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ABSTRACT

Context. On 13 March 2023, when the Parker Solar Probe spacecraft (S/C) was situated on the far side of the Sun as seen from Earth, a large solar
eruption took place, which created a strong solar energetic particle (SEP) event observed by multiple S/C all around the Sun. The energetic event
was observed at six well-separated locations in the heliosphere, provided by the Parker Solar Probe, Solar Orbiter, BepiColombo, STEREO A,
near-Earth S/C, and MAVEN at Mars. Clear signatures of an in situ shock crossing and a related energetic storm particle (ESP) event were observed
at all inner-heliospheric S/C, suggesting that the interplanetary coronal mass ejection (CME)-driven shock extended all around the Sun. However,
the solar event was accompanied by a series of pre-event CMEs.

Aims. We aim to characterize this extreme widespread SEP event and to provide an explanation for the unusual observation of a circumsolar
interplanetary shock and a corresponding circumsolar ESP event.

Methods. We analyzed data from seven space missions, namely Parker Solar Probe, Solar Orbiter, BepiColombo, STEREO A, SOHO, Wind, and
MAVEN, to characterize the solar eruption at the Sun, the energetic particle event, and the interplanetary context at each observer location as
well as the magnetic connectivity of each observer to the Sun. We then employed magnetohydrodynamic simulations of the solar wind in which
we injected various CMEs that were launched before as well as contemporaneously with the solar eruption under study. In particular, we tested
two different scenarios that could have produced the observed global ESP event: (1) a single circumsolar blast-wave-like shock launched by the
associated solar eruption, and (2) the combination of multiple CMEs driving shocks into different directions.

Results. By comparing the simulations of the two scenarios with observations, we find that both settings are able to explain the observations.
However, the blast-wave scenario performs slightly better in terms of the predicted shock arrival times at the various observers.

Conclusions. Our work demonstrates that a circumsolar ESP event, driven by a single solar eruption into the inner heliosphere, is a realistic
scenario.
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1. Introduction 2017). However, the potential mixture of those effects in the

. . . same event has also been suggested (e.g., Dresing et al. 2014;
Solar energetic particle (SEP) events that show particle spread- Lario et al. 2014; Rodriguez-gcg}arcfa et a%. 2021; Kollhoff et al.
ing almost all around the Sun have been called widespread 2021 Kouloumvékos et al. 2022) ’

events since the era of the Solar TErrestrial RElations
Observatory (STEREO; Kaiser et al. 2008) spacecraft (S/C;
e.g., Dresing et al. 2014; Prise et al. 2014; Lario et al. 2016;
Xie et al. 2019; Rodriguez-Garcia et al. 2021). Dresing et al.
(2014) defined a widespread event by a SEP distribution extend-
ing up to a S/C, whose magnetic footpoint at the Sun is longi-
tudinally separated from the associated flare location by at least
80°. Depending on the particle species, only 15—-20 such events
are observed during a solar cycle (e.g., Richardson et al. 2014).

There are likely multiple mechanisms capable of produc-
ing this extreme longitudinal spread of energetic particles
(Dresing et al. 2014). Currently, the most favored scenarios
are coronal mass ejection (CME)-driven shocks with a very
wide angular extent that provide a strongly extended SEP

source region (g.g.,hG(’?mez-i—Ierrero etIall)l. 20 lds.)’ or very Zf.ﬁ- during the erupting CME flux rope provides another mechanism

lclllzlr]t tgaltltfgolie?n trr?a;teetﬁ aililgltgr%e(g ) ]r)nr Zs;rlirgnetpglrp ezn 0 113_ potentially capable of injecting flare-accelerated SEPs far from
" o ‘ > the fl ite (M t al. 2013; Klein et al. 2024).

Droge et al. 2014, 2016; Laitinen et al. 2016; Strauss et al. e flare site (Masson et al. 2013; Klein et al. 2024)

Also, the role of extreme ultraviolet (EUV) waves (fast-
magnetosonic waves or shock waves) was investigated in terms
of the spreading of energetic particles close to the Sun when
they reach the magnetic footpoint locations of certain observers
(Prise et al. 2014). This scenario was often found to be inca-
pable of explaining the particle arrivals at certain observer posi-
tions (Lario et al. 2014; Miteva et al. 2014). However, a reason
for some of those timing discrepancies could be that the shock
propagation is faster higher in the corona than close to the solar
surface, where it is visible in EUV images (Zhu et al. 2018;
Kouloumvakos et al. 2023; Zhuang et al. 2024). Furthermore, it
has also been proposed that a strong field line spread close to
the flaring region in the lower corona contributes to widespread
SEP events (Klein et al. 2008), and reconnection of field lines

The locations of the available S/C with respect to the solar
source location certainly impact our ability to detect, study,
* Corresponding author; nina.dresing@utu. fi and prove the widespread nature of an event (Dresing et al.
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2024). Furthermore, due to the limited spatial coverage of
observing S/C, especially in the past, detailed analyses of
the longitudinal particle distributions were not possible, which
led researchers to characterize the particle spread with simple
Gaussian functions (e.g., Lario et al. 2013; Dresing et al. 2014,
2018; Richardson et al. 2014). However, the possibility of non-
Gaussian or asymmetric SEP distributions, potentially exhibit-
ing local intensity variations, has been proposed (Klassen et al.
2016). The reason could be longitudinally varying transport con-
ditions (Dalla et al. 2025), caused for example by the presence
of different solar wind streams that may even include preced-
ing CMEs (e.g., Palmerio et al. 2021; Rodriguez-Garcia et al.
2025). Moreover, the presence of stream interaction regions
(SIRs) can lead to adiabatic deceleration or acceleration as well
as further particle acceleration at SIR-associated shocks (e.g.,
Wijsen et al. 2019), or even affect the efficiency of CME-driven
shocks (Lario et al. 2022).

The presence of multiple distinct and almost simultaneous
SEP injections close to the Sun is another potential scenario for
creating wide particle spreads with potential non-Gaussian dis-
tributions. One such asymmetry was recently observed thanks to
the expanded S/C fleet that is now in place, built by new mis-
sions such as Parker Solar Probe (Parker; Fox et al. 2016), Solar
Orbiter (Miiller et al. 2020), and BepiColombo (Benkhoft et al.
2021) on its cruise to Mercury, in combination with established
missions such as STEREOQ, the SOlar and Heliospheric Observa-
tory (SOHO; Domingo et al. 1995), and Wind (Ogilvie & Desch
1997). Dresing et al. (2023) found that several distinct SEP
injections must have been present during the 17 April 2021
widespread SEP event, oriented in significantly different direc-
tions spanning a longitudinal sector of 110°. These formed
an asymmetric SEP distribution that became evident thanks to
observations at Parker, which did not fit an expected Gaussian-
like longitudinal trend.

The rising phase of solar cycle 25 has produced several
energetic and widespread SEP events (e.g., Kollhoff et al. 2021;
Dresing et al. 2023; Khoo et al. 2024), which were observed
with this new S/C fleet. The new instrumentation carried by these
missions, constantly changing S/C constellations, and growing
number of observers allow us to tackle long-standing ques-
tions in connection with widespread SEP events and SEP events
in general, such as the particle acceleration mechanisms (e.g.,
Klein et al. 2022; Jebaraj et al. 2023a; Kouloumvakos et al.
2024; Ding et al. 2024), their injection into the open helio-
spheric magnetic field (e.g., Gomez-Herreroetal. 2021;
Kouloumvakos et al. 2022; Lario et al. 2022), and their propaga-
tion through the IP medium (e.g., Wimmer-Schweingruber et al.
2023; Wijsen et al. 2023). Another highlight of the new S/C
fleet is the passage of CME-driven shocks at close distances to
the Sun (e.g., Jebaraj et al. 2023b, 2024a), which has provided
unprecedented insights into shock-acceleration mechanisms.

In this work, we study a multi-S/C SEP event that occurred
on 13 March 2023. The SEP event was detected by six
well-separated observers; namely, Parker, BepiColombo, Solar
Orbiter, STEREO A, near-Earth missions such as SOHO
and Wind, and the Mars Atmosphere and Volatile Evolution
(MAVEN; Jakosky et al. 2015) probe at Mars. The lower panel
of Fig. 1 shows ~25MeV (top) and ~8 MeV (bottom) proton
measurements at the six locations, which were spanning a lon-
gitudinal sector of 153° at the time of the event (Fig. 1, top).
Although the exact location of the associated flare is unknown
due to missing imaging observations of the Sun’s far side, the
S/C constellation results in all observers, except Parker, being
longitudinally far separated from the flaring active region (AR),
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making this event an unambiguous widespread event with a
suggested spread of particles all around the Sun. Small onset
delays and the presence of high-energy SEPs with comparably
high intensities' at far-separated observer positions make this
widespread event an extreme one. Even more remarkable is the
observation of an associated energetic storm particle (ESP) event
detected by the farthest separated observers. Such ESP events,
characterized by a continuous increase in SEP intensities, reach-
ing their maximum when a CME-driven shock passes the S/C,
are usually caused by the same CME associated with the parent
solar eruption.

In this paper, we study two scenarios that could explain this
remarkable widespread SEP and ESP event, including (i) a cir-
cumsolar shock wave and (ii) a pre-event CME-driven shock
being responsible for the ESP components on the front side;
that is, the side of Earth. Because the pre-event CME was not
associated with its own SEP event, this scenario assumes that its
shock would reaccelerate or further accelerate the SEPs of the 13
March 2023 solar eruption. The manuscript is organized as fol-
lows. In Sect. 2, we provide an overview of the event and explore
the source location of the solar eruption and the magnetic con-
nectivity of the various S/C with this source region. Section 3
discusses the in situ energetic particle and IP context observa-
tions in comparison with magnetohydrodynamic (MHD) simula-
tion results. Section 4 provides a discussion of the two potential
widespread ESP event scenarios and summarizes the work.

2. Event overview
2.1. §/C constellation and the associated solar eruption

The top panel of Fig. 1 shows the positions of all six observer
locations as well as magnetic field lines connecting these S/C
with the Sun assuming a nominal Parker spiral field line accord-
ing to the measured solar wind speeds at 03:15 UT on 13 March
2023 (where measurements were available; see Table 1). Parker
was located on the far side of the Sun as seen from Earth, at a
radial distance of 49 solar radii. As can be seen in the bottom
part of Fig. 1, which shows multi-S/C observations of ~25 MeV
proton intensities (top panel), Parker observes by far the most
prominent SEP event, marked by its prompt rise time profile,
its earlier onset, and very high peak intensity. It is therefore
likely that the source region of the SEP event was situated on the
far side as seen from Earth, magnetically well connected with
Parker. However, the SEP event was clearly observed all around
the Sun, with higher intensities detected by SOHO and STEREO
A compared to Solar Orbiter and BepiColombo, even with Solar
Orbiter and BepiColombo being situated closer to the Sun.

The figure also shows MAVEN observations marking a clear
event reaching also Mars. Information on the instrumentation
used in this study can be found in Appendix A. The verti-
cal lines in Fig. 1 (bottom) mark IP shock crossings observed
by all inner-heliospheric S/C situated within 1au (using the
S/C color coding), which will be discussed in more detail in
Sect. 3.2. The lower panel of Fig. 1 shows energetic ion or pro-
ton measurements around 8 MeV as observed by the five inner-
heliospheric observers and by MAVEN at Mars. The intensity—
time profiles at these lower energies are different (except for
Parker) when compared with the higher energies, reaching their
peaks in accordance with the arrival times of the correspond-
ing IP shocks (most clearly seen at STEREO A and Wind, and
less clear at BepiColombo and Solar Orbiter). This suggests the

' This event is listed as event #40 in the SERPENTINE Solar cycle 25
SEP Events Catalog (Dresing et al. 2024, and references therein).
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Fig. 1. Top: S/C constellation in the ecliptic plane, including nominal Parker spiral field lines connecting the S/C with the Sun using measured
solar wind speed (see Table 1). The shaded area and two arrows mark the longitudinal sector of the potential particle injection of the 13 March
2023 event. Bottom: Intensities (20 min averages) of ~25MeV (top) and ~8 MeV (bottom) ions or protons observed by Parker (PSP, purple),
BepiColombo (yellow), Solar Orbiter (SOLO, blue), STEREO A (red), SOHO/Wind (black), and MAVEN (brown, scaled by a factor of 0.01).
The vertical lines denote the times of IP shock crossings at the various S/C (using the same color coding).

presence of an ESP event even at the front-sided inner-
heliospheric observers of the 13 March 2023 event. The gray-
shaded longitudinal sector in Fig. 1 (top) marks the region
encompassing the ARs that we identified as the most likely can-
didates for hosting the eruption associated with the event under
study (discussed below). These are not visible as seen from any
of the observers that carry instrumentation imaging the solar sur-
face or lower corona. We therefore constrained the timing and
location of the associated solar eruption based on the following
observations.

Given the lack of solar imaging capabilities at Parker, we uti-
lized the available radio observations. Figure 2 displays a radio
spectrogram observed by Parker/FIELDS/RFS (time-shifted to
the Sun), marking the onset of the solar eruption. A full descrip-
tion of the radio spectra and the associated emissions can be
found in Jebaraj et al. (2024b). Here, we mark only the radio
bursts that are associated with most of the powerful solar erup-
tions. This includes a series of fast-drifting type IIl radio bursts, a
prominent slower-drifting type II radio burst, and multiple asso-
ciated emission lanes. At 03:15 UT (03:13 UT shifted back to the

A127, page 3 of 25
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Sun), concurrently with the first group of type III radio bursts, a
dispersionless signal is observed, which has been marked using
the small green arrow. This signal is attributed to photoelectrons
excited by the fastest particles during a strong flare. Another
indication of the association between the event at the solar sur-
face and the radio emissions is the significantly higher inten-
sity of the type III bursts observed at this time compared to
earlier ones. The type III before the dispersionless signal are
either pre-flare releases of sub-relativistic electrons or unrelated
to the flare. In the case of the former, type III storms are usu-
ally associated with strong ARs prior to major flaring activ-
ity (e.g., Norsham & Sharizat Hamidi 2019; Pulupa et al. 2024).
These features, along with the temporal association with the
type II burst (indicative of shock formation) that is also marked
in Fig. 2, allow us to infer that the main eruption occurred at
03:13 UT (at the Sun).

The red line overlaid in Fig. 2 represents hard X-ray observa-
tions taken by Solar Orbiter/STIX, also time-shifted to the Sun.
Although the temporal profile of the flare light curve agrees well
with the time of the suggested solar eruption, we note that the
main portion of the flare was likely behind the limb as seen
from Solar Orbiter. The STIX data center® reports a flare right
at the east limb, slightly in the northern hemisphere, along with
a description of an “occulted flare?”. The estimated STIX flare
class, which represents an equivalent to the GOES soft-X-ray
flare class (see Xiao et al. 2023, for further details), is B2. This is
unexpectedly low for such an energetic SEP event (see Sect. 3.1),
which supports the scenario of a behind-the-limb flare as seen
from Solar Orbiter.

Inspection of STEREO A/EUVI, SDO/AIA, and Solar
Orbiter/EUI images of the solar corona during periods before
(22 February-5 March 2023) and after (14-22 March 2023)
the solar event under study reveals at least two ARs potentially
responsible for the studied eruption. One AR (AR1), which is the
likely candidate producing the occulted flare as seen from Solar
Orbiter, is the large AR 13258 (identified in Carrington rotation
2268) situated in the northern hemisphere, spanning a sector of
[15, 39]° in Carrington longitude and [17, 33]° in latitude (see
also Appendix B). This region is closer to the east limb as seen
from the front-sided observers. It is marked by a black arrow in
Fig. 1 (top), and its most eastern edge marks the eastern limit of
the gray-shaded area.

A second AR (AR2), located in the southern hemisphere,
which is another potential candidate, is AR 13256 (identified
in Carrington rotation 2268), covering a longitudinal sector of
[343, 12]° at Carrington longitude and a sector of [-12, —35]°
in latitude (see Appendix B). This region is further far-sided

2 https://datacenter.stix.i4ds.net/stix
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Fig. 2. Radio and hard-X-ray radiation at the
time of the flare. The radio frequency-time spec-
trogram constructed from FIELDS/RFS mea-
surements on board Parker is shown in gray
scale. The 30s averaged time series of the Solar
Orbiter/STIX nonthermal (16-28keV) X-ray
photon counts (s™') is overplotted in red. Both
FIELDS/RFS and Solar Orbiter/STIX measure-
ments are time-shifted to the Sun for a direct
comparison.

s/S)UN0)

as seen from Earth and marked by the gray arrow in Fig. 1
(top). Appendix B shows in detail how the two ARs were iden-
tified. We used the most western edge of AR2 as the west-
ern limit of the eruption sector, which has in total a longitu-
dinal extent of 56° Carrington longitude and 68° latitude (see
Table 1). It is clear that all S/C, except Parker, are situated at
well-separated longitudes from either of these far-sided ARs.
Each of their magnetic footpoint’s longitudinal separation angles
with this sector are well above 100°, which clearly classifies this
event as a widespread SEP event as defined by Dresing et al.
(2014).

2.2. Magnetic connectivity

Table 1 lists the coordinates of the two ARs (AR1 and AR2
described above), which provide potential source regions of the
eruption, and which determine the potential eruption sector (see
Sect. 2.1), also provided in the table. The coordinates of all
observers of the SEP event (columns 2—4), as well as those of
their magnetic footpoints at the Sun at the time of the solar erup-
tion (columns 5 and 8-9), are also listed.

We determined the magnetic footpoints with two meth-
ods: (1) assuming a nominal Parker spiral magnetic field and
backmapping the field line using measured solar wind speed
values (illustrated in Fig. 1), where possible (Col. 5), and (2)
using the output of a simulation of the European Heliospheric
Forecasting Information Asset (EUHFORIA; Pomoell & Poedts
2018, Sect. 3.3) shown in Col. 8-9, which takes into account
the presence of five pre-event CMEs and one post-event CME
(Appendix E) additional to the main eruption. As is discussed
in Sect. 2.1, the only observer that is well connected to the
far-sided eruption is Parker, whose magnetic footpoint lies
within the eruption sector (see Fig. 1 (top) and Table 1).
The longitudinal separation angles of the magnetic footpoints
of the other observer locations with their respective clos-
est eruption sector edge are all larger than 100°, whether
using the magnetic footpoints determined by simple ballistic
backmapping (as is shown in Col. 6 of Table 1) or the results
from the EUHFORIA simulation (as is shown in Col. 10 in
Table 1).

The EUHFORIA simulation suggests that STEREO A and
near-Earth observers, as well as BepiColombo and Solar Orbiter,
each have very similar magnetic footpoint longitudes. In the case
of MAVEN at Mars, both methods suggest a similar magnetic
footpoint to that of Earth and STEREO A. When further com-
paring the magnetic footpoints of the nominal Parker spiral with

3 The latitude of the magnetic footpoint determined with this method
is identical to the latitude of the S/C position.
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Table 1. Coordinates of candidate ARs and S/C, and their magnetic connectivity to the Sun.

(1 2 3) “4) ) (6) @) (8) 9 (10)
Parker spiral @ EUHFORIA ©

Location r Lon. ® Lat. @ Lon.®  Lon sep. @ Vobs Lon.®  Lat.®  Lon sep.@
(au) ) ) ) ) (kms™") @) ) ®)

AR1 (AR 13258) 15-39 17-33

AR?2 (AR 13256) 343-12  —(12-35)

Eruption sector 39-343  —(35-33)

Parker 0.23 354.7 3.2 9.1 490 8.5 11.2

BepiColombo 0.4 119 0.2 143.9 -104.9 400 © 140.2 -20.4 -101.2

Solar Orbiter 0.61 121.6 -5.0 159.2 -120.2 400 @ 149.9 -21.8 -110.9

STA 0.97 135.7 -7.3 212.8 130.2 310 180.2 -27.4 -141.2

Near Earth 0.98 148.1 -7.2 218.9 124.1 347 182.7 -26.0 -143.7

MAVEN 1.64 97.3 -34 223.0W 120 325 181.0 -26.3 -142.0

Notes. Columns (2)—(4): coordinates of feature or observer provided in Col. (1). Columns (5) and (8)—(9): estimated magnetic footpoint coordinates
of the observers. (“Magnetic footpoints at the solar surface based on ballistic backmapping assuming a nominal Parker spiral field line based on
the solar wind speed provided in Col. (7). The backmapped latitudes (not shown) are the same as the S/C latitudes given in Col. (4); ®Longitude
and latitude values are given in the Carrington coordinate system; ?Magnetic footpoint at the solar surface based on EUHFORIA simulation (The
magnetic footpoints in the EUHFORIA simulation are based on a potential field source surface (PFSS) extrapolation extended with the Schatten
current sheet model up to 0.1 au, followed by the MHD simulation beyond that distance.); “Longitudinal separation angle between the observer’s
magnetic footpoint and the closer edge of the eruption sector. Positive (negative) values denote that the source sector edge is to the west (east) of
the magnetic footpoint; “’No solar wind measurements available, using therefore the nominal value of 400 km s™'; ¢’Solar wind speed is provied

by the Mars Express mission.

those determined by EUHFORIA, all observers’ footpoints are
shifted eastward. The shift is not significant in the case of Solar
Orbiter and BepiColombo given the usually assumed uncertain-
ties of at least 10° (e.g., Ippolito et al. 2005; Klein et al. 2008).
However, for STEREO A and Earth, the shift leads to both S/C
being closer connected to the eastern eruption sector instead of
the western sector edge as suggested by the ballistic backmap-
ping. This shift is primarily due to the presence of pre-event
CME:s in the EUHFORIA simulation, which reduces the curva-
ture of the field lines compared to the nominal Parker spiral, vis-
ible in Fig. 8, which is further discussed in Sect. 3.3. However,
it is important to note that this effect is largely a consequence
of using the unmagnetized cone model for the pre-event CMEs
in EUHFORIA. Had the pre-event CMEs contained a magnetic
cloud, the IP field lines would have likely been pushed aside
rather than passing through the CME, leading rather to a west-
ward shift of the footpoints and therefore a closer connection to
the western edge of the eruption sector.

According to the ballistic backmapping, both STEREO A
and near-Earth observers are more closely connected to the solar
source sector via the Sun’s western limb, with longitudinal sep-
arations of about 215° to the eruption sector edge (gray shade in
Fig. 1). In contrast, BepiColombo and Solar Orbiter are more
closely connected to the opposite sector edge via the eastern
solar limb, with separations of about 105° and 120°, respectively,
from the sector edge (see Table 1). This difference in magnetic
connection to the source region may explain the varying SEP
characteristics observed at STEREO A and near Earth’s perspec-
tive compared to those at Solar Orbiter and BepiColombo, sug-
gesting different particle acceleration sites. Based on the above,
we consider the longitudinal separation angles based on ballis-
tic backmapping (column 6 in Table 1) to be more realistic than
those of the EUHFORIA simulation. We note, however, that a
reliable estimation is almost impossible for this event due to the
far-sided eruption source and the very complex state of the IP
medium.

2.3. The shock and CMEs of the main eruption

As was mentioned in Sect. 2.1, the source region of the 13 March
2023 eruption was located on the far side of the Sun from the
viewpoints of all the observing S/C equipped with solar disk
imaging cameras. Hence, any available EUV telescope could
only have observed the eruption off the solar limb, as was the
case for STEREO A, Solar Orbiter, and near-Earth probes. Fur-
thermore, the event produced a prominent halo CME as observed
from Earth’s and STEREO A’s perspectives.

Figure 3 shows coronagraph observations by SOHO/
LASCO/C2 (top) and STEREO A/COR?2 (bottom) at two-time
stamps depicting this halo CME. A more detailed look at the
annotated difference images suggests, however, the presence of
two distinct CMEs (marked as CMEa and CMEb), CMEa prop-
agating northward and CMEDb southeastward, respectively. The
CME-driven shock (marked by “Shock™) could be either a com-
bination of two shocks or a single, potentially merged shock
driven by the two CME:s. In contrast to the CMEs themselves,
the shock front in the plane of sky extends clearly all around the
Sun. The western part of the shock (marked Shock*) represents
a driverless, freely propagating wave. We note that an alterna-
tive explanation to the double-front appearance of the CME in
white-light data is represented by a multistage and/or asymmet-
ric filament eruption (Liu et al. 2009; Lynch et al. 2021).

If two CMEs erupt consecutively, the fast-forward shocks
they generate ahead of them are additive. In ideal MHD, this
would lead to an increase in the amplitude of the fast-mode
shock (Kennel 1988; Russell et al. 2016). This acts as additional
energy that allows the wave to expand further into the helio-
sphere and could lead to the driverless part of the shock (marked
Shock*) observed at the western solar limb (Fig. 3).

Parker was not only situated within the eruption sector but
also at a very close distance to the Sun (49 solar radii), allow-
ing Jebaraj et al. (2024a,b) to study the shock in situ while
it was still propagating through the upper solar corona. They
found that it was near-parallel (g, ~ 8 + 4°), extremely fast

A127, page 5 of 25



Dresing, N., et al.: A&A, 695, A127 (2025)

<+— Shock*

£4
CMEDb

C2 2023-03-13703:48:07

Shock =%
CMEb
C2 2023-03-13T04:00:07

Fig. 3. Base-difference images of the white-light signatures generated in the low corona by the two combined CMEs forming the eruption discussed
in this manuscript, marked as CMEa (magenta arrow) and CMEDb (yellow arrow), as seen by SOHO LASCO C2 and STEREO COR2 instruments.
The cyan arrow indicates a shock front associated with the eruption. A freely propagating shock, marked as Shock*, is propagating above the
western limb in the instruments’ field of view, as is indicated by the orange arrow.

(2800 +300kms™), and exceptionally strong (M ~ 9.1+ 1.35)
for a shock evolving in a highly magnetized plasma. Their results
obtained at a distance of 0.25 au also imply that the CME may
have been even faster in the lower corona.

Furthermore, Jebaraj et al. (2024a) found self-consistent
injection and acceleration of electrons and ions in the presence
of intense electromagnetic wave activity. These results reinforce
the statistical findings by Dresing et al. (2022), who found that
the strongest near-Sun shocks are capable of accelerating elec-
trons and ions to high energies in a synchronized manner. The
event culminated in one of the strongest particle events observed
by Parker, saturating EPI-Lo and plasma instrumentation. While
Jebaraj et al. (2024a) studied the in situ properties of the shock
and its capabilities of accelerating particles in detail, they did
not speculate on its global characteristics and evolution. Further-
more, the properties of the driving CME were not studied in situ.

3. SEP observations and interplanetary context

Figures 4-6, respectively, show in situ observations at Parker and
BepiColombo (Fig. 4), Solar Orbiter and STEREO A (Fig. 5), as
well as near Earth and at MAVEN in orbit around Mars (Fig. 6).
All plots show energetic proton and electron observations (top
panels) in comparison with magnetic field observations (follow-
ing panels) and, where available, solar wind plasma measure-
ments (bottom panels; details given in the figure captions). The
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dashed black line in each plot marks the time of the 13 March
2023 eruption, which we define by the onset of the associated
radio bursts (see Sect. 2). Shaded regions mark the predicted
arrival times of enhanced density according to the wake of the
circumsolar wave or CMES, respectively, according to two dif-
ferent EUHFORIA simulations (discussed in Sect. 3.3 below). In
the following, we first discuss the S/C measurements (Sect. 3.1),
as well as the IP shock crossings at all S/C (Sect. 3.2). We refer
the reader to Appendix A for an overview of the instrumenta-
tion used. Then, we introduce two potential scenarios, which we
propose to explain the widespread SEP and ESP event observa-
tions. EUHFORIA simulations of these two scenarios are pre-
sented in Sect. 3.3, and compared with the in situ observations
in Sect. 3.4. While the following analysis focuses on the global
SEP and ESP event, we present a more detailed analysis of the
first-arriving SEPs in the appendix, where we provide an analy-
sis of the inferred SEP injection times at the Sun (Appendix D)
and of the particle anisotropies (Appendix C) as observed by the
different S/C.

3.1. Multi-S/C SEP observations

Parker. Parker, which was situated close to the Sun and was
well connected to the eruption, observed an exceptionally strong
SEP event, including a shock crossing only four hours after the
solar eruption onset. Jebaraj et al. (2024a,b) closely investigated
the particle acceleration by the shock while it passed the S/C
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Fig. 4. In situ observations in comparison with EUHFORIA simulation results for Parker (left) and BepiColombo (right). From top to bottom, we
show energetic electron, and proton measurements, magnetic field (magnitude and RTN components, latitudinal, and azimuthal angle), followed
by solar wind density and speed. The results of two different EUHFORIA simulations (purple: blast-wave scenario, gray: pre-CME scenario)
are overlaid and show the simulated magnetic field magnitude, magnetic field angles, the solar wind density and speed in comparison with the
observations (if available). The shaded regions correspond to the duration of CMEs passing the S/C according to the two different EUHFORIA
simulations (same color coding as above). In the case of the pre-event CME scenario, CMES passes the S/C, and in the case of the blast-wave
scenario it is the blast wave connected with the main eruption. The dashed black line marks the onset of the solar eruption, the red line marks the

time of the observed IP shock arrivals at the S/C.

and found that electrons were still in the progress of being
accelerated reaching relativistic energies, namely in the MeV
range. Protons reach energies up to at least 60 MeV. Due to the
very strong event EPI-Lo was saturated for a brief period of
time and EPI-Hi transitioned into its higher “dynamic thresh-
old” modes. EPI-Lo data are only affected directly during the IP
shock crossing at 07:13 UT, while in dynamic threshold modes,
the EPI-Hi instruments LET and HET reduce their sensitivity,
and energy range coverage, for electrons, protons, and helium
(leaving heavy ion measurements unaffected). At the highest
dynamic threshold level, EPI-Hi cannot distinguish the species
or energy of incoming electrons, protons, or helium. During
such periods, the so-called pixel data (Appendix A), which are
single-detector ion measurements within the detector stacks, can
be used as a proxy for the protons (under the assumption that
protons are the dominant foreground population). The second
panel of Fig. 4 (left) shows these pixel data, in various energy
bands, which correspond to pixels of individual detectors within
the LET and HET detector stacks. Higher-energy channels corre-
spond to detectors that lie deeper in the stack. One of the caveats
of the pixel data is that particles entering the telescopes from

both sides are measured and not distinguished in any given pixel
rate. Thus, especially for the deeper-lying detectors, measuring
higher energies, the rate has contributions at similar energies
from both sides of the telescope leading to higher rates (effec-
tively “double counting”). The lower-energy channels are more
reliable because the contribution of lower-energy ions in the
outer detectors will generally be much more intense than that
of the few high-energy particles reaching the detector from the
other side. Despite the instrumental issues, the data clearly show
an outstandingly intense SEP event observed at Parker, includ-
ing a prompt onset and a local intensity peak at the time of shock
crossing with fluxes increasing more than an order of magnitude
above the rest of the SEP event.

Earth-sided observers. Although far separated from the
eruption sector, first-arriving energetic particles are detected at
all Earth-sided S/C with rather short delays. A timing analy-
sis presented in Appendix D allows us to unambiguously asso-
ciate these with the main eruption under study. In Sect. 2
(also Fig. 1, bottom), it was already mentioned that the ener-
getic particle event observed by the front-sided observers differs
significantly depending on their magnetic connection to the
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Fig. 5. In situ observations in comparison with EUHFORIA simulation results for Solar Orbiter (left) and STEREO A (right). Same format as in
Fig. 4. The yellow shade marks arrival of CME2 (see Table 3), which is predicted similarly by both simulations.

eastern versus the western edge of the eruption sector. While
a rather prompt particle onset (see Figs. C.4, C.5) and a higher-
intensity event is observed at Earth and STEREO A (both pre-
sumably connected closer to the western eruption sector edge),
BepiColombo and Solar Orbiter (likely connected closer to the
eastern eruption sector edge) observe later and more gradual par-
ticle events, as well as lower particle intensities when compar-
ing ~25MeV protons (Fig. 1, bottom). This difference is even
more peculiar given BepiColombo’s and Solar Orbiter’s smaller
radial distances to the Sun, which would typically be expected
to facilitate earlier SEP arrival times and higher SEP intensities.
Furthermore, Figs. C.2-C.6 show that near-Earth S/C observed
SEP anisotropic pitch-angle distributions (PADs), suggesting a
magnetic connection with the particle injection region. While
the anisotropic PADs are less clear at STEREO A, BepiColombo
measured completely isotropic PADs. We note that Solar Orbiter
observed anisotropic PADs; however, this was less during the
event onset phase and rather during a later phase, which could
suggest that the connection to the source improved with time.
Further differences are found for the peak energies of the
observed event: Focusing on proton observations, BepiColombo
and Solar Orbiter do not measure a significant intensity increase
above 50 MeV (see Figs. 4, right and 5, left). In contrast, the
event is clearly observed in the highest proton energy chan-
nel of STEREO/HET (60—100MeV) and in the 80—100 MeV
channel of SOHO/ERNE (Fig. 5, right and Fig. 6, left)*. Fur-
thermore, while STEREO A and SOHO observe clear velocity
dispersion in the proton arrival times (second panel from the

4 The event was also observed by the Alpha Magnetic Spectrometer
(AMS) on board the International Space Station reaching proton rigidi-
ties of >1 GeV, corresponding to >400 MeV protons (based on a talk by
C. Consolandi at the European Cosmic Ray Symposium 2024).
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top in Fig. 5, right, and Fig. 6, left), an inverse velocity dis-
persion (e.g., Cohen et al. 2024), that is delayed arrival times of
high-energy particles, is observed by BepiColombo and Solar
Orbiter (second panel in Fig. 4, right, and second panel in Fig. 5,
left). This suggests that BepiColombo and Solar Orbiter are ini-
tially connected to regions with less efficient particle acceler-
ation and only hours later accessed a more efficient acceler-
ation region, most likely being the shock. A similar trend is
observed for electrons at Solar Orbiter, while at BepiColombo,
the electron event is strongly delayed. However, all energy
channels at BepiColombo below ~1MeV are strongly contam-
inated by protons and therefore cannot be used reliably in the
analysis.

A peculiar feature of the SEP event at BepiColombo is the
presence of lower-energy protons, up to ~4 MeV, which start to
rise around 01:00 UT, well before the solar eruption and exclu-
sively observed at BepiColombo. Their origin is ambiguous.
Based on the timing association, only one candidate radio type
IIT burst was observed at 23:40 UT on 12 March. The burst is
almost exclusively observed by Parker, only a very faint, low-
frequency trace is seen at Wind and STEREO A (see Fig. D.2).
This suggests that its source region is situated far behind the
limb as seen from Solar Orbiter, STEREO A, and Wind. The
lower-energy protons observed by BepiColombo could there-
fore have diffused to the S/C from this remote region, in agree-
ment with their very gradual rise phase, however not reaching
either Solar Orbiter or the other observers. We note that although
the type III radio burst was well observed by Parker, no related
SEPs were observed by the S/C (Fig. 4, left), suggesting a rather
narrow particle injection. Based on the very similar time pro-
files of <4 MeV protons observed at BepiColombo and Solar
Orbiter at times after the main eruption onset (see Fig. 4,
right and Fig. 5, left), we are confident that this part of the
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Fig. 6. In situ observations in comparison with EUHFORIA simulation results for near-Earth S/C (left) and at Mars (right). Same format as in
Fig. 5. At Mars energetic particle fluxes were measured by MAVEN and the solar wind speed and density were measured by the Mars Express
mission (MEX). The gray shade in the Mars plot represents the CME arrival time based on the pre-event CME simulation, is the CME of the main

eruption.

event observed at BepiColombo is dominated by the 13 March
eruption.

All front-sided, inner-heliospheric S/C observe an ESP event
characterized by peaking particle intensities at the time of an in
situ shock crossing. The times of these in situ shock arrivals are
marked by the vertical red lines in each plot. The characteristics
of the shocks and their drivers are discussed in detail in Sect. 3.2.

At Mars (Fig. 6, right), increases in the fluxes of energetic
electrons and protons were observed, indicating that the event
also reached Mars. The top panel shows the ~64-207 keV
electron fluxes that are directly measured by the MAVEN/SEP
instrument. The second panel shows the derived fluxes of
~13-103 MeV energetic protons from the penetrating proton
count rates measured by MAVEN/SEP (Lee et al. 2023, see also
Appendix A for further details about the derived flux data prod-
uct). We note that these fluxes were scaled with a factor of 0.01
to match the background levels of the other S/C. The prompt
onset shows a good timing agreement with the associated solar
eruption, and the extended time profiles, especially those of the
electrons, resemble the shape of an ESP event. However, due to
the S/C orbit geometry during this event, MAVEN was orbiting
within the Martian magnetosphere and therefore was not sam-
pling the upstream solar wind conditions. We therefore cannot
use the magnetic field measurements by MAVEN. Furthermore,
while MEX does provide solar wind speed and density obser-
vations, the scarce data sampling does not allow us to confirm
either a potential CME arrival or the passage of an IP shock and
arelated ESP event at Mars.

3.2. Characteristics of the interplanetary shock crossing and
the interplanetary CME at various S/C

We investigated the characteristics of each shock crossing at the
various observers and present these results in Table 2. The shock
normals (7igry) indicate that the shock observed by all S/C was
moving radially outward. Variations in the transversal compo-
nents of 72 between BepiColombo, Solar Orbiter, STEREO A,
and Wind are, however, worth emphasizing. These may arise
from large-scale deformations and/or deflections of the shock
front, which are likely to occur when shocks propagate in
an inhomogeneous IP medium (Rodriguez-Garcia et al. 2022;
Wijsen et al. 2023; Palmerio et al. 2024).

Based on the parameters shown in Table 2, we find two
potential interpretations, explaining that a shock traversed all
observers. First, a circumsolar shock could have formed as a
result of a large eruption, potentially composed of two distinct
eruptions, on the far side of the Sun, which is supported by
the coronagraph observations discussed in Sect. 2.3. The sec-
ond scenario involves another shock from a front-side erup-
tion that traversed all S/C except for Parker (discussed also
by Vlasova et al. 2024). The basis of the first, circumsolar-
shock scenario is the CME (likely composed of two simulta-
neously erupting CMEs as discussed in Sect. 2.3) associated
with the main event on 13 March at 03:13 UT, which pro-
duced a strong shock. This shock was potentially circumsolar
in nature, and part of it likely propagated as a free wave (see
Sect. 2.3 and Fig. 3). This, together with the analysis presented
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by Wijsen et al. (2025), aligns with the presence of a circumsolar
shock.

The observed in situ shocks exhibit a consistent shock nor-
mal across all S/C and a shock speed that approximately matches
the ballistic arrival times relative to the eruption time at the
Sun. Ballistic arrival times assume that the shock speed remains
constant from its onset until it arrives in situ. For example,
if we assume a constant shock speed from the event onset to
L1, we obtain Vi paistic ~ 830km s7!. and to Solar Orbiter
Vihpatisic ~ 1150km s~!. However, this assumption is flawed
because the shock speed cannot remain constant over long dis-
tances. Maintaining a constant speed would require a positive
rate of energy injection, which is unrealistic whether the shock
is driven or freely propagating. Therefore, we adopted a differ-
ent methodology. Wijsen et al. (2025) developed a framework
to estimate expected shock speeds for far-side observers by
modifying the self-similar expansion solutions of Sedov (1946).
They found that the shock speed decreases over time following
Ven(#) oc t71/3. Using a shock speed of approximately 600 km s
based on observations at L1 and the arrival times, we estimated
the shock speed at Solar Orbiter to be around 640 km s~!, which
is close to the observed value. We emphasize that this estima-
tion is purely based on the scaling law obtained from the mod-
ified Sedov solutions presented in Wijsen et al. (2025). Since
BepiColombo does not provide plasma measurements during its
cruise phase, we used the same method to estimate the shock
speed at BepiColombo, finding approximately 655kms~!.

Table 2 shows that as the shock propagates radially, the
angle between the normal to the shock and the magnetic field
lines changes from being quasi-parallel (6, =~ 0) to oblique
(0p, ~ 45) or eventually closer to quasi-perpendicular (6, =~ 90)
as the distance increases. This is due to the Parker spiral shape.
Namely, the expected 05, value at 1 au for a radially propagating
spherical shock in a nominal magnetic field line configuration is
close to 45°. The configurations closer to quasi-perpendicular
would mean that the magnetic field lines are distorted (e.g.,
Fig. 7 in Rodriguez-Garcfia et al. 2022).

The second scenario for the circumsolar shock observation
involves the contribution of different CMEs erupting in different
directions around the Sun, each forming their own shock. In this
case, the shock traversing Parker and the one passing the front-
sided S/C would be driven by distinct CMEs. If this were the
case, we would expect the Earth-sided S/C to detect a coherent
magnetic driver following the shock. To explore this, we investi-
gated the structures detected immediately after the shock arrivals
at the different probes and found varying downstream solar wind
characteristics depending on the observer.

At Parker (Fig. 4, left), a clear interplanetary CME (ICME)
ejecta with flux rope signatures, that is clear rotations in the
magnetic field components, was observed following a brief
sheath region, indicating a direct encounter with the CME driver.
However, the dominance of the Bgx component over the other
two components suggests that Parker may have encountered
the CME closer to its flank rather than at the nose. At Bepi-
Colombo (Fig. 4, right), the shock was followed by highly fluc-
tuating but slightly rotating fields, indicating a possible ejecta
passage that could not be clearly distinguished from the pre-
ceding sheath. At Solar Orbiter (Fig. 5, left), both a sheath and
an ICME ejecta were more discernible, with the ejecta display-
ing multiple rotations in the By component, suggesting a “more
complex” ejecta than a classic flux rope configuration (e.g.,
Rodriguez-Garcia et al. 2022). At STEREO A (Fig. 5, right),
turbulent sheath magnetic fields were followed by a smoother
region, possibly remnants of ejecta material. Near Earth (Fig. 6,
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left), no clear ejecta signatures were detected, implying the pas-
sage of a driverless shock. Finally, at Mars orbit (Fig. 6, right),
magnetic field data cannot be used because MAVEN is situated
inside the magnetosphere during the event, and only scarce solar
wind speed and density observations near Mars are available
from MEX observations. It is therefore not possible to confirm
the arrival of a shock wave. It is worth noting that those down-
stream characteristics with missing signatures of a CME ejecta
align with predictions for a freely propagating shock, where
the heated downstream plasma acts as a pseudo-driver. Since
much of the downstream material is composed of compressed
upstream plasma, it decays after a characteristic scale, eventu-
ally meeting the colder solar wind and forming a termination
wave (reverse shock), which we could not, however, identify in
the available data.

Alternatively, if the magnetic structure observed by front-
sided S/C were due to a CME encountered at the flank, we would
expect similar ICME and shock characteristics, but the shock
normals would not be as radially aligned as seen in Table 2. In
particular, the shock normal (7igrn) shown in Fig. 7 should devi-
ate significantly if the CME had a strong northward or southward
propagation such as CMES (see Table 3), particularly affecting
the transverse components of figry. Our estimations of gy,
shown in Table 2, do not indicate such deviations. In Fig. 7, both
the data-derived figrn (in colors) and the modeled values of the
circumsolar-shock scenario (Wijsen et al. 2025, and Sect. 3.3)
are shown. While some local variations in latitude are present,
they are consistent with expectations for a circumsolar shock.

3.3. EUHFORIA simulations of two different scenarios

We conducted large-scale MHD simulations of the inner helio-
sphere using the EUHFORIA model to investigate the two sce-
narios discussed above that could explain the circumsolar ESP
event. EUHFORIA is a 3D MHD code designed to model the
large-scale structure of the solar wind beyond 0.1 au by solving
ideal MHD equations with inner boundary conditions derived
empirically from solar magnetograms (Pomoell & Poedts 2018).
To achieve this, EUHFORIA combines the potential field source
surface (PFSS; Wang & Sheeley 1992) model with the Schatten
current sheet (SCS; Schatten et al. 1969) model to extend solar
magnetograms to 0.1 au. In our work, we employed the Air Force
Data Assimilative Photospheric Flux Transport (ADAPT) model
in combination with the Global Oscillation Network Group
(GONG) global photospheric magnetic field maps (Arge et al.
2010; Hickmann et al. 2015). ADAPT produces 12 synoptic
maps of the Sun’s surface magnetic field, accounting for uncer-
tainties in photospheric flows through varying model parame-
ters. These maps provide boundary conditions for the coronal
magnetic field extrapolations, which, in turn, are used by the
empirical Wang—Sheeley—Arge (WSA; Arge et al. 2004) model
to determine the plasma parameters at 0.1 au, necessary to ini-
tiate the heliospheric MHD model. For our simulations, we
utilized the first realization of the GONG ADAPT map from
00:00 UT on 13 March 2023.

We then inserted multiple CMEs at the inner boundary
(0.1 au) to explore different scenarios. Specifically, we included
the five pre-event CMEs (CME1-CMES5) and one post-event
CME (CMESH), detailed in Table 3. Columns (2)—(11) show
the summary of the 3D-fitted CME parameters. The sensitivity
(deviations) in the parameters of the GCS analysis is given in
Table 2 of Thernisien et al. (2009). Columns (2)—(3) show the
longitude and latitude of the CME nose in Stonyhurst coordi-
nates, respectively. Columns (4)—(7), respectively, represent the
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Table 2. In situ shock characteristics at different observers.

Arrival time Observer Shock normal Geometry Speed (Vg,) Mach number Gas
(firTN) (Ogn) (kms™h) (My) compression

13/03/2023  Parker 0.984,-0.07,-0.128 8° +4° 2800 +300 9.1 +1.35 4

07:14UT +(0.01,0.036,0.096)

13/03/2023  BepiColombo 0.878,-0.316,-0.275 41°+18° - 1.4+0.1 1.5+0.15

14:52U0T +(0.106,0.148,0.213)

14/03/2023  Solar Orbiter  0.946,-0.141,0.189 35°+11° 653 +£28 3.8+0.7 3.7

01:04UT +(0.041, 0.196,0.081)

15/03/2023  STEREO A (0.947,-0.135,-0.091) 51° +9° 570 £ 26 4.2 +1.04 2.8

01:16 UT +(0.087,0.266, 0.198)

15/03/2023  Wind 0.961,-0.192,0.235 62° +12° 607 +33 3.68 +£0.31 2.7

04:01UT +(0.032,0.183, 0.145)
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Fig. 7. Three-dimensional Cartesian representation of the shock normal estimated at each observer from data and from the EUHFORIA simulation.
The Sun (black sphere) is placed at the origin. The shock’s normal vector estimated from data are shown with arrows in the same color as the
observing S/C. The normal estimated from the EUHFORIA simulation of the circumsolar-shock scenario is shown with the black arrows.

angle with respect to the solar equator (tilt), the height from the
Sun center of the final step of the reconstruction, the half-angle,
and the aspect ratio of the CME. Column (8) shows the Ry, =
Riin+ half-angle. Column (9) represents R, = arcsin(ratio),
following Thernisien (2011). Columns (10)—(11) give the 3D
CME nose speed and the UT time in 2023 when the CME nose
reaches a height of 21.5 Rg,. Details of the CME reconstructions
are outlined in Appendix E.

The pre- and post-event CMEs in the EUHFORIA simula-
tion were modeled as cone CMEs, which are ellipsoidal blobs of
plasma with increased uniform density, temperature, and speed,
while preserving the background solar wind magnetic field. In
particular, we used EUHFORIA’s default values for the CME’s
density, p = 107"®kg/m=3, and temperature, T = 8 MK (see
Pomoell & Poedts 2018). The kinematic injection parameters for
these CMEs were determined by fitting coronagraph images, as
is explained in Appendix E.

The main event was modeled by injecting two spheromak
CME:s (Verbeke et al. 2019), with their injection longitudes and
latitudes determined based on the ARs identified in Sect. 2
as the likely source regions. The spheromaks were assigned
injection speeds of 1800kms~', producing a shock speed of
approximately 3000kms~!, in agreement with the findings of
Jebaraj et al. (2024a). The magnetic parameters are based on
EUHFORIA’s default values (e.g., Verbeke et al. 2019) and, as
is shown in Fig. 4, yield reasonable results at Parker. A detailed
derivation of the magnetic parameters for the associated mag-
netic cloud is beyond the scope of this study. An overview of
the injection parameters for the spheromak CMEs is provided in
Table 4.

As has been discussed, the observed shock wave near Earth,
STEREO A, and Solar Orbiter could potentially be attributed to
a flank encounter with one of the pre-event CMEs. In the EUH-
FORIA simulation setup described above, however, no pre-event
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Table 3. 3D CME properties derived from the GCS fits.

Date-time Lon. Lat. Tilt  Height « Ratio Rpg R Speed Date-time
(UTin2023,C2) (deg) (deg) (deg) (Ry) (=) (deg) (deg) (deg) (kms™!') (UTin2023,21.5(Ro))
(H (2) (3 (4) (5) [(OENO) () ) (10) (11)

03-10 13:36 50 -3 -3 1420 25 0.31 43 18 502 CMEI1 03-10 19:29
03-10 17:24 28 -31 -80 1540 32  0.32 51 19 580 CME2 03-10 23:45
03-11 16:36 38 -50 1 1340 20 0.26 35 15 638 CME3 03-11 22:11
03-12 04:00 —111 35 68 15.0 33 0.35 54 20 600 CME4 03-12 09:49
03-12 19:12 2 -42 =82 2020 22 037 44 22 781 CMES 03-13 00:05
03-13 10:36 31 33 55 1420 20 0.32 39 19 1179 CMES®6 03-13 13:59

Notes. Column (1): Date and time UT in 2023 of the first appearance in SOHO LASCO C2 field of view. Columns (2)—(3): Stonyhurst coordinates
of the CME nose. Columns (4)—(7): angle with respect to the solar equator, height from the Sun center of the final step of the reconstruction, half-
angle and aspect ratio. Columns (8)—(9): face-on half-width (R, + half-angle), and edge-on half-width (arcsin(ratio)) according to Thernisien
(2011). Column (10): 3D CME nose speed. Column (11): UT time in 2023 at a height of 21.5 (Ry).

Table 4. EUHFORIA parameters for the main event CMEs.

CME a CMEDb
Date and time 2023-03-13 05:15  2023-03-13 05:15
Latitude [deg] 15 -12
Longitude [deg] -169 —-109
Radius [R;] 16 12
Density [kgm™'] 10°'8 10°'8
Temperature [MK] 8.0 8.0
Speed [kms~!] 1800.0 1800.0
Tilt angle [deg] 90.0 0.0
Hel. sign [+1] 1.0 1.0
Flux [Wb] 5% 1013 5% 10183

Notes. The date and time correspond to the insertion time of the sphero-
maks at the inner boundary of EUHFORIA at 0.1 au. The latitudes and
longitudes indicate the insertion locations of the CMEs’ central axis.
The kinematic and thermodynamic parameters are assumed to be con-
stant. The magnetic parameters (tilt, helicity, and flux) are described in
detail in Verbeke et al. (2019).

CME shock reaches the front-sided observers at the observed
shock time. The only viable candidate is the CME first observed
on March 12 at 19:12 UT, which was injected at a longitude
of 2° and a latitude of —42°, resulting in a mostly southward
propagation (CMES in Table 3). This positioning means that
STEREO A and Earth encounter the central part of the CME’s
northern flank, while BepiColombo and Solar Orbiter observe
its northeastern flank. In the simulation, however, this CME
arrives at these S/C more than 12 hours after the observed shock
wave.

To better match observations, we increased the CME’s injec-
tion density by an order of magnitude from the default value, to
p = 1077 kgm™3. This adjustment allowed the northern flank
to arrive approximately on time (within 5hours) at the various
S/C without significantly overshooting the observed densities.
Importantly, the modified density remains consistent with the
CME density range at 21.5 Ry, as estimated by Temmer et al.
(2021). The results of this simulation are represented by the gray
lines in Figs. 4, 5, and 6.

Since the S/C encounter only the northern tip of the CME’s
flank, it is plausible that they would not detect any ejecta, as
the main magnetic cloud is likely confined to lower latitudes.
Interestingly, Earth and STEREO A, being slightly farther south
than Solar Orbiter and BepiColombo, are positioned closer to
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the injection direction and might therefore have a higher like-
lihood of observing driver signatures. However, this does not
seem to match the in situ observations, which suggest that Bepi-
Colombo and Solar Orbiter may have detected some indica-
tion of the CME driver, while STEREO A and the L1 S/C did
not.

Alternatively, and as suggested by the coronagraph images
(Fig. 3) and the analysis of the in situ shocks (Sect. 3.2), the
shock detected in situ by the front-sided observers may be
attributed to a broad, potentially circumsolar shock generated
by the main event eruption. To model this scenario, we inserted
such a circumsolar shock wave into the EUHFORIA simula-
tion together with the pre-event CMEs CMEI-CMES and the
post-event CMES6. For simplicity, we introduced the shock wave
simultaneously at the inner boundary at 0.1 au on March 13 at
05:00 UT, assuming a blast wave speed of 3000kms~' upon
injection, consistent with the findings of Jebaraj et al. (2024a).
It is important to note that in EUHFORIA simulations, we typ-
ically do not insert actual shock waves, but rather the CME
that drives the shock wave. As such, specifying a shock speed
directly is not possible with the default EUHFORIA setup.
To address this, we solved the Rankine—Hugoniot jump condi-
tions using EUHFORIA’s solar wind at 0.1 au as the upstream
plasma together with an assumed shock speed. This yields the
downstream values, which we then inserted into the domain.
For more comprehensive details regarding the simulation setup
and methodology, we refer the reader to Wijsen et al. (2025).
The results of this simulation are shown by the purple lines
in Figs. 4-6. Remarkably, it can be seen that the modeled
shock arrives within 1.5hours of the observed shock arrival
at BepiColomobo, Solar Orbiter, and STEREO A. At L1, the
shock arrives approximately 3 hours too early, which can be
attributed to the underestimation of the modeled solar wind den-
sity upstream of the shock. Figure 8 provides a snapshot of the
modeled solar wind speed in the solar equatorial plane on March
15, at 00:59 UT, around the time the shock wave was observed
in situ at STEREO A and Earth. Panel a illustrates the results of
the simulation with the increased density for CMES (pre-event
CME scenario), showing that this adjustment indeed allows the
CME flank to arrive at STEREO A and L1 near the observed
shock crossing times. Panel b depicts the circumsolar shock
wave scenario, also showing a shock wave arriving at the appro-
priate times. A movie showing the evolution of the simulation
from 2023-03-10 22:58 UT to 2023-03-18 02:58 UT is available
online.
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Fig. 8. Snapshot from the EUHFORIA simulations showing the solar wind speed in the solar equatorial plane at March 15, 00:59 UT. Panel
a depicts the scenario where CMES is inserted with an increased initial density (details given in the main text), while panel b illustrates the
circumsolar blast wave scenario. In both cases, a shock wave is visible arriving at STEREO A and Earth. The regions with speeds exceeding
1000 kms~! identify the two spheromak CMEs. Dashed lines represent the magnetic field lines passing through the various S/C, projected onto

the solar equatorial plane. An accompanying movie is available online.

3.4. Comparison of in situ observations and EUHFORIA
results

Out of the total of six pre- and post-event CMEs included in
the EUHFORIA simulations, all except CME4 are associated
with source locations on the visible side as seen from Earth
(see Table 3). However, only two CMEs (CME2 and CMES5) are
found to arrive at STEREO A and Earth, and only one (CMES)
at Solar Orbiter and BepiColombo. Each of the two simulations
(denser pre-event CME and circumsolar shock scenario) pre-
dicts that it is the same structure that passes at all Earth-sided,
inner-heliospheric S/C (BepiColombo, Solar Orbiter, STEREO
A, near-Earth S/C). However, depending on the scenario, this
is either the circumsolar blast-wave or CMES. In the case of
Parker and MAVEN, both simulations predict the main CME
(composed of CMEa and CMEDb; see Fig. 3) to arrive at the S/C.

The panels in Figs. 4-6 showing the magnetic field and solar
wind plasma observations also include the results of the two
EUHFORIA simulations in gray (pre-CME scenario) and purple
(blast-wave scenario). The shaded regions in Figs. 4—-6 mark the
predicted passage of the disturbance at the different S/C, with the
end-time defined as the point when the density drops below the
background solar wind level. This boundary approximately indi-
cates the onset of the rarefaction region following the passage of
the shocked solar wind plasma.

The purple-shaded region corresponds to the passage of the
structure connected with the eruption of the main event in the
circumsolar-wave scenario. The shaded gray-hatched region cor-
responds to the passage of CMES in the pre-event-CME sce-
nario. The yellow-shaded region (only in the STEREO A and
near-Earth plots) marks the arrival of CME2, which is the same
in both EUHFORIA simulations. As can be seen in Figs. 4-6,
both simulations predict the ESP-event-related shock arrival well
in agreement with the time of the observed ESP event for all
front-sided, inner-heliospheric observers (BepiColombo, Solar
Orbiter, STEREO A, and Earth). While the differences in the

predicted arrival times of the ESP-generating shock are small
for the two simulated scenarios, the blast-wave scenario (pur-
ple shade) matches the observed shock arrival and following
turbulent magnetic field enhancement at each of the front-sided
observers (BepiColombo, Solar Orbiter, STEREO A, and Earth)
slightly better than the pre-event-CME scenario. In the case of
Mars (Fig. 6, right) both simulations predict that the CME of
the main eruption (the composite of CMEa and CMED) passes
Mars. However, the predicted arrival times are significantly later
than the observed SEP peaks. The lack of available upstream
magnetic field observations, together with only scarce solar wind
measurements at Mars, prevents us from inferring whether any
CME:s arrived at this planetary location during the time of inter-
est.

4. Discussion and conclusions

The 13 March 2023 widespread SEP event is exceptional in vari-
ous respects. It shows extremely strong SEP intensities, not only
at the well-connected observer, Parker, but also at other inner-
heliospheric S/C situated on the far side of the solar eruption.
Although no imaging observations of the eruption region on the
solar surface or lower corona were available during the event, we
identified two potential far-sided ARs, one in the northern hemi-
sphere and one in the southern one. Based on the area spanned by
these two ARs, we defined a potential solar source region sector
spanning 56° in longitude and 68° in latitude, which is separated
from all Earth-sided observers by at least 100° in longitude.
Exceptional also are the prompt SEP arrival times at the far-
separated observers near-Earth and at STEREO A, as well as
particle anisotropies (Appendix C) observed near Earth. Con-
sidering a magnetic connection via a nominal Parker spiral, the
longitudinal separation angles between the closest associated
source sector and the S/C footpoints would be 124° and 130°
for Earth and STEREO A, respectively (see Table 1). However,
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the observations rather suggest an early connection to the SEP
source region, either by a different magnetic connection or a fast
expanding source that rapidly connects to field lines leading to
Earth and STEREO A. A magnetic connection according to a
nominal Parker-like field suggests that BepiColombo and Solar
Orbiter were closer connected to the eastern-limb side of the sec-
tor, while STEREO A and Earth were better connected to the
other edge of the sector via the western limb. While the real mag-
netic field line connections were likely modified by the presence
of various pre-event CMEs, the different SEP event character-
istics observed at the various S/C still support the scenario of
STEREO A and Earth being connected to a different part of the
source than BepiColombo and Solar Orbiter. Considering a mag-
netic connection via a nominal Parker spiral, the longitudinal
separation angles between the closest associated source sector
and the S/C footpoints would be 124° and 130° for Earth and
STEREO A, respectively (see Table 1). However, the prompt
SEP arrival times at Earth and STEREO A, as well as particle
anisotropies (Appendix C) observed near Earth suggest a direct
connection to the particle source region was rapidly established,
most likely by a quickly expanding shock. In contrast, the SEP
event at BepiColombo and Solar Orbiter shows later particle
arrival times and lower SEP intensities and peak energies, sug-
gesting a less favorable magnetic connection to the source as
compared to STEREO A and Earth. The inverse velocity disper-
sion, observed by BepiColombo and Solar Orbiter, might either
be caused by the S/C being connected only later to more effi-
cient particle acceleration regions along the shock front, where
also higher-energy SEPs are injected, or by the shock itself tak-
ing longer to be able to accelerate particles to higher energies.

An important ingredient in forming this exceptional event
could have been the sympathetic eruption of two CME:s (Fig. 3),
which may have formed a commonly driven and partly freely
propagating shock (see Sect. 2.3). The two ARs that define our
potential source sector are likely candidates to host these two
simultaneously erupting CMEs. However, the most surprising
feature of this event is the observation of an in situ shock and
a corresponding ESP event at all inner-heliospheric observers all
around the Sun. We present two scenarios that could explain this
observation, (1) a circumsolar, partly freely propagating shock
that is propagating driverless in the direction toward the Earth-
sided S/C, and (2) the involvement of two oppositely directed
CMEs, both driving shocks, one passing Parker (associated with
the eruption under study potentially composed of two CMEs)
and the other one driven by a pre-event CME (CMES), poten-
tially creating the ESP events observed by Solar Orbiter, Bepi-
Colombo, STEREO A, and near Earth (see also Vlasova et al.
2024). We modeled both scenarios using EUHFORIA, taking
into account the presence of five pre-event CMEs (CMEI1-
CMES; Table 3) and one post-event CME (CME6) launched in
the period from 10—13 March, and the main eruption, composed
of two simultaneously erupting CMEs (CMEa and CMEDb) in the
simulation.

We note, however, that in the case of the second scenario, a
default EUHFORIA setup using standard CME densities was not
able to reproduce the observations at all and only when increas-
ing the density of CMES by an order of magnitude did the sim-
ulation produce a shock wave reaching the front-sided observers
in time. Furthermore, CMES, which would be responsible for
the ESP event in the pre-CME scenario, was launched at the Sun
without an associated SEP event. The CME was first visible in
the field of view of LASCO at 19:12 UT on 12 March, but nei-
ther SEPs nor a prominent type III radio burst were observed
at any of the inner-heliospheric S/C in temporal coincidence
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(see Figs. 4-6). Therefore, if CMES did indeed drive a shock
responsible for the multi-S/C ESP event, it most likely formed
only further out in the IP medium and must have re(or fur-
ther)accelerated SEPs associated with the main eruption of 13
March 2023.

In the circumsolar shock scenario, the shock propagates
freely on the far side of the eruption center toward Earth. This
means that shocks observed by S/C other than Parker do not have
a driving piston (Howard & Pizzo 2016). This occurs because
the magnetic piston had an extremely high internal pressure dur-
ing its near-Sun expansion, allowing the shock to expand rapidly
and spherically. Unlike the piston-driven shock wave detected
by Parker, the circumsolar shock exhibits self-similar expansion.
Evidence for this self-similarity is observed in the estimated
shock parameters across different S/C, as is shown in Table 2.
Wijsen et al. (2025) demonstrates that while the shock toward
Parker is nonspherical and non-self-similar due to its piston-
driven nature, the shock remains spherical for observers on the
opposite side.

While inhomogeneities in the solar wind may locally deform
the shock, overall self-similarity is generally maintained. Fur-
thermore, shock waves can gain energy from the solar wind
through interactions with other fast wave modes, which retain
their additive properties under ideal MHD. For instance, large-
amplitude fast waves from previous CMEs could interact with
the shock, increasing its amplitude and allowing it to persist over
longer distances.

A similar scenario was discussed by Liu et al. (2017), who
studied the extreme CME event on 23 July 2012. They observed
that although the shock exhibited spherical expansion, the shock
in the wake region (180° from the primary propagation direction)
decayed rapidly before reaching 0.3 au (Mercury’s orbit). In con-
trast, in our case, the shock was able to propagate in directions
close to the wake (with L1 separated by approximately 130° on
the front side). This extended propagation may be due to the
characteristics of the medium and the additional expansion pro-
vided by the potential presence of two CMEs, CMEa and CMEDb
(see also Fig. 3).

To our knowledge, an IP circumsolar shock remaining
intact up to 1au has not previously been reported. However,
Gomez-Herrero et al. (2015) suggested a circumsolar shock in
the solar corona, and Lario et al. (2016) investigated a very wide
CME-driven shock reaching 1 au and extending at least 190° in
longitude. Although the circumsolar shock wave scenario may
seem extreme, the EUHFORIA simulation matches the obser-
vations exceptionally well, even outperforming the denser-pre-
event-CME scenario.

Additionally, several other observations support the
circumsolar-shock scenario. The shock normals of the IP
shocks observed by all S/C point roughly radially outward, and
no clear shock drivers were identified at Earth and STEREO A,
suggesting a freely propagating rather than a CME-driven shock
(see Sect. 3.2). Furthermore, the scaling of the shock speed is
consistent with what is expected from a freely propagating wave.
It should be noted that possible ejecta material contributing to
a complex ICME may have been present in BepiColombo and
Solar Orbiter observations, respectively. While these could be
candidates for driving the shock, it is also possible that they are
remnants of CMES, arriving coincidentally with the blast wave
shock.

Our study reveals that an expansive shock driven by a pow-
erful and wide-ranging solar eruption can have significant impli-
cations for SEP production and observations across a wide
range of longitudes. This was made possible by the exceptional
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constellation of S/C available for observations, allowing for a
comprehensive analysis of the shock’s propagation and effects.

Data availability

Movie associated to available at

https://www.aanda.org
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Appendix A: Instrumentation used in the analysis
A.1. Parker Solar Probe

Energetic particles measurements are provided by Parker’s Inte-
grated Science Investigation of the Sun (ISGIS; McComas et al.
2016) suite. We made use of low-energy electrons detected by
the Energetic Particle Instrument-Low (EPI-Lo; Hill et al. 2017)
and high-energy protons are provided by the Energetic Parti-
cle Instrument-High (EPI-Hi; Wiedenbeck et al. 2017) consist-
ing of the Low Energy Telescopes (LETs) and High Energy Tele-
scope (HET). Under normal conditions LET and HET, which
consist of stacked solid-state detectors, use the standard dE/dx
versus residual energy technique to measure ions from ~1 to
>100MeV/nuc and electrons in the range ~ 0.5—-6 MeV. How-
ever, due to very high particle fluxes during the IP shock cross-
ing, EPI-Hi sensors went into dynamic threshold mode 3 (DT3;
see also Cohen et al. 2024). In this mode the energy thresh-
old is raised so much that electrons, protons, and helium are
no longer distinguished by species and energy, but instead the
instrument focuses on heavy ion measurements. As an alterna-
tive to proton measurements, we used the so-called pixel data.
The pixels are small areas on several detectors of LET and HET,
where the thresholds are not raised. However, as single-detector
measurements, these pixels respond to all ions/electrons. Assum-
ing, however, that the energetic ion environment is dom-
inated by protons allows us to employ these as proton
proxies.

Magnetic field measurements at Parker are obtained from the
fluxgate magnetometer part of the FIELDS (Bale et al. 2016)
suite. FIELDS also hosts the Radio Frequency Spectrometer
(RFS; Pulupa et al. 2017), which provides radio observations.
Solar wind measurements are provided by the Solar Probe ANa-
lyzer for Ions (SPAN-I; Livi et al. 2022) and the Solar Probe
Cup (SPC) instrument, part of the Solar Wind Electrons Alphas
and Protons (SWEAP; Kasper et al. 2016) investigation. We also
inspected electron pitch-angle distributions from the Solar Probe
ANalyzer for Electrons (SPAN-E; Whittlesey et al. 2020), also
part of the SWEAP suite.

A.2. BepiColombo

The BepiColombo S/C was still in its cruise phase en route to
Mercury. We used energetic electron and proton measurements
from the Solar Intensity X-Ray and Particle Spectrometer (SIXS;
Huovelin et al. 2020) on board the Mercury Planetary Orbiter
(MPO; the European S/C involved in the BepiColombo mis-
sion). The SIXS-P particle detector provides measurements of
high-energy electrons and protons. The instrument consists of a
CsI(T1) scintillator bar surrounded by five orthogonal detectors,
called “Sides”, which we used to determine SEP pitch-angle dis-
tributions (see Appendix C). However, Sides 0 and 4 are partially
and totally obstructed by the S/C cruise shield, respectively, and
the detector of Side 3 has noise issues so that only three sides
could be used. Magnetic field measurements are provided by the
MPO magnetometer (MPO-MAG; Heyner et al. 2021).

A.3. Solar Orbiter

Energetic particles as measured by Solar Orbiter are studied
using the Electron Proton Telescope (EPT) and the High Energy
Telescope (HET) of the Energetic Particle Detector (EPD;
Rodriguez-Pacheco et al. 2020) suite. Both instruments provide
four different viewing directions, used to determine SEP pitch-

angle distributions (see Appendix C). EPT measures ions and
electrons in the energy ranges 20 keV—15MeV and 20—-400 keV,
respectively, and HET relativistic electrons between 0.3 and
30 MeV and protons between 7 and 107 MeV. Hard X-ray obser-
vations are provided by the Spectrometer/Telescope for Imag-
ing X-rays (STIX; Krucker et al. 2020). Magnetic fields at Solar
Orbiter are measured with (MAG; Horbury et al. 2020) and the
Solar Wind Analyzer (SWA; Owen et al. 2020) suite provides
plasma parameters of the solar wind.

A.4. STEREO A

Energetic particles observed by STEREO A are provided by
the In situ Measurements of Particles And CME Transients
(IMPACT; Luhmann et al. 2008). The Solar Electron Proton
Telescope (SEPT; Miiller-Mellin et al. 2008), which provides
four viewing directions, is used to study pitch-angle distribu-
tions of near-relativistic electrons and low-energy ions. We note
that since July 2015, after the solar conjunction, the S/C was
rolled 180° about the S/C—Sun line leading to a change in the
nominal pointing directions changed, with the Sun and Asun
telescopes, which were previously pointing along the nomainal
Parker spiral toward and away from the Sun, now pointing per-
pendicular to it, North pointing southward and South pointing
northward. Relativistic electron and high-energy proton obser-
vations are provided by the High Energy Telescope (HET;
von Rosenvinge et al. 2008).

The IP magnetic field is measured by the Magnetic Field
Experiment (MFE; Acufia et al. 2008), part of the IMPACT
suite and parameters of the solar wind plasma are obtained
by the Plasma and Suprathermal Ion Composition (PLAS-
TIC; Galvin et al. 2008) instrument. Remote-sensing observa-
tions from STEREO A as used in this study are provided by
the Sun Earth Connection Coronal and Heliospheric Investiga-
tion (SECCHI; Howard et al. 2008) instrument suite, including
the Extreme UltraViolet Imager (EUVI; Wuelser 2004), and two
coronagraphs (COR1 and COR2) imaging the corona from 1.4
up to 15 R;.

A.5. Near-Earth S/C

We used high-energy SEP measurements provided by the SOHO
S/C. Protons are detected by the Energetic and Relativistic
Nuclei and Electron (ERNE; Torsti et al. 1995) in the energy
range of a few to a hundred MeV. Electron measurements
in the relativistic energy range are provided by the Electron
Proton Helium Instrument (EPHIN), part of the Comprehen-
sive Suprathermal and Energetic Particle Analyser (COSTEP;
Miiller-Mellin et al. 1995) suite. Lower-energy SEPs are pro-
vided by Wind’s Three-Dimensional Plasma and Energetic Par-
ticle Investigation (3DP; Lin et al. 1995), measuring energetic
electrons up to about 500keV and protons up to a few MeV
over a complete pitch-angle space. Pitch-angle distributions of
are studied using 3DP pitch-angle data, which are provided as
pre-binned data product into eight pitch-angle sectors. provides
energetic particle measurements. Magnetic field and solar wind
plasma observations are taken from the Magnetic Field Investi-
gation (MFI; Lepping et al. 1995) and the Solar Wind Experi-
ment (SWE; Ogilvie et al. 1995), respectively.

We also employed coronagraph observations by the
Large Angle and Spectrometric Coronagraph (LASCO;
Brueckner et al. 1995) and EUV images of the solar corona
provided by the Atmospheric Imaging Assembly (AIA;
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Lemen et al. 2012) on board the Solar Dynamics Observatory
(SDO; Pesnell et al. 2012).

A.6. Mars

Energetic particle measurements near Mars are obtained from
the NASA Mars Atmosphere and Volatile Evolution (MAVEN;
Jakosky et al. 2015) S/C. The SEP instrument (Larson et al.
2015) measures fluxes of electrons with energies up to 200 keV
and ions (mostly protons) up to 6 MeV. For higher energy pro-
tons, previous studies utilized the MAVEN SEP count rate data
to characterize the arrival times of SEP protons at Mars (see,
e.g., Khoo et al. 2024; Lee et al. 2018). Recently, work has been
done to derive fluxes of > 13MeV protons from measured
count rate data. Details of the derivation methodology, which
involves running theoretical spectra through the SEP instrument
response matrix and comparing the theoretical counts with mea-
sured counts, as well as performing statistical fittings (assume
broken power laws) to determine the best-fitting proton spectra,
is forthcoming (Lee et al., in prep.; see also Lee et al. 2023).

The Mars Express (MEX) Analyzer of Space Plasmas and
Energetic Atoms (ASPERA-3; Barabash et al. 2006) Ion Mass
Analyzer (IMA) solar wind moments are calculated using a fur-
ther development of the algorithm behind the official MEX solar
wind moments available from the PSA3. Specifically, IMA’s sec-
tor energy-geometric factors for H* and He?*, as well as IMA’s
energy table, have been recalibrated to minimize systematic dis-
crepancies with simultaneous MAVEN measurements of solar
wind density and velocity. Detection of undisturbed upstream
solar wind has been greatly improved to exclude measurements
in the Martian magnetosheath and foreshock. And crucially
for SEP-events, noise reduction is now based on a Poisson-
likelihood signal-detection routine, greatly improving sensitivity
during events such as the one studied here.

Appendix B: Remote-sensing observations of the
solar source regions

Because no imaging observations of the flaring AR of the erup-
tion on 13 March 2023 were available the source location is
ambiguous. In order to identify the most likely AR candidates
we analyzed imaging observations before and after the erup-
tion when the potential source regions were in the field of view
of various instruments. The JHelioviewer (Miiller et al. 2017)
application allows users to view different images from differ-
ent instruments and S/C simultaneously. It can also be used
to select a range of dates to display images as a movie. This
helps to understand the dynamics of solar activity and monitor
its evolution. Using this tool, we observed solar activity from
the various coronagraphs and heliospheric imagers on board
STEREO A, SOHO, and Parker in the days before and after 13
March 2023. By combining the previous observations with the
full disk images from SDO/AIA, STEREO A/EUVI, and Solar
Orbiter/EUI, it was then possible to trace the possible origins of
the eruption. The activity and evolution of the ARs visible on
the Sun’s surface between 24 February and 22 March 2023 have
been studied in detail, and we have been able to identify two
ARs likely responsible for the studied eruption: one in the north-
ern hemisphere, AR1, and another in the southern hemisphere,
AR2.

5 ftp://psa.esac.esa.int/pub/mirror/MARS-EXPRESS/
ASPERA-3/MEX-SUN-ASPERA3-4-SWM-V1.0/
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It was clear that the AR at the origin of the eruption was
not on the Earth-facing disc, so we focused our research on
ARs on the far side of the Sun, that is ARs behind the limb,
as seen from the front-sided observers at the time of the eruption
(SDO/AIA, STA/EUVI, and Solar Orbiter/EUI). Among them,
we eliminated those on the west far side, as they are unlikely
to be responsible since the eruption is first seen on the east limb
side. This corresponds to a longitude range of [330°, 50°] in Car-
rington coordinates. During Carrington rotation 2267, ARs in
this range of longitudes are AR13229, AR13233, AR13234, and
AR13235 for the northern hemisphere, AR13230, AR13236, and
AR13237 for the southern hemisphere. AR13229 is connected
to AR13233 with a filament. AR13230 and AR13236 are very
close to each other and will interact as we find them on rotation
2268 under the names AR13256, AR13257 and AR13259, form-
ing a group of ARs that we call the southern group. Three ARs
disappear during solar rotation: AR13233, AR13235, AR13237.
AR13234 will become AR13260 but seems to be too far east
to be responsible for the March 13 eruption. It would have pro-
duced an outward eruption. AR13229 will become AR13258 and
is AR1.

ARI1 is clearly visible from 23 February to 26 February
2023 with STA/EUVI, where it is very active and shows several
eruptions. During the corresponding Carrington rotation 2267 it
was named AR13229. This AR disappeared from the view of
STA/EUVI on 27 February, and reappeared on 15 March 2023,
two days after the main event studied. It is then named AR13258
for this new Carrington rotation (number 2268). We determined
the extent of this AR on 20 March 2023, when its contours were
well defined and its shape had changed little since the 13 March
eruption, as it had not shown any other activity in the meantime.
The Carrington latitude and longitude extensions (as provided
in Table 1) were measured directly in JHelioviewer using the
extreme values of the AR. The center of the AR was determined
as the center of the measured latitude and longitude extensions.

The same procedure was used to identify AR2. Named
AR13236 during Carrington rotation 2267, it disappeared from
the view of SDO/AIA on 5 March 2023 and reappeared on Solar
Orbiter/EUI on 19 March 2023. It is then named AR13256 for
Carrington rotation 2268 and difficult to distinguish with two
others ARs: AR13257 and AR13259. The shape of this southern
group of ARs varied greatly from one rotation to the next, but
never exceeded 343° Carrington longitude on the west side. We
determined its extension on 21 March 2023 in the same way as
ARI. These two ARs are shown in Fig. B.1 with their NOAA
identification and shape highlighted in green.

Appendix C: SEP anisotropies

Pitch-angle distributions (PADs) of SEPs are an important tool
to infer if a direct connection to the source region was present,
which is marked by strongly anisotropic PADs. If particle dif-
fusion dominates, isotropic PADs are observed. Pitch-angle
scattering, the process that constitutes particle diffusion in mag-
netized plasmas, can occur either parallel to the mean magnetic
field (parallel diffusion) or perpendicular to it (perpendicular dif-
fusion) including also the possibility for particles to jump field
lines and spread in longitude or latitude perpendicular to the
magnetic field. Although a missing anisotropy seems to sug-
gest a poor source connection, it can also be caused by the pres-
ence of parallel diffusion along the field line, and it is therefore
not a proof for a poor magnetic connection. On the other hand,
if significant anisotropies are observed, diffusive processes did
not dominate and a magnetic connection to or near the particle
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Fig. B.1. View of the Sun’s disk on the 2023-03-21 at 16:50 UT with
a grid in Carrington coordinates, from JHelioviewer. Top: SDO/AIA
171A. Active regions are identified by NOAA. Bottom: STEREO
A/EUVI 304A. The extension of these ARs is circled in green.

injection region, is usually concluded (e.g., Dresing et al. 2014;
Gomez-Herrero et al. 2015; Lario et al. 2016).

In Figs. C.1-C.6 we show PADs and, where it was possible
to determine those, also first-order anisotropies (Briidern et al.
2022) as observed by the multiple S/C, in order to characterize
the magnetic connections to the particle injection regions at the
various observer locations. Due to the different instrumentation
carried by the various space missions, it is hard to find perfectly
matching energy channels, being restricted to those instruments
that provide different viewing directions. We therefore selected
the energy channels in this section for each S/C separately, try-
ing to provide similar energy channels, but taking also particle
statistics into account as well as preferring energy channels with
clearer anisotropy signatures.
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Fig. C.1. Pixel measurements of ~8§ MeV protons as detected by the
three viewing directions of EPI-Hi/LET. The top figure shows the whole
event as seen by Parker, the lower panel zooms in around the anisotropic
period during the early phase of the event (shaded gray area in the top
panel). The shaded blue region marks the CME ejecta passage as deter-
mined from solar wind magnetic field and plasma observations as well
as electron PADs (shown in Fig. 4, left). The two dashed lines mark the
onset time of the solar eruption (black) and the time of the in situ shock
arrival (red), respectively.

Parker: Figure C.1 shows ~ 8 MeV ion intensities measured
in the three different viewing directions of EPI-Hi/LET. LET-A
and B point along the nominal Parker spiral toward and away
from the Sun, respectively. LET-C is oriented perpendicular to
LET-A and B. As is described in Sect. 3.1 EPI-Hi instruments
went into DT3 due to the extremely high intensities during the
event and the associated IP shock crossing. We could therefore
only use the pixel data to analyze anisotropies, and make again
the assumption that the ion measurements are dominated by pro-
tons. We also used a low energy channel of about 8 MeV, which
suffers less from those high-energy particle contributions com-
ing from the other side of the detector. The top panel of Fig. C.1
shows the whole event observed by Parker and the bottom panel
is a zoom-in around the first half of the event, where the arrivals
of the shock and the following CME ejecta are marked by a
red line and blue shading, respectively. An anisotropic intensity
rise is observed until the shock arrival, with LET-A measuring
higher intensities than LET-B and C. The protons show a strong
shock-associated peak downstream of the shock. A strong inten-
sity drop is observed around 08:00 UT, coincident with a transi-
tion to smoother magnetic field vectors compared to the immedi-
ately preceding portion of sheath region. At the time of the CME
ejecta arrival (coincident with a rise in the magnetic field mag-
nitude and the start of a period characterized by clear bidirec-
tional electron pitch-angle distributions), another intensity drop
is observed, which shows also a stronger depletion in LET-C.

BepiColombo: Figure C.2 presents the PAD of 1MeV elec-
tron (left) and 8 MeV protons (right) as observed by SIXS. The
top panels show the pitch angles covered by the four sides of
the instrument that are available during the cruise phase. Unfor-
tunately, side 3 became noisy so that only three sides can be
included in the intensity-time series panels in the center and
in the color-coded intensity-pitch-angle distribution shown in
the bottom panels. Especially during the beginning of the pro-
ton event, the covered pitch-angle range is strongly limited to
almost only half a hemisphere (pitch angles from ~ 0-90°.
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Fig. C.2. PADs of 0.9 MeV electrons (left) and 8 MeV protons (right) as observed by BepiColombo/SIXS. Top: pitch angles covered by the
different viewing directions (’sides’) of the instrument. Center: Sectored intensities of the different sides (excluding side 3 due to strong noise),

bottom: PAD with normalized intensities color coded.
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Fig. C.3. Energetic particle PADs as observed by Solar Orbiter’s EPD/EPT. Left: ~ 100keV electrons, right: ~ 6MeV ions. From top to bottom:
Sectored intensities as measured by EPT’s four different viewing directions, pitch-angles covered by those viewing directions taking into account
the opening angle of the telescopes, color-coded intensity PAD, and first-order anisotropy.

However, BepiColombo is mostly situated in a magnetic field
with outward polarity, which means that particles arriving from
the Sun direction are expected to be observed at small pitch
angles, which is the hemisphere covered by the instrument.
Nonetheless, no anisotropy is observed neither for electrons nor
for protons, which suggests that BepiColombo was not directly
connected to the SEP injection region. This is further supported
by the very gradual rise of the event. Furthermore, as discussed
in Sect. 3.1, the electron event observed by SIXS (see Fig. 4,
right) is even more gradual and arrives delayed with respect to
the protons. The depression of proton intensities around 16 UT
on 13 March is associated with the arrival of the shock and
CME.

Solar Orbiter: Figure C.3 shows PADs and first-order
anisotropies for ~ 100keV electrons (left) and ~ 6MeV ions
(right) as observed by EPD/EPT. The pitch-angle coverage is
overall good throughout the event; however, electron measure-
ments suffer from strong ion contamination, especially during
the later phase of the event. We applied an ion contamination cor-
rection as described in Jebaraj et al. (2023b) resulting in the large
data gaps in Fig. C.3 (left), where no reliable electron measure-
ment is possible. While the rise phases of the proton and elec-
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tron events are very gradual small but significant anisotropies
are observed especially during the peak phase of the event. The
phase of significant anisotropy lasts for more than half a day
for ions and at least for about six hours for electrons. This sug-
gests that a magnetic connection to or near the SEP injection
region was established at least during the later phase of the event.
Furthermore, the long-lasting anisotropies mark ongoing injec-
tions of particles. most likely realized through an ongoing parti-
cle acceleration by a shock.

STEREO A: The pitch-angle coverage of STEREO/SEPT
throughout the event (Fig. C.4) is more limited as for Solar
Orbiter (Fig. C.3) and Wind (Fig. C.5) with pitch angles along
the magnetic field (O and 180) not being covered most of the
time. However, even during short periods of better pitch-angle
coverage no large anisotropies are observed, suggesting that
no direct connection to the source location is present. A few
slightly anisotropic periods are seen in the ~ 100keV electron
and 2—6MeV ion PADs shown in Fig. C.4. However, these do
not correspond to periods of improved pitch-angle coverage but
occur rather sporadically throughout the long-lasting gradual rise
phase. This suggests that the S/C encounters from time to time
flux tubes, which have a better magnetic connection to the SEP
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Fig. C.5. Energetic particle PAD plot as observed by Wind / 3DP in the same format as Fig. C.3, but providing eight sectors, for ~ 100 keV

electrons (left) and 3—6 MeV protons (right).

injection region, potentially caused by field line random walk
processes (e.g.; Laitinen et al. 2016), which are also known to
lead to flux dropouts in the case of encountering flux tubes that
do not connect to the source region (e.g., Mazur et al. 2000).
We note, however, that the larger anisotropies observed within
these flux tubes could also be related with less diffuse trans-
port conditions than in the surrounding magnetic field. At the
very beginning of the electron event, a rather sharp rise of inten-
sities is observed, which is cut off after about an hour when
a magnetic structure passes the S/C (Fig. 5, right). This ini-
tial sharp rise is also observed in the high energy (60—10MeV)
protons (Fig. 5, right), which arrive at almost the same time
like the electrons. Only a small anisotropy is observed. How-
ever, due to the incomplete pitch-angle coverage of SEPT at
that time the real anisotropy could be underestimated. The
reason for this spike-like feature could be an initially good
magnetically connection with or near to a region exhibiting
a larger particle injection efficiency than during the rest of
the event when the rise is very gradual. This connection is
likely disrupted at the time when the magnetic structure passes
the S/C.

Wind and SOHO: At Wind we see a similar spike-like pat-
tern during the beginning of the electron event, which shows
however strong anisotropies. Figure C.5 shows ~ 100keV elec-
trons (left) and 3-6 MeV protons (right). Also the protons show
significant, medium strong, anisotropies which are also long-
lasting (almost two days). Although Wind is nominally situated
at a large separation angle with respect to the associated solar
source region (see Sect. 2.2 for a discussion of the S/C magnetic
connections to the Sun), the S/C observes stronger anisotropies
than Solar Orbiter. This suggests that a good magnetic connec-
tion to the source region is established from the beginning of
the event onward. Furthermore, as for Solar Orbiter, the long-
lasting anisotropies suggest a long-lasting particle injection,
likely from a CME-driven shock. Figure C.6 shows an estima-
tion of 17-22 MeV proton anisotropies based on SOHO/ERNE
observations. Although the instrument does not provide different
viewing directions, it is possible to utilize the sectorization of
the detector to evaluate if the particle distribution is anisotropic
within the view cone of the instrument. The measurements
show a clear and strong anisotropy from the beginning of the
event around 5:30 UT until at least 9:00 UT. The SOHO/ERNE
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observations therefore suggest the scenario of a good magnetic
connection to the source region right from the beginning of the
event, which also lasts for several hours even for ~ 20MeV
protons.

Appendix D: SEP timing analysis of the first
arriving particles

While this paper presents two possible drivers of the ESP event
observed by inner-heliospheric S/C all around the Sun, this
section analyses the SEP event, focusing on the first-arriving
particles observed by the various inner-heliospheric observes.
Figure D.1 presents a radio spectrogram as observed from top
to bottom by Parker, Solar Orbiter, STEREO A, and Wind dur-
ing the time of the main eruption showing the associated type III
and type II radio bursts. The vertical lines overlaid represent
the inferred injection times of SEPs as detected by different
S/C marked by different colors (see figure caption for details).
In order to infer the SEP injection times, we used a veloc-
ity dispersion analysis (VDA), which takes into account SEP
onset times over a range of energy channels. However, often
no clear velocity dispersion is observed and in those cases we
performed a time-shift analysis (TSA) based on a single energy
channel and assume a propagation path length along a nom-
inal Parker spiral field line according to the measured solar
wind speed. Onset times (except for Parker) were determined
with the new hybrid Poisson-CUSUM method (Palmroos et al.
2025) using the PyOnset software package®. As was discussed
already in Appendix C, it can be challenging to find exactly
matching energy channels among the various S/C. We there-
fore selected these based on good particle statistics and a

6 https://github.com/Christian-Palmroos/PyOnset
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well-defined onset. When multiple viewing directions were
available, we used those, where the earliest onset times are
observed.

Figure D.1 shows that most of the injection times, both for
electrons and protons, were inferred to be in temporal coin-
cidence with the main eruption as seen in radio observations.
While the prompt injection times for Parker are expected due to
its close proximity to the eruption site, those of the other S/C
are surprising given their far longitudinal separations from the
eruption sector. This allows us to come to the conclusion that the
main eruption on 13 March 2023 created a prompt, circumsolar
SEP event, which was detected by six well-separated observers,
namely Parker, Solar Orbiter, BepiColombo, SOHO and Wind,
STEREO A, and MAVEN.

No clear velocity dispersion was observed for electrons by
Parker, which is likely due to the very short travel time to
Parker’s small heliocentric distance and the very fast speeds
of the electrons. The inferred injection time of ~1 MeV elec-
trons is at 03:14:29 +00:00:10 UT, which is in agreement with
the start time of the flare at 03:13UT (see Sect. 2). The
~0.15-2MeV proton VDA suggests a slightly later injection
at 03:28 +00:02 UT, which could be due to the shock taking
some time to form. This pattern of earlier injection times for
electrons compared to protons is also observed by STEREO A,
MAVEN, and SOHO/Wind, however, the latter ones having such
large uncertainties that an earlier electron injection cannot be
proven. At STEREO A a clear velocity dispersion was seen for
near-relativistic electrons measured by SEPT. Applying a VDA
fit to the 0.045-0.225MeV electrons (leaving out a few out-
liers in the range) yields a path length L = 2.122 + 0.138 au
and an injection time #;,; = 03 : 51 +00:02 UT. Neither SEPT
nor HET saw a clear velocity dispersion for protons. TSA
applied to the first arriving protons (detected by STEREO/HET
at 60—100 MeV with an onset of 04:54 UT) and using the path
length acquired from the electron VDA, yields an injection time
of tj,j = 04:08 £ 00:03 UT.

For ~161keV electrons reaching MAVEN at Mars, we
inferred an injection time of #;,; = 04:27 + 00:04 using TSA and a
path length according to a nominal Parker spiral based on a solar
wind speed of 350kms™' (see Table 1). The uncertainty is the
sum of the ~95% confidence interval for the ~161 keV electrons
onset time and the uncertainty related to the travel time, assum-
ing 10% uncertainty for the path length. TSA for 13-17.3 MeV
protons with the same path length pointed to an injection time of
tinj = 05:16 £ 00:16, with the uncertainty calculated in an identi-
cal fashion to electrons.

Near-Earth S/C observed a prompt event showing veloc-
ity dispersion both for electrons and protons, as well as
anisotropic phases (see Appendix C). For electrons in the range
of 0.03-0.24 MeV observed with Wind/3DP, we inferred an
injection time of #;,,; =03:49 +00:29 UT. For protons observed
by SOHO/ERNE in the range between 13—64 MeV, we deter-
mined an inferred injection time of #;,; = 04:08 £ 00:24 UT.

The timing pattern is different at Solar Orbiter and Bepi-
Colombo with earlier inferred proton injections compared to
electrons. A VDA applied to 0.09-0.68 MeV protons observed
by Solar Orbiter/EPT yielded a path length L = 0.627 +0.064 au
and injection time f;,; =03:38 £00:29 UT. As is discussed in
Sect. 3, Solar Orbiter and BepiColombo observe an inverse
velocity dispersion for protons, which limited the energy range
usable for VDA. Electrons at Solar Orbiter did not show velocity
dispersion. TSA applied to the onset time of the 0.44-0.47 MeV
electrons, which were the first to reach the S/C and also had a
clear onset in the time series data, and using the path length
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Fig. D.1. Inferred SEP injection times (vertical lines) including uncertainties (horizontal bars) plotted over dynamic radio spectrograms observed,
from top to bottom, by Parker, Solar Orbiter, STEREO A, and Wind. The radio data have been corrected for light travel time and are therefor shifted
back to the Sun. The annotations on top of each vertical line specify the S/C, instrument, species and energy range used to infer the injection time
as well as the method (VDA or TSA) for Parker (PSP, purple), Solar Orbiter (SolO, blue), STEREO A (STA, red), BepiColombo (yellow), Wind

(green), and Maven (brown).

we acquired from protons, yields an injection time of f;,; =
05:53’:88;?;UT7.

As is discussed in Sect. 3, protons below 8 MeV observed
by BepiColombo are likely related with an earlier eruption, and
electron measurements below 1MeV were strongly contami-
nated by protons. A TSA applied to the ~8§ MeV proton onset
at fp = 05:57 yielded an injection time #;,; = 05:30*04) UT.
For the path length we used a nominal Parker spiral path length
based on solar wind speed of 400 kms~! as no solar wind mea-
surements are available during BepiColombo’s cruise phase. The
uncertainty is a combination of the integration time used to
find the onset (5 min) and an estimated 10% uncertainty related
to the path length. TSA applied to the first arriving electrons
that were not contaminated by protons and had a clear onset

7 We note that the hybrid Poisson-CUSUM method may yield asym-
metric uncertainties

in the time series data (~960keV) yields an injection time of
tinj = 15:06*3735 UT. Both inferred injection times are rather
late as compared with the eruption start time. Given, however,
the rather isotropic fluxes observed by BepiColomobo/SIXS (see
Appendix C) suggest that particle diffusion was involved, which

could account for the delayed particle arrivals.

Appendix E: CME reconstructions used as input for
the EUHFORIA simulations

The heliospheric conditions at the time of the particle release,
in which the particles propagate, can significantly affect the SEP
timing and intensity profiles. Moreover, the magnetic connectiv-
ity at the onset time can be relevant to the understanding of the
SEP observations. The preconditioning of the heliosphere and
the interaction of the IP structures that might be present at the
onset time can actively influence this connectivity. We selected
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five pre-event CMEs and one post-event CME to be included in
the EUHFORIA simulation based on the following criteria: (1)
CME:s erupting from 2023 March 10 to March 13, namely cover-
ing up to three days earlier than the main eruption related to the
SEP event; (2) all CMEs directed to Earth whose projected speed
were above 350kms~!' based on the CDAW SOHO LASCO
CME catalog® (Yashiro et al. 2004), and (3) all CMEs directed
to any location whose projected speed were above 500 kms™!
and whose projected angular width was above 90° based on the
CDAW catalog. The six selected CMEs are listed in Table 3,
where column 1 shows the date and time of the first appearance
in the SOHO/LASCO/C2 field of view.

Taking advantage of the multi-point view from STEREO A
and SOHO we performed the 3D reconstruction of the listed
CME:s from ~3.5 to ~20 R, when possible. We fitted the CMEs
with the widely used graduated cylindrical shell model (GCS;
Thernisien et al. 2006; Thernisien 2011). The GCS model uses
the geometry of what looks like a hollow croissant to fit a flux-
rope structure using coronagraph images from multiple view-
points. The tools used for the reconstruction are (1) the rzsc-
cguicloud.pro routine, available as part of the scraytrace pack-
age in the SolarSoft IDL? library (Freeland & Handy 1998) and
(2) PyThea, a software package to reconstruct the 3D structure
of CMEs and shock waves (Kouloumvakos et al. 2022) written
in Python and available online'°.

Appendix F: Determination of in situ shock
characteristics

In situ shock arrivals were recorded at all inner-heliospheric S/C
shown in Fig. 1 (right). To establish a coherent picture of their
origin, we assessed their in situ characteristics. A list of the key
shock parameters for each S/C is presented in Table 2. Likely
the most important parameter is the shock normal, which was
estimated using several different techniques depending on the
available data (Paschmann & Schwartz 2000). Since magnetic
field data were available for all observers, the minimum variance
analysis (MVA; Sonnerup & Scheible 1998), magnetic copla-
narity theorem (MCT; Colburn & Sonett 1966), and general
singular value decomposition (SVD; Golub & Van Loan 2013)
were employed. When plasma data were available, additional
methods (reduced Rankine-Hugoniot solutions) such as mixed
mode (MXM; Paschmann & Schwartz 2000) and the velocity
coplanarity theorem (VCT; Abraham-Shrauner 1972) were also
applied. It is worth noting that large errors are common due
to the challenges of estimating shock parameters using single
S/C data (see Paschmann & Schwartz 2000). Such techniques
assume a downstream steady state, and identifying this in data is
a nontrivial matter (Gedalin et al. 2022; Gedalin & Ganushkina
2022).

Because the shock normal parameter is highly variable
and unstable, depending on data quality and the presence of
small-scale changes in the field (AC components), we iden-
tified the mean field with > 20 significance. For this pur-
pose, we applied a continuous wavelet transform (Morlet) to
remove the AC components and isolate the mean field. From
the mean field data, the discontinuity was identified using a dis-
crete Haar wavelet transform. For methods that consider vector
fields upstream and downstream (MCT, VCT, and MXM), a win-
dow size of 20 minutes was used. The window sizes were chosen

8 https://cdaw.gsfc.nasa.gov/CME_list/
° http://www.lmsal.com/solarsoft/
10 https://doi.org/10.5281/zenodo.5713659
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to ensure that the analysis methods considered only the steady-
state upstream and downstream conditions, excluding gyro-
phase bunched transmitted ions (Bale et al. 2005; Gedalin et al.
2022).

The methods adopted here provide the most physically
robust estimation of the shock parameters, considering that the
Rankine-Hugoniot relations are steady-state solutions that relate
only the flow across a discontinuity defined by changes in fluid
parameters (Kennel 1988). Errors in the time series data were
estimated using the root mean square (rms) method and were
propagated in a standard linear fashion when estimating other
parameters.

Once 1 is determined, we can estimate the shock angle, 05,,
which is the angle between the shock normal fi and the upstream
magnetic field B, using the following definition:

p ( B, i )
g, = arccos | ————|.
(1Bl [l

The shock speed is estimated using conservation of mass,
and the Mach number (Mj,) is then estimated as the ratio
between the speed of the upstream flow in the frame of the shock
to the characteristic wave speed (v4) in a magnetized medium.
In cases in which the plasma measurements were not available
(e.g., BepiColombo) we were not able to obtain reasonable esti-
mations for M, . Lastly, similar to My, the gas compression ratio
requires us to know the upstream and downstream density. How-
ever, as a proxy, one may obtain the compression ratio for an
MHD shock simply by knowing 6, through the Rankine Hugo-
niot relations.

For instance, it is possible to determine the "expected" den-
sity compression and Mach number for the shock passing Bepi-
Colombo by using the MHD Rankine-Hugoniot relations. The
exhaustive description of the Rankine-Hugoniot relations can
be found in Sect. 6.3 of Russell et al. (2016). Following their
description, we started with the known quantities, namely, the
geometry fg, = 41° + 18° and a magnetic compression ratio
rg = 1.4. Since no detail regarding the change in the velocity
along the gy is known, we had to numerically solve this. We
used the Rankine-Hugoniot solver made available by UCLA!
and estimated the rg and M, of the shock at BepiColombo.
Our results using plasma-8 < 1 yielded rg ~ 1.5 = 0.15 and
My ~14£0.1.

' https://spacephysics.ucla.edu/MHDShocks/
MHDShocksRHG. html
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Fig. D.2. Dynamic radio spectrograms observed, from top to bottom, by Parker, Solar Orbiter, STEREO A, and Wind. The vertical line marks the
start time of the eruption. Similar to Fig. D.1, data have been corrected for light travel time and are therefore shifted back to the Sun.
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