the up-
stream magnetic field (θBn ≈ 90◦). Evidence of shock waves ac-
celerating beams of energetic electrons is common during solar
eruptions and can be seen manifesting as drifting type II radio
emissions. Numerous studies of type II radio bursts have shown
that the emission most likely arises from the upstream regions of
the shock wave, implying an active acceleration process at the
shock wave (Krasnoselskikh et al. 1985; Thejappa 1987; Jebaraj
et al. 2021; Kouloumvakos et al. 2021) at multiple acceleration
sites in some events. Aurass et al. (1998) have suggested that
coronal shock waves are able to accelerate electrons to energies
considerably higher than the background thermal population.

A recent statistical study (Dresing et al. 2022) has suggested
that the acceleration of mildly-relativistic and relativistic elec-
trons correlate rather well with critical shock parameters close
to the Sun, namely, the shock strength (fast-magnetosonic Mach
number). Similarly, good correlations have been found for high-
energy protons as well (Kouloumvakos et al. 2019). This good
correlation for electrons also suggests that efficient acceleration
at shock regions with oblique and quasi-parallel shock geometry
may also be present. However, the mechanism of electron accel-
eration in oblique shocks follows a diffusive shock acceleration
mechanism (DSA; Bell 1978, and references therein), which is
highly dependent on the shock wave’s ability to accelerate ions
(for review; Treumann & Jaroschek 2008) and the subsequent
generation of upstream wave turbulence. The electrons may then
be trapped by the upstream waves and be accelerated through
a Fermi acceleration mechanism similar to that of the protons
(e.g., Tsytovich 1973; Vaisberg et al. 1983; Galeev 1984; Galeev
et al. 1995; McClements et al. 1997; Gieseler et al. 2000).

In this study, we investigate an SEP event observed on 9 Oc-
tober 2021, by Solar Orbiter (SolO; Müller et al. 2020). The
event was associated with a CME/shock wave and an M-class
flare. During the event, high-energy protons and electrons were
observed by multiple observers, such as, near-Earth spacecraft
and Parker Solar Probe (PSP; Fox et al. 2016). Our motivation is
to analyse what appears to be a second phase of electron accel-
eration as suggested by SolO SEP electron observations, in com-
bination with the complex radio observations that show multiple

stages of particle energization during and after the flare impul-
sive phase. We find that this is an interesting aspect of the event,
hence, our analysis is focused on establishing an association be-
tween the energetic electrons and the different radio emissions
during the impulsive phase of the flare and understanding the
origin of the apparent second phase of electron energization af-
ter the flare maximum. Specifics on the energetic proton obser-
vations for this event can be found in Lario et al. (2022).

This multi-faceted study is organised as follows. We start
with a brief introduction to the space-based and ground-based
instrumentation and an overview of the event in Section 2 and
3, respectively. In Section 4, we show observations of the so-
lar event with a special emphasis on the X-rays (Section 4.1),
the radio waves (Section 4.2), and the solar energetic electrons
(Section 4.3). In this section we also analyse the different obser-
vations. The results of our analysis and our conclusions about
the two apparent phases of electron energization are provided in
Section 5 and 6, respectively.

2. Instrumentation

For this study, we utilize data from instruments on-board SolO,
PSP, Solar TErrestrial RElations Observatory Ahead (STEREO-
A Kaiser 2005; Kaiser et al. 2008), SOlar and Heliospheric Ob-
servatory (SOHO; Domingo et al. 1995), Solar Dynamics Obser-
vatory (SDO; Pesnell et al. 2012), and the Wind (Harten & Clark
1995) spacecraft, as well as measurements from ground-based
instruments. Below we give a summary of the data used in this
study.

• Energetic Particle observations: From SolO, we utilize en-
ergetic particle measurements from different sensors of the
Energetic Particle Detector (EPD; Rodríguez-Pacheco et al.
2020) instrument suite, namely Electron Proton Telescope
(EPT), High Energy Telescope (HET), and the Suprathermal
Electrons and Protons (STEP), in the energy range from a
few keV to a few MeV for electrons. From STEREO-A, we
utilize SEP measurements from the High Energy Telescope
(HET; von Rosenvinge et al. 2008) and the Solar Electron
and Proton Telescope (SEPT; Müller-Mellin et al. 2008). In
addition, electron measurements from the 3DP (Lin et al.
1995) instrument on-board Wind have been used.
• Hard and soft X-rays observations: We utilize hard X-ray

(HXR) spectra and images from the Spectrometer/Telescope
for Imaging X-rays (STIX; Krucker et al. 2020) on-board
SolO and soft X-ray (SXR) observations from the Geosta-
tionary Operational Environmental Satellite (GOES; Garcia
1994).
• Radio observations: We utilize radio observations from both,

ground-based and space-borne instruments. For the inter-
planetary part of the dynamic radio spectrum we utilize ob-
servations from the Radio and Plasma Waves instrument
(RPW; Maksimovic et al. 2020) on-board SolO and from
the Radio Frequency Spectrometer (RFS; Pulupa et al. 2017)
part of the FIELDS electric antennas (Bale et al. 2016) on-
board PSP. Observations from legacy instrumentation such
as the SWAVES (Bougeret et al. 2008) instrument on-board
STEREO-A and the WAVES experiment on-board the Wind
spacecraft (Bougeret et al. 1995) are also employed. We also
utilize ground-based radio observations from the Yamagawa
radio spectrograph (9 GHz - 70 MHz, Iwai et al. 2017)
and the e-Callisto network of radio telescopes (in particular,
ASSA (Astronomical Society of South Australia; 80 MHz
- 16 MHz), Benz et al. 2009). These observations cover a
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Fig. 1. The right panel shows a view of the heliographic equatorial plane from the north, in the Stonyhurst coordinate system, and the spacecraft
constellation on 9 October 2021 at 06:30 UT. The different coloured squares indicate the location of all observing spacecraft, namely, L1 (Earth,
green), STEREO-A (red), SolO (blue), and PSP (purple). The nominal Parker spiral (curved line) and line of sight (dotted lines) from the Sun to
each spacecraft is shown for each observer. The small back arrow and the dashed black line indicate the flare location and the reference Parker
spiral. The large black arrows help locate the in-situ omni-directional electron recordings at SolO and STEREO-A, which are presented in the two
rectangular panels on the left (note that STEREO-A/HET data is not omni-directional, but pointing almost perpendicular to the nominal Parker
spiral direction in the ecliptic plane; cf. Sec. 4.4.1).

broad range of the radio wavelengths, from the millimetric
to the decametric domain.
• Extreme ultra violet observations (EUV): We utilize observa-

tions from the Atmospheric Imaging Assembly (AIA; Lemen
et al. 2012) on-board SDO and the Extreme Ultra Violet Im-
agers (EUVI), part of the Sun Earth Connection Coronal and
Heliospheric Investigation (SECCHI; Howard et al. 2008) in-
strument suite on-board STEREO-A.
• Coronagraphs white light observations (WL): We utilize

coronagraphic observations in WL, from the Large An-
gle and Spectroscopic Coronagraphs (C2 & C3) (LASCO;
Brueckner et al. 1995) on-board SOHO and the two coron-
agraphs (COR1 & COR2), part of the SECCHI instrument
suite on-board STEREO-A.

3. Event overview

The event on 9 October 2021, was one of the first major erup-
tions of Solar Cycle 25 and was associated with an M1.6 flare
in GOES classification, a filament eruption, and a halo CME
originating from the NOAA AR 12882. The active region had
a βγ configuration of its photospheric magnetic field 1 and was
located at the central meridian (N20W01). Soft X-ray (SXR)
observations from GOES showed that the solar flare started
at 06:19 UT, peaked at 06:38 UT, and decayed to flux levels
between the maximum and the pre-flare background level at
06:53 UT. The flare was also observed in hard X-rays (HXR)
by the STIX instrument on-board SolO, which at that time was
at a heliocentric distance of 0.68 AU and was separated from the

1 based on the classification provided in: https://www.
solarmonitor.org/index.php?date=20211009&region=12882

Sun-Earth line by 15.2◦ to the east (see Figure 1). Hence, the
flare was close to the disk centre for both SolO and near-Earth
assets. Radio observations were also very rich during the event,
showing several complex spectral features. We provide details
about the X-ray and radio observations in Sections 4.1 and 4.2,
respectively.

Figure 1 shows an overview of the energetic electron obser-
vations from SolO (EPD-EPT) and STEREO-A (SEPT) that ob-
served the SEP event on 9 October 2021. All the spacecraft, and
in particular SolO and STEREO-A, clearly observed an intensity
increase of electrons at energies >1 MeV. The heliospheric view
on the right panel of Figure 1 shows the heliographic equato-
rial plane from solar north and illustrates the spacecraft loca-
tions close to the start of the solar event, on 9 October 2021 at
06:30 UT. The new solar mission spacecraft (SolO and PSP),
STEREO-A, and near-Earth spacecraft were closely positioned
in a quadrant and covered a narrow range of heliolongitudes of
about 50◦. During the SEP event, SolO (located at 0.68 AU), and
STEREO-A (located at 1 AU) were both trailing Earth for about
15◦ and ∼40◦, respectively. In the heliospheric view of Figure 1,
we also show the Parker spiral field lines connecting each space-
craft with the Sun. For the illustration of the spacecraft location,
we used the Solar-MACH tool2 (Gieseler et al. 2022). For each
spacecraft, we used a solar wind speed of about 350 km/s to cal-
culate the Parker spiral. We see that theinterplanetary magnetic
field (IMF) lines connecting STEREO-A and SolO with the Sun
are spatially close. We estimated the longitudinal difference of
the magnetic footpoints at the solar surface to be around 4.9◦.
From the electron recordings (left panel of Figure 1, we see that
at SolO there is a rapid rise of the electron flux that lasts for

2 https://solar-mach.github.io
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Fig. 2. (a) GOES soft X-ray fluxes shows the thermal emission of the
M1.6 flare. (b) STIX hard X-ray count rates in five broad energy bands.
The STIX times have been shifted to be consistent with the GOES ob-
servations from 1 AU. Results of the spectral fitting of STIX spectra
show: (c) the background-subtracted STIX count rate in the 25–50 keV
range, (d) the spectral index of the injected electrons, δ, (e) the low-
energy cutoff, ELC, and (f) the total injected electron flux, as well as
the fluxes above 50 and 100 keV. The five major nonthermal peaks are
indicated by red dashed lines.

about 15 minutes until the maximum, and then there is a second
more gradual increase after the maximum. This second increase,
however, was not observed by the closely connected STEREO-A
spacecraft.

4. Observations and data analysis

4.1. X-ray observations

Figure 2 (panels (a) and (b)) shows the GOES soft X-ray fluxes
in comparison with the STIX hard X-ray count rates in five wide

energy bands (note that 160 s have been added to the STIX times
to account for the light travel time difference between SolO and
GOES). While the count rates below 15 keV show the smooth
time evolution characteristics for the thermal bremsstrahlung
produced by hot plasma, the multiple spikes visible at higher
energies suggest several episodes of electron acceleration. To in-
vestigate this quantitatively, we have forward-fitted a time se-
ries of observed STIX count spectra with the combination of
an isothermal model and a thick-target nonthermal component
(Brown 1971), using the OSPEX spectral analysis tool3.

The fit results for the nonthermal component are shown in
Fig. 2 (panels (c), (d), (e), and (f)). Similarly to panels (a) and
(b) of the same figure, the times have been shifted to be con-
sistent with a viewpoint at 1 AU. The background-subtracted
count rates in the range of 25–50 keV (panel (c)), show at least
five major peaks, indicated by dashed vertical lines. The spec-
tral index δ of the injected electron flux, in panel (d), shows a
clear anti-correlation with the nonthermal count rates. This is
the well-known soft-hard-soft behaviour (e.g., Grigis & Benz
2004), and it is indeed present in each peak. Overall, the spec-
trum gets harder over time (soft-hard-harder evolution). This be-
haviour was observed in some solar flares (Grigis & Benz 2008),
particularly in those associated with interplanetary proton events
(Kiplinger 1995). Next, panel (e) shows the low-energy cutoff
ELC, which lies mostly in the range of 12–16 keV. This quantity
is rather ardous to constrain (note the large uncertainties), and
we can only determine the highest ELC that is consistent with
the data because the true cutoff is usually masked by the thermal
emission (see e. g. Warmuth & Mann 2020). Adopting this, panel
(f) shows the total injected electron flux, which reflects a lower
estimate for this quantity. Additionally, we show the fluxes above
50 keV and 100 keV in red and blue, respectively. Note that the
HXR count rate peaks are indeed associated with higher electron
fluxes, which are most clearly seen at higher energies.

To investigate electron acceleration in more detail, we per-
formed image reconstruction of the hard X-ray sources using the
STIX pixelated science data (cf. Krucker et al. 2020; Battaglia
et al. 2021; Massa et al. 2022). Figure 3 shows the evolution
of the thermal (6–10 keV, red contours) and nonthermal X-
ray sources (22–70 keV, blue contours) reconstructed with the
MEM_GE imaging algorithm (Massa et al. 2020). Countour lev-
els start at 20% of the maximum intensity. The image times cor-
respond to the five major nonthermal peaks. While the integra-
tion time was one minute for the thermal images, it varied be-
tween one and four minutes for the nonthermal peaks in order to
optimize counting statistics. The sources are overplotted on AIA
1600 Å images that have been rotated to conform with the STIX
viewpoint (see Battaglia et al. 2021). The inverted colour table
shows the flaring ribbons and kernels in dark. The UV images
show that the flare had an unusually complex morphology with
multiple ribbons and kernels, lying partly at right angles to each
other.

The X-ray sources were co-aligned with the rotated AIA im-
ages using the pointing information provided by the STIX As-
pect System (SAS; Warmuth et al. 2020), which has a nominal
positioning accuracy of ±4". We see that during the first two
nonthermal peaks, two HXR footpoints (FPs) are located at the
southern end of the eastern flaring ribbon and the western flaring
kernel. At the second peak, an additional weaker FP appears near
the central part of the eastern ribbon. At the third nonthermal
peak, the southeastern FP has faded away, and we have again the
classical two-footpoint configuration, which is also maintained

3 http://hesperia.gsfc.nasa.gov/ssw/packages/spex/doc/
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Fig. 3. Flare evolution as seen in a series of SDO/AIA 1600 Å images. Due to the inverted colour table, the flare ribbons and kernels are dark.
The AIA frames have been rotated to conform to the view from SolO. The provided times represent the recording times of the AIA frames (UT at
Earth). STIX images showing the thermal and nonthermal X-ray sources are overlaid as red and blue contours, respectively.

during the subsequent two peaks. While the western FP remains
stationary, the eastern FP moves along the flare ribbon to the
northeast. Note that the eastern FP has nearly faded away in the
fifth peak, so that in contrast to the other panels, the nonthermal
contour lines shown here start already at the 5% level.

In an effort to visualise the complex STIX observations with
respect to the magnetic field topology of the active region, we
have performed a non-linear force free field extrapolation. The
details of the analysis are provided in Appendix. A. The HXR
sources and their movement correspond well with the western
part of the AR and the dominant footpoint rooted in the positive
polarity region. The shifting of the HXR footpoints is seen in the
south-eastern parts of the AR.

In summary, we conclude that the flare was able to accelerate
electrons from at least 06:28 to 06:54 UT, mostly in the form of
five discrete pulses. A change of magnetic topology appears to
have taken place between the first and third nonthermal burst,
shown by a significant shift of the nonthermal emission in the
eastern part of the flare.

4.2. Radio observations

In Figure 4, we show a composite dynamic radio spectrum
constructed from the observations of several ground-based and
space-borne instruments. Such a composite spectrum provides
uninterrupted high time and frequency resolution observations,
starting from microwave wavelengths that are generated at alti-
tudes very close to the chromosphere and up to the kilometric
wavelengths, correspond to the interplanetary space. The com-
bined observations indicate a wide variety of coronal processes
related to the acceleration and propagation of nonthermal elec-
trons.

The solar radio event is rich with different types of radio
emissions i.e., type II, III, radio bursts, IV continuum. In mi-
crowave wavelengths (9 GHz – 1 GHz) we observe a diffuse ra-
dio emission which is most-likely gyro-resonant in nature (e.g.,
Bastian et al. 1998) and is emitted by near-relativistic electrons
(≈100 keV) trapped in the flaring loops (e.g., Nindos 2020). The
low-decimetric to decametric wavelengths (i.e., from ∼1 GHz to
∼20 MHz) are mostly dominated by plasma emission (e.g., type
II, III, IV radio emissions) produced by fast electron beams that
are associated with flares, propagating shock waves, and elec-
trons trapped within flare loops or in flux rope CMEs (McLean
& Labrum 1985). From the composite dynamic radio spectrum
of these wavelengths (Figure 4), we distinguish different type
III radio bursts, some of them associated with the HXR pulses,
multiple parts of type II burst that exhibit various fine structures,
and a type IV continuum. At hecto-kilometric wavelengths, the
interplanetary radio emissions associated with the event were ob-
served by all spacecraft namely, PSP, SolO, STEREO-A, Wind.

We observe two main type III radio burst groups and two patchy
parts of type II radio burst.

The event of 9 October 2021, was first observed in radio
wavelengths with the emission starting at around 06:30 UT.
The diffuse radio emission observed in microwave wavelengths
lasted for the entire duration of the flare and corresponds well
with the HXR pulses as shown in Fig. 2, from 06:30 to 06:54 UT.
At the beginning of the event, we observe the first type III ra-
dio burst (TIII-G1), which was associated with the first peak in
HXR during the flare impulsive phase. The first properly dis-
tinguishable signature (although faint) of G1 was observed at
06:31:40 UT, starting at ∼40 MHz. Apart from the TIII-G1 and
the microwave continuum, near the very beginning of the event,
we observe structured and narrowband spike-like emission at
around 350 MHz, at 06:30 UT. Similar type of emission was
also observed at higher frequencies, around 1000 MHz, at the
same time. The morphology and the apparent drift of the fea-
tures suggest that they could be precursors (Fárník et al. 2003;
Pohjolainen 2008) to the type II radio burst observed a few min-
utes later.

The first part of the type II (TII(1a)) radio burst was observed
at 300 MHz around 06:33 UT. This 2nd harmonic emission lane
(2 fpe) shows rather patchy morphology. The fundamental lane
( fpe) of the same type II was observed later (06:34:20 UT) start-
ing at about 90 MHz, and it was considerably patchier than the
second harmonic and consisted of distinguishable fine structures.
The nature of the narrow-band patchy features indicates rather
localized source regions with rapidly changing plasma condi-
tions. Such morphological characteristics are common in the
case of metric-decametric type II bursts (e.g., Cairns et al. 2003;
Kouloumvakos et al. 2021; Jebaraj et al. 2021). The harmonic
component was observed at ∼250 MHz meaning that a shock
wave was formed at ∼1.4 R� (applying a 2-fold Newkirk coronal
electron density model; Newkirk 1961). The coronal electron
density is much higher in the corona close to the flaring region
and at regions that are probably dominated by closed magnetic
field lines. The radio emission ended at around 06:42 UT, and at
23 MHz and 50 MHz for the fundamental and harmonic lanes,
respectively.

Recently, Ramesh et al. (2022) imaged the 80 MHz harmonic
component of TII(1a) at ≈ 06:38 UT, which corresponds to the
end of the inferred injection time of the low-energy electrons.
The source of TII(1a) according to this study was located close
to the southwest periphery of the flaring active region. This po-
sition roughly coincides with the direction of the strong EUV
wave expansion, toward the southwest direction from the source
region, where the open magnetic field lines were connected to
SolO and STEREO-A (Sec. 5).

Simultaneously with the TII(1a), we traced also a second,
more diffuse and broadband radio emission possibly also type II
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Fig. 4. The radio event associated with the flare/CME on 9 October 2021. Panel (a) shows the full radio spectrum from the Earth vantage point
including both ground-based and space-borne observations in the range of 10 GHz to 20 kHz. The different types of radio bursts are marked on the
spectra with their respective abbreviations. Panel (b) presents a zoomed in view of the decimetric-metric-decametric observations that showcase
different structured radio emission, such as herringbones and a stationary flare continuum. The details of the structured radio emission, i.e. type II
herringbones(TII(HB)) and very narrow-band wavy part of the type II (TII(W)), are presented in panels (c1) and (c2), respectively.

burst (TII(2a)). This emission lane had a comparable drift rate
to the one of TII(1a), and it was observed starting at high fre-
quency ∼600 MHz, at around 06:36 UT. Approximately at the
same time, also a continuum emission was observed, starting at
∼1 GHz (at around 06:31 UT). The continuum emission seems
to be superposed with the TII(2a) burst. Such a synchronous
appearance makes the separation of the two different types of
radio emission very difficult. A continuation of the broad-band
continuum was also observed after the cessation of TII(2a), but
with variable intensity. The intense part of the broadband contin-
uum with fine structures (marked in Fig. 4a,b as TIV) started at
06:47 UT. The stationary TIV extended from ∼600 MHz to 200
MHz and consisted of intense broadband pulsation, extending
till about 08:00 UT.

The second and most intense group of TIII-G2 radio burst
was observed after the flare impulsive phase at around 06:37 UT,
starting at ∼70 MHz and corresponding well to one of the HXR
pulses. We find no clear evidence to confirm that the type III
bursts emanate from the type II burst, so called type II-associated
bursts (Cane et al. 1981; Dulk et al. 2000). However, concur-
rently with the appearance of the TIII-G2 radio burst a clear
brightening of a type II was observed. The distinguishable her-
ringbone features (TII(HB)) at the decametric wavelengths (40
MHz fundamental emission) can be observed. TII(HB) was ob-
served together with TIII-G2 starting from 06:41 UT and marks
a period of very efficient electron acceleration at the shock wave.
It is possible that some of the electron beams generating TIII-G2
were accelerated by the shock wave. We show the details of the
corresponding dynamic spectrum in Figure 4.(c1). The fast drift-

ing herringbone bursts originating from both sides of the type II
backbone are generated by the fast electron beams accelerated
in the upstream region of the shock wave. The geometry of the
shock wave in these regions is close to θBn ≈ 90◦, which is evi-
dent by the lack of a bright backbone (Stewart & Magun 1980).
The drift rate of the herringbone features and the irregular mor-
phology of the backbone may reflect the physical characteristics
of either the shock wave or the variations in the local plasma
frequency close to the shock wave. The spectral irregularities of
the backbone structure are somewhat to be expected when the
shock wave interacts with an electron-rich environment (e.g., a
streamer) and therefore a reverse drift into higher plasma fre-
quency.

A few minutes (∼5 min.) after the end of the TII(HB), we ob-
served a similar (wavy) type II-like burst (TII(W)). The TII(W)
burst starts at 06:50 UT, and as it is unclear if it is the decamet-
ric continuation of TII(2a) ,we distinguish it just as TII(W). A
zoomed-in view of TII(W) is presented in Figure 4.(c2), which
shows that the second harmonic of the emission was brighter
than the fundamental, which is opposite to the fundamental
brightening in the case of TII(HB). While TII(W) also appears
to have some herringbone-like features, they are not as clear as
those observed in TII(HB). Another important characteristic of
TII(W) is also the presence of a bright backbone together with
the herringbones, indicating a shock wave that is probably not as
perpendicular as TII(HB).

The two main parts of the type II radio burst, namely TII(1a)
and TII(2a), observed in the metric wavelengths were also ob-
served in the hectometer wavelengths. The hectometric counter-
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part of the two parts of the type II burst were also noticeably
patchier and bursty compared to their decametric counterparts.
The continuation of the two parts of the metric type II radio burst
was recorded by the space-based instruments and it is marked as
TII(1b) and TII(2b) in Fig. 4.

The TII(2b) was observed in the hectometer range starting
at 7:08 UT, which was about 12 minutes after the appearance
of the TII(W). The relative bandwidth of the hectometric type II
burst was comparable to that of the decametric, suggesting that
the source of the type II bursts may have been located in a rela-
tively small region of the shock wave (Schmidt & Cairns 2016;
Kouloumvakos et al. 2021; Jebaraj et al. 2021). Both bursts,
namely, TII(1b) and TII(2b) come to a cessation at 07:07 UT
(6 MHz) and 07:40 UT (4.5 MHz), respectively.

Around the same time that the type II radio emission ap-
peared in the hectometric wavelengths, we continued to observe
also the TIV with sporadic broad-band radio pulsations in the
metric wavelengths centred at 150 MHz. This emission was most
likely produced by electrons trapped in post-flare loops.

Hecto-kilometric observations of the two type III groups,
namely, TIII-G1 and TIII-G2 were recorded by all available
space-borne observers. At kilometric wavelengths, both TIII-G1
and G2 were also observed together with Langmuir waves at
SolO and STEREO-A. Langmuir waves are fundamental plasma
waves that are generated by the electron beam, which can be
subsequently converted into type III radio emission observed at
large angles (Jebaraj et al. 2022). In-situ Langmuir waves are
an indication of the electron beams propagating at close prox-
imity to the observing spacecraft. Despite the fact that all the
spacecraft observed the different type III bursts, only STEREO-
A and SolO observe Langmuir waves. This confirms the passage
of the type III generating electron beams through the position
of the spacecraft and indicates that the magnetic connectivity of
the two spacecraft with the electron beam was most likely simi-
lar. On the other hand, PSP and Wind did not observe Langmuir
waves, and this indicates that the electron beams did not prop-
agate in their vicinity. An in-depth analysis of the directivity of
both TIII groups is presented in Appendix B.

4.3. Remote sensing observations in EUV and WL

The solar event on 9 October 2021, was associated with a CME
and a large-scale propagating coronal wave that was observed in
both EUV and WL. While there has been an extended debate on
the physical nature of such large-scale coronal disturbances (for
a review, see Warmuth 2015), they are now generally interpreted
as signature of fast-mode waves or shocks (e.g. Long et al. 2017).
The expansion of the EUV wave was first observed by SDO/AIA
at 06:30 UT. Figure 5 presents SDO/AIA running difference im-
ages at 193 Å, from different times of the EUV wave evolu-
tion. Due to the presence of a small coronal hole and a streamer
south of the flaring active region, the evolution of the wave was
rather constrained and deformed in the low corona. The pres-
ence of pre-existing magnetic structures such as coronal holes
and streamers can affect the propagation and characteristics of
large amplitude waves (Vršnak & Lulić 2000a,b). This mainly
occurs because, in these regions, there is a rapid change in the
characteristic speed of the medium (e.g., the fast-magnetosonic
speed). The evolution of the low-coronal EUV wave shown in
Fig. 5 was observed to be rather strong in the southwest quad-
rant away from the eruptive source region. Such an intense evo-
lution of the EUV wave in this direction was also accompanied

by a propagating pressure wave at higher altitudes, which was
observed by the coronagraphs.

We utilise the information from radio observations in tandem
with EUV images to understand the evolution of the pressure
wave and the formation of a shock wave in the low corona. The
presence of multiple type II radio bursts (described in Sec. 4.2)
suggests that a shock wave was present very early during the
event at multiple locations. TII(1a) was observed at a lower fre-
quency, while TII(2a) was observed at a much higher frequency
3 minutes later (≈ 06:36 UT, Sec. 4.2). Such a disparity in start-
ing frequencies suggests that the source of TII(1a) was possibly
closer to the leading edge of the pressure wave, while the source
region of TII(2a) could have been located closer to the flanks.
Near the start of both TII(1a) and TII(2a), the propagation and
interaction of the wave with closed field magnetic structures at
the periphery of the active region most likely led to favourable
conditions for electron acceleration and the subsequent genera-
tion of type II radio emission in regions close to the apex and the
flanks of the wave (e.g., Kong et al. 2016, 2017; Kouloumvakos
et al. 2021).

After 06:41 UT, the wave evolution was rather strong in the
southwest direction (Fig. 5a). Close to the start of the TIII-G2
and also TII(HB), we observed an interaction of the EUV wave’s
southwest flank with open field lines that are probably part of
a streamer. In Fig. 5a, we show the open magnetic field lines
that connect to STEREO-A, SolO, and Earth. These field lines
were derived using the Potential Field Source Surface (PFSS)
model (Schrijver & De Rosa 2003) and Air Force Data Assim-
ilative Photospheric Flux Transport (ADAPT) magnetograms
(Arge et al. 2010). The interaction of the pressure wave with the
magnetic structures in this region was most likely an important
catalyst for efficient electron acceleration that we observed in
radio wavelengths (TIII-G2 and TII(HB) in Fig. 4c1) and in-situ
energetic electrons observed by SolO and STEREO-A. Further-
more, during the time of these interactions, both spacecraft were
connected to the EUV wave.

When the TII(HB) first appears in the radio spectrum at
06:41 UT, we observe that the EUV wave propagated past the
streamer towards the boundaries of a coronal hole southwest of
the active region. This area is marked roughly by the red ar-
rows in Fig. 5b at 06:43 UT. When the wave interacted with
this coronal hole, part of the wave was reflected by the coro-
nal hole boundary at ∼06:50 UT (Fig. 5c). A faint part of the
wave transmitted across the coronal hole boundary and also re-
fracted into regions where it was more favourable for the shock
to exist, i.e., higher in the middle corona where the local speed
of the medium decreases (Uchida et al. 1973; Warmuth & Mann
2005). Due to the low density of the coronal hole region and
the high magnetic field strength (increased characteristic speed
of the medium), the large amplitude wave may propagate faster
and also dampen at an increased rate. During and well after this
part of the interaction at the coronal hole boundary, we observed
the TII(W) presented in Fig. 4.c2.

In WL, the pressure wave was first observed by
SOHO/LASCO C2 coronagraph at 07:12 UT as a halo-shaped
coronal wave propagating higher in the middle solar corona
along the position angle (PA) 263◦ (i.e., in the south-west quad-
rant). This part of the WL shock wave corroborates well with
the fastest component of the EUV wave as we discussed earlier.
The observations also validate the aforementioned refraction of
the pressure wave higher in the corona, where there may exist
more favourable conditions for the formation of a shock wave
(e.g., lower Alfven speed). As the event originated close to the
central meridian, the pressure wave was observed as a halo event
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Fig. 5. The evolution of the EUV wave as observed by SDO/AIA 193 Å at three time instances. Panel (a) shows the EUV wave close to the SXR
peak time. The open magnetic field lines connecting to both SolO, STEREO-A, and Wind are drawn in blue, red, and green, respectively. The red
line across the Sun face represents the heliospheric current sheet. Panels (b) and (c) show the EUV wave expansion at 06:43 UT and 06:51 UT
roughly corresponding to TII(HB) and TII(W). The red arrows indicate the region of interest where the wave also undergoes reflection at the
coronal hole boundary. The blue, red, and green markings in (b) and (c) represent the spacecraft connections shown in (a).

encircling the solar disk from the Earth’s point of view. Due to
projection effects, tracking the shock wave becomes increasingly
difficult at later times in both LASCO C2 and C3 coronagraphs.

At STEREO-A, the event was observed ∼40◦ closer to the
west limb. The pressure wave was first observed in the COR1
coronagraph at 06:46:18 UT and in the COR2 coronagraph at
07:08:45 UT. At the time when the pressure wave enters the
COR1 field of view, all the observed radio emission was in the
decametric wavelengths (mid-coronal plasma) and the TII(1a),
TII(HB), and TIII-G2 were near their cessation. This shows
that the most efficient electron acceleration took place when the
shock wave was still located low in the middle corona. The pres-
sure wave evolved fastest along PA 266◦ which suggests that this
was almost the same leading-edge identified in the LASCO C2
observations. The wave was highly deformed by the presence
of two streamers at PA 230◦ and at PA 280◦ further suggest-
ing the interaction between the pressure wave and the various
density structures on the Sun. These interactions may also have
contributed to the patchy and bursty yet continuous observations
of the TII(1b) and TII(2b) at hectometric wavelengths until their
cessation at 07:07 UT and 07:40 UT, respectively. The kinemat-
ics of the shock wave and their association with TII(1a), TII(ab),
TII(2a), and TII(2b) are presented in Appendix C.

4.4. Energetic electrons

4.4.1. Pitch-angle distributions

Figure 6a shows the electron event observed by SolO/EPT in
the 40–50 keV energy channel. The top panel, which shows the
intensities as measured by the four viewing directions of EPT,
reveals a strongly anisotropic event starting at ∼6:40 UT fol-
lowed by an isotropic phase starting around 7:15 UT. The second
panel shows the pitch-angle coverage of EPT’s four viewing di-
rections, which is ideal and exceptionally stable over the course
of the event. The good pitch-angle coverage allows not only to
determine the strong first order parallel anisotropy (shown in the
bottom panel) in the early phase of the event, but also to verify
that the later isotropic phase is real and not caused by poor-pitch
angle coverage.

Figure 6b shows the electron event at 1.1–2.4 MeV measured
by SolO/HET, which provides the same four viewing directions,
allowing us to determine the pitch-angle distribution also at MeV
energies. The initial phase of the MeV-electron event shows a
significantly smaller anisotropy. However, the time series still
reveals a two-component picture with the later, almost isotropic
phase starting like the one observed by EPT around 7:15 UT.
A smaller anisotropy for higher electron energies is expected be-
cause of the energy-dependence on pitch-angle scattering, which
is stronger for higher energy electrons than for the lower en-
ergy ones (Dröge 2000; Agueda et al. 2014; Strauss et al. 2020).
However, in contrast to the low energy electrons (Fig. 6a), the
intensity level of the two components is rather similar at MeV
energies, with the later component being even slightly more in-
tense. At 40–50 keV (Fig. 6a), the first, anisotropic component
is much more intense than the second, isotropic component, in-
dicating a softer spectrum of the first component. This is con-
firmed by analysing the peak spectra of both components (see
Section 4.4.2).

Figure 6c shows the 45–55 keV electron event observed in
the four viewing directions of STEREO-A/SEPT. Because the
spacecraft was put upside down after its superior solar conjunc-
tion in 2014, the SEPT sun and anti-sun sectors do not point
anymore along a nominal Parker spiral field line but perpendicu-
lar to it. This causes often non-ideal pitch-angle coverage, which
is, however, not too bad during the electron event of 9 October
2021, as shown by the 2nd and 3rd panels of Fig. 6c. The onset
of the event is observed by the sun sector of SEPT. However,
during the rise phase of the event, the magnetic field direction
changes at ∼7 UT, so that the anti-sunward propagating beam
is then observed best in the anti-sun telescope. We note that the
pointing of the SEPT instrument has changed after the superior
conjunction in 2015, since when the spacecraft was put upside
down. Therefore, the north and south telescopes are swapped
and the sun and anti-sun telescopes point perpendicular to the
nominal Parker spiral (cf. Fig. 8 in Badman et al. 2022) At the
time of the onset the pitch-angle coverage is ideal showing a
smaller anisotropy than at SolO. The rise phase of the event also
shows a smaller anisotropy than observed by SolO, with no in-
dication of two distinct components. However, this could be po-
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Fig. 6. In-situ electron recordings by multiple observers. Energetic electron event observed by SolO/EPT (a) and HET (b). The top panels of (a)
and (b) show the intensities of 40–50 keV and 1.1–2.4 MeV electrons as observed by the four different sensors of the EPT and HET instruments.
The second panels show the corresponding pitch-angle coverage, and the third panels show the pitch-angle dependent intensities with intensity
level marked by colour coding. The bottom panels show the first order anisotropies. Energetic electron event observed by STEREO-A/SEPT in the
45–55 keV energy channel (c) and Wind/3DP (d) in the 50–82 keV channel. The panels have the same content as for (a) and (b), but (d) shows a
longer time period.

tentially masked by the non-ideal pitch-angle coverage during
the rising phase of the event. Unfortunately, STEREO-A/HET
provides only one viewing direction, which is aligned with the
pointing of SEPT-sun so that we cannot infer the anisotropy at
MeV energies for STEREO-A.

Sectored electron observations by Wind/3DP are shown in
Fig. 6d with a longer time period than shown in the other pan-
els. The event is much more gradual and less intense. How-
ever, the initial phase shows some anisotropy, followed by a sec-
ond step with less anisotropy. At a first glance, this might ap-
pear like the same two-component picture as observed by SolO,
but the time periods are significantly different. While the first,
anisotropic component lasts about 30 min at SolO, it has a du-
ration of about five hours at Wind so that a one-to-one corre-
spondence is unlikely. The second increase coincides with the

crossing of a magnetic sector boundary and is therefore likely
related with a change of magnetic connectivity rather than with
a new injection at the Sun.

4.4.2. Energy spectra observed by SolO

SolO is the only spacecraft that clearly observes a two compo-
nent electron event as described above. Figure 7 shows peak
electron spectra observed by the three EPD instruments STEP
(orange), EPT (red), and HET (brown). For EPT and HET, we
use the sunward-looking telescopes that align with the viewing
direction of STEP and cover the usual incoming direction of
SEPs. The figure shows a spectrum for each of the two compo-
nents, with circles (squares) denoting the first (second) compo-
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Fig. 7. Electron peak intensity energy spectra determined for the two SEP components of the electron event observed by SolO.

nent. The light-grey points represent the pre-event background
spectrum that has been subtracted from each of the two spectra.
Points with dark-grey colour represent energy bins that did not
show a significant increase above the background level (HET)
or which were contaminated by ions (STEP). Both spectra have
been fit with a broken power law using the methods described in
Dresing et al. (2020); Strauss et al. (2020). The resulting spectral
indices below and above the break as well as the break energy are
provided in the figure legend. We only use part of the STEP en-
ergy channels in the fit to avoid fitting the upturn in the very low
energy range observed by STEP, which could be caused by mix-
ing with another low-energy event. We also exclude the first en-
ergy channel of HET from the fit because of instrumental effects
that lead to too low intensity measurement, which has been fixed
in a patch uploaded to the spacecraft only after this event. Com-
pared to the first component, which has a spectral index above
the break energy of (δ2 = −3.64±0.18), the spectrum of the sec-
ond component is clearly harder (δ2 = −2.67±0.19). At energies
& 200 keV, the spectra even intersect, meaning that the second
component is more intense than the first one at these energies.
This suggests that the second component is formed by a distinct
particle injection, rather than being a part of the first compo-
nent. Furthermore, the significantly harder spectrum of the sec-
ond component suggests a more efficient acceleration process.

4.4.3. Release times

The electron event is well observed at SolO, especially in the
near-relativistic range covered by EPT. We determine the onset
time at the spacecraft of each energy channel using a statisti-
cal quality control scheme that is designed to decide when the
quality of the monitored variable changed from being in con-
trol to out of control. There are many different quality control
schemes, and cumulative sum (CUSUM) schemes are used in
many industries due to their capability to give an early warn-
ing of changes in the monitored process (Page 1954). A tradi-
tional CUSUM method assumes that the variable in question

is normally distributed, and in the case of the monitored vari-
able having a Poisson distribution, the quality control scheme
used should be the Poisson-CUSUM (Lucas 1985; Huttunen-
Heikinmaa et al. 2005), which we apply here for the determi-
nation of the onset times.

For the parameters of the method we use the mean and stan-
dard deviation of intensity measurements in the chosen pre-event
background. We average the original measurements from 1 sec-
ond resolution to 30 second resolution, in order to minimise the
effects of counting noise. Furthermore, to avert false positives in
the determination of onset times, we demand that at least 60 con-
secutive out-of-control signals must be counted by the method
before identifying the onset of the event as the first of these sig-
nals. This limit corresponds to 30 minutes of intensity measure-
ments exceeding the threshold of Poisson-CUSUM method.

Using these onset times, we perform a velocity dispersion
analysis (VDA, e.g., Vainio et al. 2013) to infer the common so-
lar injection time of the observed electrons. Figure 8 shows the
onset times as a function of the inverse unit-less speed (1/β =
c/v) of the electrons. Blue symbols correspond to the onset times
observed in the different energy channels of EPT, which is capa-
ble of observing electrons in the energy range 31.2–471.4 keV,
and red symbols mark HET observations, which measures elec-
trons in the MeV range. For some channels the onset could not
be resolved, which is why there are fewer data points in the plot
than there are total channels in EPT and HET combined.

The VDA method assumes that particles of all energies were
injected at the Sun into the interplanetary space at the same time
and that their propagation path length is identical. Consequently,
the onset times as a function of inverse beta should align them-
selves to a line with a rising slope. This slope then allows to de-
termine the length of the path travelled by the electrons, and the
intersection with the vertical time axis tells the time of the com-
mon particle injection. The grey lines in the background of Fig. 8
represent slopes that one would get with the nominal Parker spi-
ral path length of 0.736 AU, assuming a solar wind speed of
vsw = 360 km/s and taking into account SolO’s heliocentric dis-
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tance. As can be seen in Fig. 8, the onset times do not follow this
trend, nor do they form a straight line. Instead, the higher energy
channels of EPT show more and more delayed onsets.

Above an energy of about 142 keV, it becomes unreasonable
to include further data points into the VDA, since the general
trend from that energy channel upward are more and more de-
layed onsets. We therefore perform a fit only to the first 18 EPT
lowest energy channels (shown by the green line). However, this
results in a path length of L=0.56 AU, which is nonphysical (i.e.,
too short) since the spacecraft’s radial distance is 0.68 AU. We
therefore apply another fit only to the 10 lowest energy chan-
nels (31.2–62.7 keV), which is shown by the orange line. This fit
yields a reasonable path length of L = 0.845 ± 0.380 AU and an
inferred injection time at the Sun for electrons of these energies
at 6:25:46 UT ± 476 s.

Like for the high energy channels of EPT, the onset times of
MeV electrons as observed by SolO/HET (red points in Fig. 8)
are also systematically delayed and do not fit the velocity dis-
persion trend as indicated by either fit. This suggests a delayed
solar injection with respect to the lower energy electrons. We
apply a time shift analysis (TSA, e.g., Vainio et al. 2013) to the
onset time of the 1.05–2.41 MeV energy channel using a nomi-
nal Parker spiral length of L = 0.736 AU and a solar wind speed
of 360 km/s in order to infer the solar injection time of these
electrons. This channel was selected because it has the clear-
est and most resolvable onset. We obtain an injection time of
06:35:56 UT at the Sun, which is about 10 minutes later than that
for the ∼30–60 keV energy electrons using TSA. For same low
energy channel, using the path length determined by the VDA
(L = 0.845 AU), we only obtain a one minute earlier injection
time. This strongly suggests the delayed solar injection of the
high-energy electrons compared to the low-energy electrons. An
application of the TSA is also presented in Fig. 9 for a number
of energy channels assuming a path length larger than normal
(L = 0.85 AU).

We also performed a VDA analysis for STEREO-A. From
the onset times determined from the STEREO-A/SEPT electron
channels, a trend similar to SolO/EPT arises: The onset times
in the highest channels, namely those above 195 keV, are con-
sistently more delayed. On the other hand, a fit to the lower en-
ergy channels in the range 45–195 keV yields a nonphysical path
length of L = 0.53 AU. If we instead choose the onset time as the
moment when the measured electron intensity reaches 1% of the
event peak intensity, then a fit to the same energy range yields a
longer, but still nonphysical path length of L = 0.72 AU. If we
instead use TSA on onset time of the 45–55 keV channel to infer
the solar injection time, we get t j = 06:28:50, assuming the nom-
inal Parker spiral arm for a solar wind speed of 390 km/s. Simi-
larly, for 0.7–1.4 MeV electrons measured by STEREO/HET we
obtain a solar release time of t j = 06:47 UT, almost 20 minutes
later than that of the low-energy electrons. Table 1 summarises
the results of the VDA and TSA. It shows the VDA result for
SolO only for the more reasonable VDA fit and also results of
similar TSA analyses done for STEREO-A SEPT and HET (not
shown here in a figure).

5. Discussion

In this study, we have analysed an event on 9 October 2021,
which was associated with an electron rich event in-situ and was
also observed by multiple wavelength remote sensing observa-
tions. In our analysis, we have considered observations from X-
rays, microwaves, radio waves, EUV, WL, and in-situ measure-
ments to understand the solar sources of this electron event. We

Fig. 8. Velocity dispersion analysis based on onset times of SolO EPT
and HET electron channels. The horizontal axis shows the inverse of
the average unitless speed of electrons as observed in each channel.
The vertical axis presents the determined onset time for each energy
channel. Onset times observed by EPT (HET) are marked in blue (red).
Horizontal error bars represent the width of the energy channels, and
vertical error bars represent the time resolution used to determine the
onsets (30 seconds). The orange and green lines are linear fits to the
lowest 10 and 18 energy channels of EPT, respectively. The grey lines
represent the slope corresponding to a path length matching the nominal
Parker spiral length at SolO’s radial distance.

also utilised the full capabilities of the Solar Orbiter (SolO) mis-
sion. The many features of the event are summarised with the
use of a timeline inferred from both remote sensing and in-situ
observations (Fig. 10).

The in-situ observations of energetic electrons by SolO show
distinct phases of electron energization that are indistinguishable
at other spacecraft. More specifically, the energetic electrons
observed by SolO show two increases in the electron intensity
within two hours. Additionally, the electrons’ anisotropy shows
clearly that there are two distinct phases (Sec. 4.4.1), namely,
a first anisotropic phase, which is observed immediately after
the onset of electrons in the spacecraft, and a second mostly
isotropic phase that is observed after the first peak in the in-situ
electron intensities. Throughout the Discussion, we will term
these two phases observed by SolO as "Phase 1" and "Phase 2".
A further analysis of "Phase 1" and more specifically the elec-
tron release times shows that the low- and high-energy electrons
are released at different times.

We also note that such a distinction of two phases was not
recorded for the electrons observed by STEREO-A and Wind.
The two peaks in the electron intensity that were observed at
SolO were also not seen by STEREO-A and Wind. In the fol-
lowing subsections, we will discuss the two different phases as
characterised by the anisotropy that was observed by SolO and
their possible acceleration mechanisms at or near the Sun.

5.1. Phase 1

The first phase extends from immediately after the first electrons
arriving at SolO, until 07:14 UT, when the initially peaked elec-
tron anisotropy vanishes. During the first phase, we inferred that
the low energy electrons (. 142 kV) were released ∼5–10 min-
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Table 1. Electron onset and inferred solar injection times.

Observer / Energy Onset time Inferred injection Path length Method
Instrument (keV) at spacecraft (UT) time at Sun (UT) (AU)
SolO / EPT 31.2 - 62.7 - 6:25:46 ± 0:07:56 0.845 ± 0.380 VDA
SolO / HET 1053 - 2410 6:41:15 ± 0:00:30 6:34:56 ± 0:00:30 0.736 TSA
STEREO-A / SEPT 45.0 - 55.0 6:50:58 ± 0:01:00 6:28:50 ± 0:01:00 1.096 ± 0.1 TSA
STEREO-A / HET 700 - 1400 6:57:00 ± 0:01:00 6:47:18 ± 0:01:00 1.096 ± 0.1 TSA

Fig. 9. Composite spectrum of all available radio observations from the Earth vantage point (9 GHz - 10 kHz) together with STIX nonthermal (25
- 50 keV) count rates (top panel), and the in-situ electrons observed at SolO (bottom panel). The SolO electron observations from the sunward tele-
scope are time-shifted using the nominal path length and corrected for the travel time of light to make them comparable to the radio observations.
The inferred injection time of the low-energy (high-energy) electrons are marked with the dotted (dot-dashed) line. With the pink (blue) shaded
area we mark the release times using path length values larger than the nominal. For ∼0.85 AU, the earliest release of the low-energy electrons is
near the start of the first type III. The dashed line indicates the peak of the electron intensity for the ∼55 keV electron channel.

utes earlier than the more energetic electrons (Sec. 4.4.3). Given
this time difference, we can distinguish several solar features as-
sociated uniquely to each release. HXR observations show dis-
tinct pulses around the electron release and radio observations
show the escape of electrons to open field lines and the forma-
tion of multiple strong shock regions during this phase.

An anisotropic early phase of the event is not only ob-
served at SolO, but also at other observing spacecraft, namely,
STEREO-A and Wind (Fig. 6). Such a consistent increase in
anisotropy among multiple observers may indicate a common
acceleration/release process. It is unclear whether the same event
was observed at Wind, since the electrons arrive an hour after
their arrival at SolO or STEREO-A.

The intensity-time profiles of the in-situ electrons recorded
by SolO during this phase were impulsive, highly anisotropic
from the sunward direction, and exhibited a typical power-

law energy spectrum with a hard-soft spectral index (Fig. 7).
This broken power-law energy spectrum of the in-situ electrons
has been previously suggested to be due to beam propagation
through inhomogeneous plasma (Krucker et al. 2008; Kontar
& Reid 2009). Additionally, high anisotropy for this phase was
generally observed by all spacecraft within the 50◦ heliolongitu-
dinal range, which suggests that the electron injection took place
low in the corona and at regions well connected to most of the
observers.

Low-energy electrons

The inferred injection time of the low-energy electrons is
∼06:32 UT ±7:30 min based on the VDA and ∼06:34 UT using
TSA at ∼42 keV electrons (both converted to the spacecraft time
frame). A number of flare- and shock-associated features were

Article number, page 12 of 20



Immanuel. C. Jebaraj et al.: Solar energetic electrons on 9 October 2021

Fig. 10. Events during the first phase leading to the first in-situ component. (a) Timeline of the features associated with the two different electron
injections during the first phase. The exact times of the observational features are marked on the timeline bar. The gradient on the bar is red to
blue, indicating the transition between the low and high energy releases close to the Sun. The long-lasting radio features are marked below the
timeline. (b) Cartoon representation of the first phase. The coronal shock wave during the low-energy release (t=1) and high-energy release (t=2)
are represented by the black arcs. The open field lines from the periphery of the active region are represented by the green lines, while those from
the adjacent coronal hole are represented by blue lines. The closed field lines in the AR are denoted by th red coloured lines. The abundance of
energetic electrons are denoted by the small grey dots. The transparent grey rectangle is zoomed into in panel (c) and shows the shock wave’s lateral
expansion into nearby open magnetic field lines. The shock normal is denoted by the arrow and the n̂. The perpendicular and near-perpendicular
geometry is represented by θBn ≈ 90◦ and θBn < 90◦. The electrons accelerated at the shock front on either side of the θBn ≈ 90◦ part of the shock
wave are marked by the spirals along the magnetic field lines. More details provided in the text.

observed during this time. The HXR observations presented in
Sec. 4.1 show distinct pulses around the electron release time,
which were also observed in microwaves along with a charac-
teristic diffuse gyro-resonant component indicating the presence
of trapped electrons. The analysis of the HXR photon spectrum
also shows that electrons were routinely accelerated to energies
of ∼10 – 100 keV, suggesting a flare-related contribution to the
low-energy electrons observed in-situ.

The inferred injection time of the low-energy electrons
seems to be associated with the first two HXR pulses and the
TIII-G1. The TIII-G1 was probably generated by electron beams
released from the flare site. Space-borne radio wave observations
of the TIII-G1 reveal that the source electron beam was propa-
gating at roughly -50◦ heliolongitude (Fig. B.1), that is, away
from the Parker spirals connecting SolO, STEREO-A, and Wind.
According to our analysis (Appendix B), the in-situ Langmuir

waves observed at STEREO-A and SolO were unlikely to be gen-
erated by the passing of TIII-G1 (Fig. B.1).

According to Fig. 9, another physical phenomenon was
present around the time of the inferred low-energy electron re-
lease and that was the coronal shock wave. The first signatures
of TII(1a) were observed around 06:33 UT, indicating that the
shock was able to efficiently accelerate electrons after the first
HXR pulse. Around the same time, the EUV wave was formed
and started its evolution away from the active region, mostly to
the southwest direction. According to the first-order analysis of
the shock wave (type II association presented in Appendix C),
the TII(1a) originated most likely from the extended flank re-
gions of the coronal shock wave. Furthermore, as shown in Fig. 5
and Sec. 4.3, open magnetic field lines indicate a good magnetic
connectivity to both SolO and STEREO-A at the periphery of the
AR, where the shock is progressively connected.
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In summary, we have found that the low-energy electrons
were accelerated mainly by a flare-related process consistent
with the first two HXR pulses. Fig. .1 shows that the flare oc-
curred in the western part of the AR. There, open field lines
are present only in the vicinity of the strong positive polarity
in the south. During the first (shown in panel a and b) and sec-
ond HXR peak, a footpoint source is located close to this area.
In contrast, in the later peaks the eastern footpoint has shifted
to a more northern location. We conclude that this is consistent
with the notion that the energetic electrons observed in-situ in
phase 1 have been accelerated (at least partly) in the flare and
were injected onto open magnetic field lines connection to IP
space.

We also found that a relative contribution from the shock
wave is difficult to be excluded, since the inferred injection and
the start of type II are very close. The shock wave possibly fa-
cilitated the low-energy electron release to the open magnetic
field lines connecting to different observers, since the EUV wave
reached the well-connected field lines (to SolO and STEREO-
A) around 06:35 UT. During this phase, the shock geometry at
the field lines is expected to be mostly quasi-perpendicular at its
flanks as it interacts with the open field lines present close to the
active region. This may allow the shock wave to accelerate elec-
trons rapidly along open magnetic field lines via the SDA mech-
anism. This scenario is illustrated in Fig. 10b where the shock
wave during this time is represented by the black arc at t=1. The
thermal and suprathermal electrons which are present in abun-
dance in the vicinity of the active region can be accelerated to
energies in the range of 40–80 keV through a fast-Fermi mech-
anism. As explained earlier, given the right coronal and shock
conditions (upstream electron density, magnetic compression ra-
tio, and shock geometry), SDA can be a potent accelerator of
energetic electrons (Leroy & Mangeney 1984; Krauss-Varban &
Wu 1989; Mann et al. 2009; Warmuth et al. 2009).

High energy electrons

The inferred injection times of electrons exceeding an energy of
∼100 keV (using VDA and TSA) show a delay of 5 to 10 min-
utes, compared to that of the low-energy electrons (Sec. 4.4.3).
This puts it amidst several observed eruptive features and poten-
tial acceleration scenarios. At the time of the electron release, the
TIII-G2, the 4th HXR pulse, and the TII(HB) were observed. We
note that there was also a restructuring of magnetic footpoints
near the flaring region minutes before the injection, during the
3rd HXR pulse (Fig. 3 and Sec. 4.1).

The TIII-G2 was observed in association with the 4th HXR
pulse, which was also one of the two lowest intensity pulses,
implying that there was a decrease in the number of available
energetic electrons (Fig. 2f). The associated TIII-G2, however,
was rather bright (dense electron beams generating the type III)
and with a prolonged duration. This often signifies an extended
period of electron release into interplanetary space. It is not clear
if parts of the TIII-G2 emanated from the type II or not. The TIII-
G2 was observed by all space-borne radio observatories and, in
particular, by STEREO-A and SolO that also observed in-situ
Langmuir waves. The results from the direction-finding analysis
of the TIII-G2 presented in Appendix B reveal that the TIII-G2
propagated approximately in the -15◦ heliolongitude (Fig. B.1),
which was towards both SolO and STEREO-A. The radio analy-
sis suggests a good magnetic connection between the source of
the TIII-G2 and the two spacecraft.

During this phase, energetic electrons in the range of 50–100
keV were still found in abundance in the flaring region (Sec. 4.1).

Additionally, important shock-associated phenomena were also
observed, namely, TII(2a), TII(HB), and TII(W) at 06:36 UT,
06:41 UT, and 06:50 UT, respectively. The presence of herring-
bone (HB) structures indicate that electron beams were acceler-
ated by a near-perpendicular shock wave (85◦ < θBn < 89.9◦)
via the SDA mechanism (Mann & Klassen 2005). Such a near-
perpendicular shock geometry is expected in the low corona,
which is dominated by closed magnetic field lines and a strong
lateral expansion of the shock wave (Kouloumvakos et al. 2021).
According to the analysis performed in Sec. 4.3, it is understood
that the TII(HB) and TII(W) features were observed concur-
rently with the EUV wave mirroring off a magnetic null, which
is formed in the south-west periphery of the AR close to the
south-west coronal hole. These two features mark a phase of ef-
ficient electron acceleration from the shock, which is probably
responsible for the injection of the high-energy electrons during
the first phase. Meanwhile, the TII(2a) was observed in metric
wavelengths and according to the kinematic analysis presented
in the Appendix C, the source of the TII(2a) is at the flank re-
gions of the shock wave.

A critical feature of this period was the possible interaction
between the electron beams generating the TIII-G2 and part of
the shock wave generating TII(HB) leading to a re-acceleration
of the incident electrons. Based on the interplanetary directivity
analysis of TIII-G2, we have shown that the source of the elec-
tron beams were well-connected to both SolO and STEREO-A
(Fig. B.1). Additionally, during the same period, the TIV con-
tinuum observed was probably generated by electrons trapped
within the flux rope of the expanding CME. It is possible that
some of the trapped energetic particles may have escaped during
interactions between the CME and the ambient magnetic field
lines (Petrosian 2016; Klein et al. 2022). In both circumstances,
an interaction with the shock wave could have accelerated the in-
cident electrons to higher energies. Electrons with large enough
pitch angles are readily reflected by a near-perpendicular shock
wave, gaining maximum energies of up to 13-fold their initial en-
ergy in the process (for a shock wave with magnetic compression
4, Leroy & Mangeney 1984; Ball & Melrose 2001). This mech-
anism may have increased the energy of a fraction (depends on
θBn) of the incident c/3 electrons that generated the TIII-G2 to
near-relativistic energies. Considering that electrons in the range
of 50–100 keV were also abundant during this period from, e.g.,
the HXR pulse, they may be further accelerated to relativistic
energies by interacting with the coronal shock wave.

In conclusion, we find that during the release of high-energy
electrons, a number of processes were observed concurrently.
We distinguished between the different features and their asso-
ciated mechanisms and found that the acceleration most likely
happened in the corona close to the Sun. Observations suggest
that the main acceleration probably took place at the southern
flank of the shock wave, where an interaction of the shock with
a coronal streamer is observed. In these regions of interaction the
shock wave geometry can be nearly perpendicular and electrons
can accelerate to high energies efficiently. A cartoon illustrating
such a scenario is presented in Fig. 10b,c, where the shock wave
(represented by the black arc at t=2) continues to interact with
open field lines at its flanks. The presence of nonthermal elec-
trons probably eases the acceleration of the electrons to mildly-
relativistic and relativistic energies; at least for a fraction of the
incident electrons.

A contribution from a flare-related acceleration process can-
not be excluded during this high-energy electron release phase,
however, the Suprathermal Ion Spectrograph (SIS) on-board
SolO showed no particular enhancement of flare accelerating
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particles such as 3He ions. The presence of 3He ions would in-
dicate a direct contribution of flare accelerated particles to the
particle population measured in-situ during the event. This prob-
ably suggests that the shock wave had an important role in the
acceleration and release of this high-energy electron component.
The shock geometry which in some cases have been shown to
be predominantly quasi-perpendicular in the low corona (e.g.,
Kouloumvakos et al. 2021), can enable the shock to accelerate
electrons up to 13-fold their incident energy based on their pitch
angles through an SDA mechanism (Leroy & Mangeney 1984;
Ball & Melrose 2001, and references therein).

5.2. Phase 2

As observed in Fig. 9, a second peak was observed around
7:30 UT in the electron time profiles recorded by SolO. This
increase in intensity appears after the anisotropic first phase. In
this second phase, the electrons showed very little anisotropy
(Fig. 6), which is usually believed to be due to transport related
effects. It was not possible to determine the release of these elec-
trons, however, the peak intensities were delayed by ≈50 min-
utes after the start of the SXR flare (Fig. 10). This phase can be
characterised by the gradual increase in high-energy electron in-
tensities. An interesting aspect of this phase was the increase in
the intensities of energetic electrons exceeding 300 keV, which
was only observed by SolO and not by other spacecraft. Addi-
tionally, the high-energy electrons exhibited a harder spectrum
than during the first phase as observed by SolO (Fig. 7). A hard
spectrum for delayed and gradual electron events has previously
been attributed to transport-related effects (Strauss et al. 2020).

In the case of STEREO-A, we believe the spacecraft sampled
electrons that were accelerated mostly during the first phase and
were delayed due to transport related effects. This could explain
the anisotropy of the electrons observed by STEREO-A, which
was lower than at SolO. This would suggest that SolO was lo-
cated conveniently at a region where the electrons were largely
unaffected by transport and did not undergo strong pitch-angle
scattering. The other spacecraft located elsewhere might have
observed electrons from both the first phase and a transport-
affected second phase.

The second phase occurred after the impulsive flare phase,
that is, when the HXR flux had returned to nominal pre-flare
levels. It is therefore probable that the electrons of phase 2 were
accelerated at the CME/shock instead of during the flare. In ra-
dio wavelengths, the only features remaining in the radio spec-
trum are a hectometric type II burst and metric TIV pulsations.
At the same time, the WL shock wave reached its peak veloc-
ity of 1400 km s−1 (Fig. C.1) at a radial distance of 7 R�. The
presence of a long-lasting patchy type II radio burst in the hec-
tometer wavelength, namely TII(1b) and TII(2b), confirms that
shock electron acceleration took place during this phase. From
the analysis of Sec. 4.3, it is understood that the shock under-
went large-scale deformations due to the presence of coronal
magnetic structures, namely, coronal holes and streamers, and it
also continued to expand in regions confined by different stream
interactions (Sec. 4.3). An analysis of the shock kinematics (Ap-
pendix C) and the comparison with the radio TII kinematics sug-
gests that TII(2b) was most likely generated in the flank regions
of the WL shock wave observed during this second phase.

Despite the fact that SDA can be a potent accelerator of ener-
getic electrons in regions with quasi-perpendicular shock geom-
etry, it is not fully clear if the shock geometry in the high corona
is such. It is possible that small scale deformations such as cavi-
ties and ripples may provide the locally quasi-perpendicular ge-

ometry. However, in these places the shock can be corrugated,
leading to the short and efficient acceleration of electrons trapped
within them through SDA mechanism (Bale et al. 1999). On the
other hand, DSA can also be an efficient acceleration mecha-
nism if the electrons are trapped efficiently at the shock region.
In this case, pre-existing magnetic field turbulence and low fre-
quency waves generated upstream by specularly reflected ions
(about 25% of the thermal ions are reflected; Krasnoselskikh
et al. 1991; Gedalin 1996; Balikhin & Gedalin 2022) could have
played a crucial role in trapping electrons for an extended pe-
riod. Ambient magnetic field turbulence, which is ubiquitous in
interplanetary plasma, may act as magnetic scattering centres for
electrons (Tsytovich 1966). The electrons trapped within turbu-
lent fields or deformed and corrugated shock regions may di-
verge from the thermal Maxwellian (Maksimovic et al. 1997)
and provide a seed population for DSA. The energy gain of these
electrons can be in the order of 100s of keV (resonance with
whistler waves at lower-hybrid frequency; Vaisberg et al. 1983;
Galeev 1984; Krasnoselskikh et al. 1985) to several MeVs and
tens of MeVs (Alfven wave resonance; Tsytovich 1973; Bell
1978; Kirk & Dendy 2001) depending on how efficiently they
are trapped near the shock.

The fact that this second phase was only observed by SolO
indicates that the conditions for the shock scenario were pro-
vided only within a confined region of the interplanetary shock
wave. The confined region could have been formed when the
WL shock wave interacted with the streamers and propagated
close to the fast-wind region. The electrons which were acceler-
ated through a pitch-angle diffusion process under the aforemen-
tioned conditions can then escape the shock. While even small
amounts of perpendicular diffusion present in the SIR can spread
the particles to large heliolongitudes, we do not observe the sec-
ond phase in a spacecraft other than SolO.

The intensity-time profiles of the SEP event at SolO might
be influenced by the arrival of a stream interaction region (SIR)
during the SEP onset time. As discussed by Lario et al. (2022),
the high-speed stream driving the SIR was previously observed
by STEREO-A and later also by near-Earth spacecraft, where it
strongly affected the observed energetic ion intensity-time pro-
files. At SolO, the SIR and its associated magnetic compres-
sion might have acted as a magnetic mirror, reflecting some of
the electrons back towards the inner heliosphere and the CME-
driven shock wave where the electrons may subsequently accel-
erate to higher energies.

6. Conclusions

The main conclusions of this study are as follows:

• We were able to identify two distinct SEP event phases in-
situ, that show different anisotropies and are most-likely re-
lated to different acceleration phases in the solar corona.
• We also found a hardening spectra from the first to the sec-

ond phase for mildly-relativistic and relativistic electrons.
This finding further prompts the existence of two different
acceleration mechanisms.
• We have found the presence of two separate injections dur-

ing the first phase. The low-energy and high-energy electron
components were injected at different times and can be at-
tributed to different episodes of acceleration.
• We found a mix of flare and shock acceleration mechanisms

for the low energy electrons, while the high energy electron
acceleration was mostly a shock-associated phenomenon in
a highly structured corona.
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• We have also found that the prolonged nature of the second
phase was due to the particles being accelerated and trans-
ported diffusively within a compression region, where the
said particles are also trapped efficiently.

This study was largely possible due to the capabilities of
the EPD instrument onboard SolO, which observes in a wide
range of energy channels and also provides directional mea-
surements. Utilising multi-viewpoint remote sensing observa-
tions from widely distributed spacecraft and ground-based ob-
servations in many available wavelengths, it is possible to probe
mechanisms continuously from deep in the solar corona to inter-
planetary space. Future studies must aim to include high reso-
lution radio imaging from the LOw Frequency ARray (LOFAR;
van Haarlem et al. 2013), and the full capabilities of Solar Or-
biter and Parker Solar Probe (PSP; Fox et al. 2016) to better un-
derstand the acceleration mechanisms at the Sun and the effects
of coronal and interplanetary transport.
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Appendix A: NLFFF extrapolations of AR magnetic
field topology

In order to understand the magnetic topology of eruptive event,
we extrapolate photospheric vector magnetograms of the source
AR obtained from SDO/HMI into the solar corona under the
nonlinear force-free field (NLFFF) assumption with the help of
an optimization code, as described in Wiegelmann et al. (2012).
The photospheric magnetic vector field measurements have been
preprocessed to obtain consistent boundary data for the NLFFF-
model (see Wiegelmann et al. 2006 for details).

Figure .1 depicts a sample of the extrapolated field lines,
which are plotted over the vertical photospheric magnetic field
shown in greyscale. Additionally, we overplot the nonthermal
STIX sources as coloured contours. Note that we have rotated
the STIX images to conform with the vantage point of SDO,
which is exactly the inverse process as used for Fig. 3 where we
have rotated SDO/AIA images to the SolO view. We can do per-
form this rotation only for the nonthermal STIX sources since
they originate in the chromosphere, while the thermal source is
an extended 3D structure in the corona for which a simple rota-
tion would cause severe projection effects.

We show this comparison for three of the nonthermal STIX
peaks for which nearly co-temporal HMI data was available
(times are UT at 1 AU): HMI at 06:24 and the STIX peak
around 06:31 UT (panels a +b ), HMI at 06:36 and STIX around
06:37 UT (panels c +d ), and finally HMI at 06:48 UT and STIX
at 06:46 UT (panels e + f). The top row of panels (a, c, e) shows
closed loops where both footpoints of the magnetic field line are
anchored in the photosphere. The bottom panels (b, d, f) contain
open magnetic field lines, where open means that the field lines
have only one footpoint in the photosphere and the upper end
reaches the top boundary of the computational domain. These
are the field lines which potentially offer access to interplanetary
space.

Appendix B: Directivity of type III bursts

The interplanetary radio emissions associated with the
event were observed by all spacecraft: STEREO-A/WAVES,
Wind/WAVES, SolO/RPW, and PSP/FIELDS. A combined dy-
namic radio spectrum from the three spacecraft excluding WIND
is presented in Fig. B.1. The figure also includes the linear po-
larisation measurements from PSP and STEREO-A, which also
provides goniopolarimetric measurements.

Locating the source and the propagation of the type III ra-
dio sources in the corona and interplanetary space without in-
terferometric imaging (e.g., LOw Frequency ARray (LOFAR);
van Haarlem et al. 2013) or radio triangulation (e.g., Magdalenić
et al. 2014; Krupar et al. 2016; Jebaraj et al. 2020) is challenging.
However, we make use of the direction finding observations from
STEREO-A and Wind observations (azimuth and co-latitude an-
gles of the radio emission, Krupar et al. 2014).

In the case of the directivity analysis, we have compared cal-
ibrated radio fluxes measured by Parker Solar Probe, Solar Or-
biter, STEREO A and Wind at six frequency channels. We as-
sumed that the radio emission pattern S as a function of helio-
centric longitude λ can be described by the von Mises distribu-
tion (also known as the circular normal distribution) as:

S (λ) =
exp(κ cos(λ − λ0))

2πI0(κ)
, (B.1)

where λ0 is a direction corresponding to a peak radio flux,
κ is a measure of concentration, and I0 is the modified Bessel

function of the first kind of order 0, with this scaling constant
chosen so that the distribution sums to unity.

Fig B.1 panels e & f show the propagation direction of TIII-
G1 and TIII-G2 sources obtained using the radio triangulation
technique (short black arrows, for more details see Krupar et al.
2014) and a directivity analysis (long black arrows, radio emis-
sion pattern is described by the von Mises distribution). Both
methods employ cross-calibrated measurements from multiple
spacecraft, all four spacecraft in the case of the directivity anal-
ysis, Wind and STEREO-A in the case of radio triangulation. We
perform both analyses to better constrain the direction of source
propagation and eliminate intrinsic errors which may arise from
each method. Even so, we shall put more weight on the radio tri-
angulation results as they do not depend on free parameters such
as a coronal electron density model.

The radio triangulation results of TIII-G1 between the fre-
quencies 1000 kHz and 600 kHz indicate that the source prop-
agated in the -58◦ heliolongitude (possible error of ±6◦). The
directivity analysis indicated that the source propagated in -43◦
heliolongitude (possible error of ±2◦). Both results indicate that
TIII-G1 most likely propagated westward of STEREO-A close to
the reference line (black dashed line) plotted in Fig. 1. The clos-
est spacecraft to the propagation of TIII-G1 was PSP, however,
no in-situ Langmuir waves were recorded by PSP. Therefore, we
can conclude that it was highly unlikely for TIII-G1 to be associ-
ated with the in-situ electrons recorded by SolO, and STEREO-A.
Lario et al. (2022) found a very impulsive rise of particle flux at
PSP during the early stages of the event, which is to be expected
when there was direct connectivity in the direction rather close
to PSP.

For TIII-G2, we performed a similar analysis (Fig. B.1e) and
found, according to radio triangulation, the source propagated in
the -15◦ heliolongitude with a possible error of ±2◦. Using the
directivity analysis, we found the propagation to be in the heli-
olongitudes -30◦ with possibly a ±3◦ error. The larger spread in
propagation direction between radio triangulation and the direc-
tivity analysis could be due to errors arising from the propagation
of radio waves in the presence of large-scale density fluctuations
(Krupar et al. 2020). Alternatively, the large spread may also
likely be due to multiple electron beams generating type III ra-
dio bursts within TIII-G2. The electron beams that generated the
different type III bursts may propagate in slightly different solar
wind due to their time-varying injections at the source - causing
a large spread in their directivity. However, it should be noted
that TIII-G2 propagated mostly in the direction of SolO and
STEREO-A, which is further corroborated by the in-situ Lang-
muir waves. Therefore, from our analysis, TIII-G2 may be asso-
ciated with the energetic electrons recorded in-situ at both SolO
and STEREO-A.

Appendix C: Shock wave kinematics

We reconstructed the 3D structure of the shock wave using
PyThea, a software package to reconstruct the 3D structure of
CMEs and shock waves (Kouloumvakos et al. 2022b), written
in Python language and available online4. We took advantage
of the two viewpoints provided by STEREO-A and near-Earth
spacecraft (i.e., SOHO and SDO), and we fitted an ellipsoid
model to EUV and WL observations of the shock wave. We
adjusted the free parameters of the geometrical ellipsoid model
to achieve the best visual fit to near-simultaneous observations
for the two available viewpoints. From the 3D reconstruction,

4 https://doi.org/10.5281/zenodo.5713659
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Fig. .1. Nonlinear force-free field extrapolations based on SDO/HMI vector magnetograms and STIX overplotted (see text for details).

Fig. B.1. Space-borne radio dynamic spectrograms from: (a) PSP, (b) SolO, (c) STEREO-A, and (d) Wind. Panels (e) and (f) show the direction
finding analysis of TIII-G1 and TIII-G2.

we determined the position and kinematics of the shock in the
corona.

Fig. C.1 suggests that the wave propagated quite rapidly at
the apex and reached a maximum possible speed of 1400 km s−1

at around 07:25 UT. The shock apex was at a radial distance of
7 R� at this time. The flank regions of the shock expanded slower
and reached their peak speeds of 900 km s−1 a little earlier at
07:15 UT when they were at a radial distance of 3 R�. According
to the ellipsoidal fit, both flanks expanded at a similar rate till
their respective peaks after which their velocities were slightly
different.

According to the analysis of the EUV wave and the WL
shock wave, the apex of the shock expanded considerably faster
than the flank regions. Comparing these with the kinematics of
the type II radio burst, we may get a first-order understanding
of their association. To do so, we converted the spectral drift
rate of the type II radio bursts into km s−1 using radial coronal
electron density models. We applied a 5-fold Newkirk (1961)
model to the metric and decametric type II bursts, and a 3.5-
fold Saito (1970) model for the hectometer bursts. These coro-
nal electron density models were chosen based on the projec-
tion analysis of type II radio sources at shock flanks and for
non-radial shock propagation done by Jebaraj et al. (2020). We
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Fig. C.1. The kinematics of the reconstructed shock wave. The three axes of an ellipsoidal fit, namely, the shock apex (red), and the two flank axes
(r-axis 1 - blue and r-axis 2 - green) are plotted together and represented with different colours. The left and the right panel of the figure show the
height-time evolution of all the three shock axes, and its first derivative (velocity), respectively. The possible errors are in each axis and indicated
by the shaded regions. The "+" and "x" markings on the curves are the constraints provided by the observations.

obtained 1100±30 km s−1 for TII(1a) and TII(1b), which sug-
gests that the emission may have been from regions between the
flanks and the apex. Meanwhile, for TII(2a) and TII(2b), using
a similar approach, we obtained a drift speed of 700±50 km s−1

associating it with the flank regions of the shock wave. The ±
values here have been calculated from the varying bandwidth
of the respective type II bursts over time. TII(2b) on the other
hand was treated separately due to its prolonged emission pe-
riod in the hectometer wavelength. We obtained a drift speed
of 750±50 km s−1, which corresponds well to the flank regions
of the shock wave during this time. Meanwhile, TII(HB) and
TII(W) are not as straightforward to analyse using a simple ra-
dial density profile such as the one applied here. The two struc-
tured type II bursts were most likely due to shock wave propaga-
tion in regions of enhanced density and therefore exhibit spectral
deformities.
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