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Abstract

We present a detailed investigation of the shock properties associated with solar energetic particle (SEP) events
that exhibit a concave (“nose-like”) shape in their energy spectrogram, characterized by inverse velocity arrival
(IVA) of the particles, where high-energy particles arrive later than mid-energy ones. Using measurements from
Solar Orbiter and Parker Solar Probe between 2018 and 2025, we identify 26 such SEP events and reconstruct the
observed shock fronts in three dimensions. We derive shock parameters along the magnetic field lines connected
to each spacecraft using kinematic modeling and coronal magnetohydrodynamic simulations. Our analysis
indicates that IVA-SEP events arise due to the spatial and temporal evolution of the shock properties and
magnetic connectivity. In most of the cases analyzed here, the magnetic connectivity starts on the flanks of
coronal mass ejection-driven shocks, where shocks tend to be weak, and shifts toward the shock apex, sampling
stronger portions of the shock front. This evolution of the shock properties at the connected field lines likely leads
to the delayed arrival of high-energy particles and the progressive hardening of the SEP energy spectrum,
observed in some of the events. We find a correlation between the transition energy at which the IVA begins and
the shock speed along the connected field lines, consistent with expectations from time-dependent diffusive shock
acceleration. Our results underscore the importance of the evolving shock properties, magnetic connectivity, and
instrumental sensitivity in shaping SEP intensity profiles and the formation of IVA signatures.

Unified Astronomy Thesaurus concepts: Solar physics (1476); Solar energetic particles (1491); Solar coronal mass
ejection shocks (1997)

1. Introduction

Research on solar energetic particles (SEPs) has long
focused on understanding how particles are accelerated to high
energies during solar eruptions and subsequently transported
through the heliosphere (e.g., M. Desai & J. Giacalone 2016;
D. V. Reames 2017, 2023). Traditional models attribute large
SEP events primarily to diffusive shock acceleration (DSA) at
coronal mass ejection (CME)-driven shocks, whereby charged
particles gain energy through repeated crossings of the shock
front (e.g., R. Vainio & A. Afanasiev 2018, and references
therein). Decades of in situ observations have established the
characteristic velocity dispersion signature of SEP onsets,
where higher-energy particles arrive before lower-energy ones,
and have enabled techniques such as velocity dispersion
analysis (e.g., R. Vainio et al. 2013; T. Laitinen et al. 2015) to

infer particle release times and the path length traveled by
SEPs from their source to the observers. Recent observations
by Solar Orbiter (D. Müller et al. 2020) and Parker Solar Probe
(N. J. Fox et al. 2016) close to the Sun, have uncovered an
interesting new characteristic of some SEP events: an apparent
inverse velocity dispersion (IVD: e.g., E. T. Sarris et al. 1976)
or arrival of SEPs in which the first observed higher-energy
particles arrive later than the lower ones in a way that a
concave (“nose-like”) shape appears in their energy spectro-
gram at the event's onset (e.g., C. M. S. Cohen et al. 2024).
Energetic particle events with these dispersion characteristics
were first observed upstream of Earth’s magnetosphere (e.g.,
F. M. Ipavich et al. 1981; G. C. Anagnostopoulos et al. 1986;
E. T. Sarris et al. 1987). E. T. Sarris et al. (1987) showed that
the observed IVD for these events of magnetospheric origin
was most likely a propagation rather than a source effect (e.g.,
Fermi acceleration, see F. M. Ipavich et al. 1981). Following
Z. Xu et al. (2026), in this study, we use the term “inverse
velocity arrival” (IVA) SEP events to differentiate from those
events of magnetospheric origin that exhibit different spectral
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characteristics and probably physical mechanisms in their
formation.
A prominent IVA-SEP event with a short duration of the

IVA feature (∼30 minutes) was observed close to the Sun by
Parker Solar Probe (at ∼15 R⊙) on 2022 September 5, with a
nose energy13 for protons of around 1MeV (C. M. S. Cohen
et al. 2024). For this event, A. Kouloumvakos et al. (2025)
showed that the SEP release time was significantly delayed
with respect to the onset of the parent eruption. The derived
shock properties from 3D modeling suggested that the
observed IVA could be attributed to an ongoing particle
acceleration process at an initially weak region of the shock,
which gradually strengthened. X. Chen et al. (2025) further
investigated this event and performed a simulation of particle
acceleration and transport from the shock to Parker Solar
Probe, which suggested that the SEPs likely originated from a
time-dependent DSA process at the flank of the expanding
shock wave that intercepted Parker Solar Probe. The role of
DSA in producing IVA signatures has also been explored
theoretically by Y. Li et al. (2025) using Solar Orbiter
observations.
Solar Orbiter has also observed many IVA-SEP events at

distances between 0.3 and 1 au (Y. Li et al. 2025; R. C. Allen
et al. 2026). For these events, the IVA part has a significantly
longer duration than that of the 2022 September 5 SEP event
observed by Parker Solar Probe. The Z. Ding et al. (2025)
analysis of one of these events observed on 2022 June 7 by
Solar Orbiter suggested that the evolving magnetic connectiv-
ity between the spacecraft and the nonuniform propagating
shock played a key role in the observation of a long-lasting
IVA feature. In this case, the magnetic connection of the
spacecraft to the evolving shock wave changed toward more
efficient acceleration sites as the shock propagated farther from
the Sun, thus producing the IVA effect.
Understanding when IVA SEPs arise in some events, when

in other events they do not, can help us to increase the
knowledge about shock acceleration processes and thus
improve our conceptual framework of the time-dependent
DSA processes at fast-evolving shocks. Both the evolving
shock properties and magnetic connectivity between the shock
and spacecraft (A. Kouloumvakos et al. 2019), as well as the
transport of SEPs to the spacecraft (e.g., T. Laitinen et al.
2015), determine the shape of the SEP intensity–time profiles
(also see H. V. Cane et al. 1988). Z. Ding et al. (2025) were the
first to suggest that the west-flank connectivity to the shock
could play a central role in the formation of IVA-SEP events.
In addition, (R. C. Allen et al. 2026) suggested that there is a
spatial preference in observation of IVA-SEP events when the
footpoints of the field lines connecting spacecraft to the Sun lie
westward of the associated source (flare) location. Both studies
suggest that an important factor is whether a magnetic
connection between the observers and the shock is established
first on the western flank of the expanding shocks.
In this study, we examine the shock wave characteristics of

IVA-SEP events. We provide a list of these events, which were
observed by Solar Orbiter or Parker Solar Probe, and model
the associated shocks. Then, we derive the shock parameters
along the magnetic field lines connected to the observers. Our
primary objective is to identify any systematic trends that
could help explain the formation of IVA signatures and thus

establish a connection between the observed SEP properties
and the corresponding shock characteristics. This approach
aims to improve our understanding of where and when the
observed IVA SEPs originate along the expanding shock front
and whether any relationships exist between the SEP proper-
ties and the shock dynamics.

2. Observations and Modeling

2.1. SEP Events Exhibiting IVA

For this study, we used SEP observations, below 1 au, from
Solar Orbiter and Parker Solar Probe. Specifically, from Solar
Orbiter, we used SEP data from the Energetic Particle Detector
(EPD) suite (J. Rodríguez-Pacheco et al. 2020; R. F. Wimmer-
-Schweingruber et al. 2021), which includes the Supra-
Thermal Electron and Proton sensor (STEP), the Electron
Proton Telescope (EPT), the High Energy Telescope (HET),
and the Suprathermal Ion Spectrograph (SIS). The combina-
tion of all these instruments provides data for protons and
heavier ions, from a few keV nucleon−1 to 100MeV
nucleon−1. From Parker Solar Probe, we used SEP data from
the Integrated Science Investigation of the Sun (IS⊙IS)
instrument suite (D. J. McComas et al. 2016), which includes
the Energetic Particle Instruments, EPI-Lo and EPI-Hi
(M. E. Hill et al. 2017; M. E. Wiedenbeck et al. 2017) that
measure ions at an energy range from ∼20 keV nucleon−1 to
∼80MeV nucleon−1.
We surveyed SEP data from the two spacecraft, from the

beginning of each mission (2018 August and 2020 February,
for Parker Solar Probe and Solar Orbiter, respectively) to 2025
March, and by visual inspection, we registered events that
exhibited IVA. As we mentioned earlier, in the energy
spectrograms, this appears as a concave shape that is formed
at the transition between the part where the SEPs follow a
normal velocity dispersion (i.e., higher-energy particles arrive
earlier than the lower-energy ones) and the part where the
higher-energy particles arrive later than the lower-energy ones
above a transition energy (Et), i.e., the energy where the IVA
starts to form.
Figure 1 shows an example of two IVA-SEP events. These

two events were observed by Solar Orbiter at similar
heliocentric distances, on 2022 June 7 at 0.96 au (top panel)
and 2024 December 31 at 0.95 au (bottom panel). The two
events exhibit different characteristics. The 2022 June 7 SEP
event has an Et at around 0.8 MeV, and it is not until 12 hr later
that the particles with the maximum energy (∼20MeV)
reached the spacecraft. On the other hand, for the 2024
December 31 event, Et is ∼2MeV, and the maximum energy
protons (at ∼60MeV) are observed with a delay of almost 1
day with respect to those with energy Et. For both events, we
see that the SEP intensities have a very gradual rise either
below or above the Et. Below the Et, the normal velocity
dispersion forms as expected. For any SEP event, instrument
sensitivity and background affect the point at which the solar
particle signal rises above any preexisting background.
Figure 2 illustrates the evolution of the energy spectra during
the rise phase of the two events in Figure 1. The figure shows
the preexisting background spectrum and the energy spectra at
different times as intensities rise, reaching approximately 1
order of magnitude above the background. Because of this
large signal, the time to maximum intensity is not significantly
affected by the preexisting background. While background and13 The energy that corresponds to the first-arriving particles.
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sensitivity effects can in principle influence the earliest onsets
in weak events, we did not find evidence that such limitations
are important for the intense events analyzed here. The spectral
evolution in Figure 2 further shows that the spectrum is
initially soft and hardens with time. This hardening indicates
that the highest-energy particles reach their maximum intensity
later than lower-energy particles, which may reflect continued
evolution of the acceleration process.
In this survey, we found 26 events, 21 for Solar Orbiter and

five for Parker Solar Probe. We present the list of events in
Appendix A (Table 2). The IVA-SEP events are observed at
distances from 0.08 to ∼1 au, with almost one-third of the
events observed at heliocentric distances below 0.5 au (mean:
0.62 au). We do not find any clear trend of event occurrence
with radial distance, which suggests that this does not play a
role in their direction.
For each SEP event, we examined white-light coronagraph

observations within approximately 12 hr before the SEP onset.
In this interval, we identified candidate CMEs that could be
responsible for the origin of the SEP events. In most cases, a
single, clearly identifiable eruption (e.g., large-scale CME)
was present near the SEP onset. In cases of multiple CMEs, we
evaluated the timing and propagation direction of the CMEs
relative to the nominal Parker spiral magnetic field footpoints
of the observing spacecraft, to determine the most plausible
association. Once the associated CME was identified, the

associated flare was determined by linking the CME to its low-
coronal source region using EUV imagery (Solar Dynamics
Observatory/Atmospheric Imaging Assembly (SDO/AIA),
Solar Terrestrial Relations Observatory A/Extreme Ultraviolet
Imager (STEREO-A/EUVI), Solar Orbiter/Extreme-Ultravio-
let Imager). For the flare association, we require temporal
consistency between the CME lift-off, flare emission in the
EUV, and the flare time profiles using observations from the
Spectrometer Telescope for Imaging X-rays (STIX; S. Krucker
et al. 2020) and the X-ray Sensor on board the GOES satellites.
For the IVA events studied here, we found that most of the

associated CMEs have widths in plane of sky >120� and are
characterized as halo (12/22) or partial-halo (8/22) events in
the Coordinated Data Analysis Workshop (CDAW)14 the Solar
and Heliospheric Observatory/Large Angle and Spectrometric
Coronagraph (SOHO/LASCO) CME catalog (see Table 1).
Also from the flare associations, we found that for 15 events

Figure 1. Observations of solar energetic protons for two IVA-SEP events
observed by Solar Orbiter EPD. The top panel shows the energy spectrogram
for the 2022 June 7 SEP event, and the bottom panel shows the energy
spectrogram for the 2024 December 31 event. The two spectrograms cover an
energy range from 10 keV to 100 MeV, utilizing observations from the EPD
STEP, EPT, and HET instruments, and the fluxes have been averaged at a
10 minute cadence. For EPT and HET, only the sunward-looking telescopes
were used. The color bar is multiplied by the square of the particle energies.

Figure 2. Temporal evolution of the SEP hourly averaged energy spectrum for
two IVA-SEP events observed by Solar Orbiter EPD. The top panel shows the
energy spectra for the 2022 June 7 SEP event and the bottom panel for the
2024 December 31 event. The energy spectra for the top (bottom) panel cover
a range from ∼60 keV to ∼100 MeV during four (three) time intervals
separated every 3 hr and using the sunward-looking telescopes from EPT (blue
curves) and HET (red curves) instruments. In both panels, the SEP background
determined a few hours before the event is presented with the black curves.

14 cdaw.gsfc.nasa.gov/CME_list/
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the associated flare was <M class, for seven events was �M
class, and for four cases we could not determine the associated
flare, either because no data were available or the association
was ambiguous due to multiple eruptions. Events without a
clear flare and/or CME association were left out of the shock
(indicated by asterisks in Table 2). For the events #2

*
, #3

*
,

and #7
*
, multiple eruptions were present near the SEP events,

so we found it difficult to conclude the solar eruption
responsible for the IVAs. These three events and four others,
where the associated shock was too faint for 3D reconstruction
(#1

*
, #5

*
, #6

*
) or the reconstruction was not possible due to

data limitations (#4
*
), were left out of the analysis.

2.2. Shock 3D Reconstruction and Modeling

We performed a 3D reconstruction and kinematic modeling
of the shock waves associated with the events using near-
simultaneous white-light imagery provided by the corona-
graphs of the Sun-Earth Connection Coronal and Heliospheric
Investigation (SECCHI; R. A. Howard et al. 2008) and
LASCO (G. E. Brueckner et al. 1995) from two vantage points
where the Ahead spacecraft of STEREO-A and SOHO are
located. Whenever possible, we also used EUV data from
STEREO-A EUVI (J.-P. Wuelser et al. 2004) and SDO AIA
(J. R. Lemen et al. 2012) (for near-Earth observations) to
reconstruct the pressure/shock waves close to the solar
surface. We used the PyThea software package (A. Koulou-
mvakos et al. 2022), and we fitted an ellipsoidal geometric
model to the observed shock front. This geometrical model has
been extensively used to model the global large-scale structure
of propagating shocks without, however, including strongly
nonspherical or corrugated morphologies. We provide more
details about the 3D reconstruction in Appendix B.
From the 3D reconstructions, we calculated the shock

kinematics using a polynomial or spline fitting (depending on
the quality of the 3D fittings) to derive the final height–time
profiles of the shock apex and flanks with a uniform 1 minute
cadence, which we then used to perform the 3D model. Then
we estimated the shock speed profiles from the time derivative
of the height–time points. Using the results of the shock
kinematics from the 3D reconstruction and magnetohydro-
dynamic (MHD) parameters of the background solar corona,
we estimated the shock parameters in 3D during the shock
evolution in the corona (see A. P. Rouillard et al. 2016;
A. Kouloumvakos et al. 2019, for further details of the shock
modeling methods). For the MHD parameters of the back-
ground corona, we used high-resolution MHD data from the
Magnetohydrodynamic Algorithm outside a Sphere (MAS;
R. Lionello et al. 2009), which provide estimates of plasma
density and temperature in the corona (P. Riley et al. 2011)
from the solar surface to 30 R⊙, which is the outer boundary of

the coronal model. The MAS data are regularly provided by
Predictive Science Inc.15 for each Carrington rotation.
From the temporal evolution of the shock parameters in 3D,

we calculated the evolution of the shock parameters at the
magnetic field lines connected to the observers. In this study,
we used a simple approach to calculate the full connectivity to
the shock surface by taking nominal Parker spiral field lines
connected to each observer and calculating the shock
parameters at each Connecting with the OBserver POINT
(COBPOINT; i.e., following A. M. Heras et al. 1995). When
solar wind observations were available, we used the measured
solar wind speed for the Parker spirals. The final shock
parameters that we will present in the following figures are
mean values of the estimated parameter values at the
COBPOINTs over the full temporal shock evolution that we
modeled, unless otherwise noted. In Table 3, we provide the
shock parameters for each event, such as the direction of the
shock apex, the shock speed at the apex, and the COBPOINTs.

3. Results

3.1. Shock Modeling Results

We started our analysis with the shock kinematics for each
IVA-SEP event. Figures 3(a1) and (a2) show the time profiles
of (a1) the height (heliocentric distance) of the shock apex and
(a2) the shock speed at the shock apex for each event.
Figures 3(b1) and (b2) show the time profiles of (b1) the height
(or helioradii) of the COBPOINTs and (b2) the shock speed at
the COBPOINT of each spacecraft for each event. From the
figure, we infer that most IVA-SEP events are associated with
shocks with a mean shock speed of ∼1140 km s−1 at the apex
at 5 R⊙. Moreover, from the speed profiles of the shock apex,
we found that most of the events (e.g., events #6, #11, #15)
undergo a deceleration, while others propagate at nearly
constant speed or accelerate from ∼5 to ∼20 R⊙ (i.e., events
#7, #8, #10).
Next, we examined the shock kinematics at the COB-

POINTs. Figure 3(b1) shows that the first magnetic connec-
tions are established at heights below 5 R⊙. Figure 3(b2)
shows that the shock speeds at the COBPOINT are lower than
the apex speeds, which is expected since the CME-driven
shock waves are mostly strongly driven near the apex (e.g.,
R.-Y. Kwon & A. Vourlidas 2017; M. Jarry et al. 2023).
Moreover, the IVA-SEP events seem to be associated mainly
with slower shocks at the COBPOINTs, with a mean speed of
∼882 km s−1. Lastly, we see that the shock speed at first
connection is typically lower than the speed near the end of the
modeling interval (∼20–30 R⊙ depending on the end time of
the shock modeling). In most cases, the speed increases at the
COBPOINTs for about 30–60 minutes, reaching a plateau
afterward (with some exceptions, e.g., events #3, #9, #10,
#18). This is primarily due to changes in magnetic connection
from the flanks of the shocks to the apex (which typically
expands faster).
From the shock 3D reconstruction, we determined the mean

direction of propagation of the shock apex for each associated
shock. Figures 4(a) and (b) show the (a) longitudinal and (b)
latitudinal separation angles between the apex shock direction
and the spacecraft location in polar coordinates, where the
length of the red arrows indicates the heliocentric radial

Table 1
Summary of the Pearson Correlation Coefficients (cc) and Spearman Rank

Correlations (ρ) for each Parameter P with Respect to Et

Param. P Pearson cc Spearman ρ
(p-value) (p-value)

Vsh 0.57 (0.040) 0.53 (0.060)
Mfms 0.54 (0.058) 0.46 (0.113)
X 0.44 (0.133) 0.56 (0.046)
λ −0.29 (0.332) −0.60 (0.031)

15 https://www.predsci.com/
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distance of the spacecraft. Longitudinal angles between 0� and
90� (0� and 270�) indicate that the shock apex propagates
westward (eastward) relative to the spacecraft. From this
analysis, we found that most events cluster within a ±45� for
both the longitudinal and latitudinal separation, suggesting that
the shocks associated with IVA-SEP events propagate directly
toward the spacecraft.
Next, we considered the magnetic connectivity of the

observers to the shock front by examining the location of the
magnetic connections with respect to the apex of the shock.
Figure 4(c) is a polar plot of the longitudinal separation angle
between the shock apex and the spacecraft’s magnetic
footpoints at the Sun, computed assuming a nominal Parker
spiral. From this analysis, we found that most of the arrows are
clustered between ∼40� and ∼80�, which implies that the
observers are primarily connected western of the shock apex,
which is consistent with the R. C. Allen et al. (2026) results.
However, from this longitudinal separation angle alone, it is
difficult to tell how close the connections are to the shock
flanks. This depends on the shock width, the global 3D
geometry, and the full temporal evolution of the COBPOINTs
location on the shock surface, so we explored this further.
Figures 5(a) and (b) are polar plots showing the λ angle

defined as the separation angle between the shock apex and the
COBPOINT measured with respect to the shock center (i.e.,
the center of the ellipsoid). This calculation involves both the
longitude and latitude of the two points, so it is the angular
distance of the COBPOINTs from the shock apex. By
definition, since the λ angle is measured from the shock
center, a value of 90� corresponds to a connection at the shock
flanks. Consequently, large values of λ indicate magnetic
connections to far flanks (≫90�) or backside regions on the
shock surface, which can occur in cases of globally extended
shocks (e.g., for halo and partial-halo CMEs) where the λ
angle can be as large as 150�–160�.

For simplicity, the vectors in Figure 5 show only the mean λ
angle during the shock evolution in our model domain (the full
temporal evolution is shown later). The length of the arrows
shows the mean values of the fast magnetosonic Mach number,
Mfms (panel (a)), or the shock speed (panel (b)) at the
COBPOINTs over the full modeling interval. We found that
most of the events are clustered between ∼30� and 110� (the
shock flanks are at ∼90�). Therefore, the magnetic connectiv-
ity of the spacecraft to the shock surface is primarily near the
shock flanks for the IVA-SEP events analyzed here and
suggests that the connection of the observers at the shock
flanks plays an important role. Figure 5(c) shows the
distribution of the mean central separation angles, and we
have similar remarks as mentioned above. Considering also the
mean shock parameters, Mfms, and speed as a function of λ
angle (e.g., Figures 5(a) and (b)), we found no clear
correlation. There is a trend for a few high-Mfms shocks to
appear for λ angles above 90�.
As the next step of this analysis, we examined the full

temporal evolution of the shock parameters. The top-row
panels in Figure 6 present the shocks’ Mfms at the COBPOINT
as a function of time and the λ angle. The time profiles in panel
(a) reveal that the regions of the shocks initially magnetically
connected to the observers are typically weak, with
Mfms ≪ 1.5, i.e., subcritical shocks. As the shocks evolve,
these regions generally strengthen and become supercritical. In
several cases, we observe that the shock formation is delayed (
i.e., when Mfms > 1), occurring approximately 0.5–2 hr after
the first magnetic connection. This behavior, in which the
initially weak shock regions become progressively super-
critical, characterizes the majority of the events analyzed here,
and it seems that this is another important property of IVA-
SEP events. Although notable exceptions exist, for instance, in
two events (e.g., events #4, #17), the model shows no shock
formation during the modeled time interval, while in three
others (e.g., events #3, #6, #19) the shocks are already
supercritical at the moment of the first connection. For the
latter three cases, a closer investigation shows that the lack of
EUV data to model the shocks from their initiation in the low
corona is probably a reason why these shocks appear to be
immediately supercritical at the first connection. On the other
hand, for the two events that remain in the nonshock region for
the full modeling interval, a possibility is that these cases
eventually became shocks well above the domain that we
modeled. However, their downward trend in the shock strength
makes this scenario rather unlikely, suggesting instead that the
driving disturbances in these cases may have dissipated before
reaching the shock formation threshold. These two events (#4,
#17) need further investigation and a more sophisticated
modeling to conclude why they exhibit this behavior.
Limitations of the methods used (i.e., the assumed magnetic
connectivity, the uncertainty in the properties of the back-
ground medium) may also be a reason for this behavior.
Figure 6(b) shows the Mfms as a function of the λ angle. First,

we see that the first magnetic connection to the observers
(indicated by the blue symbols) is at regions near the flanks and
far flanks of the shocks, as noted earlier. Progressively the
connectivity changes from the flanks toward the apex (λ angle
decreases), but the connections continue to be located closer to
the shock flanks in most cases. ConsideringMfms as a function of
λ angle, we found that the first connected shock regions are
initially weak shocks (or no shocks in some cases, e.g., in#4 and

Figure 3. Kinematics of the 3D reconstructed shock waves associated with the
IVA-SEP events. Panels (a1) and (b1) show the height–time profile at the
shock apex and the COBPOINTs, while panels (a2) and (b2) show the
corresponding speed profiles. Time is measured relative to the start of the
shock reconstruction. The labels shown are the IVA event numbers in Table 2.
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#17) and as the connectivity changes toward the apex, the
shocks’ strength increases, and most shock regions become
supercritical.
The bottom-row panels of Figure 6 present the temporal

evolution of the density compression ratio (panel (c)) and λ
angle (panel (d)) at the COBPOINTs. From panel (c), we
found that in most IVA events, the compression ratio increases
with time, following a trend similar to that of Mfms. Initially,
the shocks at the COBPOINTs exhibit relatively low density
compression values (often close to or below unity). The
compression ratio in several cases rises progressively and
approaches values of ∼3–4, which indicates well-developed
shocks. A few events, however, show persistently low
compression ratios, consistent with what we showed for
Mfms, where the initially connected regions correspond to weak
shocks. For two events (#4 and #17), we find that no shock
was formed (X < 1). From panel (d), we can see that the λ
angle always decreases in time since the magnetic connection
shifts from the flanks toward regions closer to the apex as the
shock expands. For the majority of events, the change in
connectivity is most rapid during the first hour of the shock
evolution, after which the decrease in λ becomes more
gradual.
The overall evolution of the shock parameters at the

COBPOINTs suggests that this “weak-to-strong” (or “sub-
critical-to-supercritical”) evolution of the shock is important
for the formation of the IVAs and can be driven either by the
global shock evolution (e.g., an intrinsic global temporal
strengthening of the shock) or by changes in magnetic
connectivity toward stronger regions of the expanding shock.
To assess which of the two effects is more important, we
compared the Mfms at the shock apex (Mfms

apex) and at the
COBPOINTs (Mfms

COB). In Figure 7 (top panel), we compare the
Mfms

apex versus the Mfms
COB for two different time windows during

the shock evolution. We found that M Mfms
apex

fms
COB> for the

majority of events. This indicates that the magnetically
connected regions are typically weaker than the shock apex
at the same time, which is consistent with the expectations

from an initial magnetic connection to flank or backside
regions. In addition, in several cases, the shock at the apex
becomes supercritical during its early evolution in the corona,
while the corresponding regions at the COBPOINTs remain
subcritical for a longer time. This shows that the transition to
supercriticality generally occurs earlier at the apex than at the
COBPOINTs. Importantly, the ordering M Mfms

apex
fms
COB> per-

sists when comparing the two time intervals, which indicates
that the relative hierarchy between apex and COBPOINTs is
maintained as the shock evolves.
In Figure 7 (bottom panel), we compare the changes in

shock strength ( Mfms
apex and Mfms

COB) between consecutive
time windows. The majority of events cluster close to the 1:1
line, indicating that when the shock apex strengthens, the
shock regions at the COBPOINTs strengthen by a comparable
amount. This near-proportional coevolution implies that the
temporal increase observed at the COBPOINTs largely follows
the global strengthening of the shock. If connectivity changes
were the dominant driver of the temporal evolution at the
COBPOINTs, one would expect large variations in Mfms

COB

independent of Mfms
apex, or a systematic deviation from

proportional coevolution. Instead, the observed distribution
shows that increases at the COBPOINTs closely track
increases at the apex. A subset of events lies noticeably away
from the 1:1 line so that the changes in shock strength at the
apex and COBPOINTs are not strictly proportional. For these
events, changes in the magnetic connectivity likely play a
more important role in modulating the shock strength at the
COBPOINTs. Such deviations are more pronounced during
the early phase of the events, when connectivity changes are
expected to occur more rapidly, as we showed earlier in
Figure 6(d), and become less significant at later times.

3.2. Connection with SEP Properties

We also examined whether there is a connection between the
transition energy Et and the mean shock parameters at the
COBPOINTs (Figure 8). To characterize these relationships and
avoid imposing an arbitrary functional form, we tested two

Figure 4. Panels (a) and (b) present polar plots showing the average longitudinal and latitudinal separation between the shock apex and the spacecraft. In panel (a),
the angular values from 0� and increasing counterclockwise to 180� indicate that the shock apex propagates westward relative to the spacecraft. Conversely, angles
measured clockwise from 0� indicate eastward propagation. In panel (b), angular values from 0� to 90� correspond to northward propagation, while those from 0� to
-90� correspond to southward propagation. Panel (c) shows a polar plot similar to that in panel (a), but for the time average longitudinal separation between the shock
apex and the spacecraft’s magnetic footpoints at the Sun, assuming a Parker spiral. The length of each arrow is scaled to the heliocentric distance of the spacecraft at
the time when the shocks are first reconstructed. The Sun is shown at the center of the plots, though not to scale.
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simple parameterizations: (i) a power-law scaling, Elog t =
A Plog log+ , where P is either the shock speed or Mfms, and

(ii) a log-linear model, E a b Plog t = + , which we adopt for the
compression ratio and λ angle. Overall, these choices allow us to
emphasize the direction and relative strength of the trends while
avoiding overinterpretation of the specific functional form in this
dataset of limited size. For each parameter P, we quantified the
strength of the association using the Pearson correlation
coefficient (cc) and Spearman's rank correlation (ρ).
Figure 8(a) shows Et as a function of the shock speed at the

COBPOINTs. A positive trend is evident, with Et increasing
with increasing Vsh with cc= 0.57 (ρ = 0.53). For the Mfms at
the COBPOINTs (Figure 8(b)), we found a similar trend with
cc= 0.54 (ρ = 0.46), indicating that the Et increases when the
magnetically connected shock regions are stronger. For the

density compression ratio (Figure 8(c)), we found that a
positive trend is present, but the scatter is substantial, and the
correlation is weaker (cc= 0.44, ρ = 0.56) than the previous
parameters. For the λ angle, we found only a very weak
anticorrelation with cc= –0.29 (ρ = –0.60), indicating that Et

may decrease with increasing angular distance from the shock
apex. Table 1 summarizes the Pearson and Spearman
correlation coefficients (and associated p-values) between the
transition energy Et and each of the mean shock parameters
evaluated at the COBPOINTs. We note that the p-values for
several cases are relatively high due to the low number of
events and should be treated with caution.

4. Discussion and Conclusion

In this study, we investigated IVA-SEP events observed
below 1 au by Solar Orbiter and Parker Solar Probe. We
compiled a list of 26 events, with 19 fully analyzed for their
shock properties, where the IVA could be clearly identified in
the SEP energy spectrograms at the onset of the events. Our
analysis reveals that these events exhibit diverse characteristics
in their transition energy. The energy spectra for a few cases
we examined are typically soft and then progressively harden.
This behavior is consistent with ongoing shock acceleration
and/or a gradual shift in magnetic connectivity to stronger
shock regions. Trying to differentiate between the two
processes is difficult since the evolving propagating shocks
imply that not only do the shock conditions for particle
acceleration vary, but also the observers do not establish a
magnetic connection with the same region of the shock front,
but sample different portions of the shock front as it
propagates away from the Sun.
R. C. Allen et al. (2026) showed that SEP events with

delayed high-energy proton onsets tend to occur when the
magnetic connection of the observer lies westward of the
associated flare. Here, we found a clear trend for the IVA-SEP
events to predominantly occur when the spacecraft is
magnetically connected western from the apex of the
associated shocks. This suggests that magnetic connectivity
to the shock plays a predominant role in the formation of these
SEP events, confirming what was outlined and predicted by
Z. Ding et al. (2025). Previous studies have also shown that
SEP events observed westward of the flare site tend to exhibit
more gradual intensity profiles compared with those observed
from eastern longitudes (e.g., H. V. Cane et al. 1988; L. Rod-
ríguez-García et al. 2023). This likely contributes to the
observed spatial preference in the occurrence of IVA events, as
we explained earlier.
Extending this analysis to the analysis of the central

separation angle seems to further confirm that overall a
connection to the shock flanks favors the occurrence of these
events. An additional contributing factor is the evolution of
magnetic connectivity during the shock expansion. The
analysis of the temporal evolution of the central separation
angle seems to confirm that the overall evolving connection
from the shock flanks to the apex possibly contributes to the
occurrence of IVA events (e.g., see Appendix C).
Therefore, the predominance of IVA-SEP events associated

with western magnetic connections likely reflects this evol-
ution of both shock strength and magnetic connectivity
changes. The gradual shift of field lines toward stronger shock
regions naturally leads to a progressive increase in the
maximum SEP energy, which is a defining feature of IVA-

Figure 5. Panels (a) and (b) show polar plots of the mean central separation
angle between the shock apex and the COBPOINTs. In panel (a), the arrow
lengths are scaled by the average fast magnetosonic Mach number, Mfms, and
in panel (b) by the shock speed, both measured at the COBPOINTs. Angular
values near 0� indicate a magnetic connection close to the shock apex, values
near ∼90� correspond to connections near the flanks, and values greater than
90� indicate connections below the flanks. Panel (c) shows the distribution of
the mean central separation angles. The labels shown are the IVA event
numbers in Table 2.
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SEP events, as shown in R. C. Allen et al. (2026). However,
this does not exclude the possibility that some IVA SEPs may
also form from regions with eastern connections, especially
when a spacecraft observes close to the Sun. In this case, the
changes in connectivity become less important, and only the
evolution of the shock properties and the characteristics of
time-dependent DSA can contribute to the formation of the
IVA (X. Chen et al. 2025).
To further investigate the role of the shock properties in the

formation of the IVA-SEP events, we performed detailed 3D
modeling of the shocks. By analyzing the reconstructed shock
geometry and evaluating the magnetic connectivity between the
shock and the observers, we found that the majority of the IVA-
SEP events are associated with magnetic connections to the
flanks of the expanding shocks. This finding highlights the
importance of the connections to the shock flanks in the
formation of these spectral features, as explained earlier. The
analysis of the shocks’ kinematics revealed that the regions
magnetically connected to the observers typically have moderate-

to-low propagation speeds (mean: ∼882 km s−1), considering
that large high-energy SEP events exhibit speeds at COBPOINTs
well above 1000 km s−1, as in the events analyzed by A. Koulo-
umvakos et al. (2019). Notably, associated EUV waves were
identified in only a few events, suggesting that the shocks
responsible for these SEP events likely form above the low
corona (e.g., >5 R⊙). This supports the interpretation that the
observed SEP signatures arise from higher-altitude shock
acceleration processes, particularly along the flanks.
Analysis of the evolution of shock parameters along

magnetic field lines connected to the observers indicates that,
in most cases, the initial connections lie at the flanks of the
shock fronts. Additionally, the modeling shows that these
connected regions are typically weak—subcritical—shocks
characterized by low Mach numbers. As the shocks propagate
through the middle corona, magnetic connectivity tends to
shift progressively from the flanks toward the apex of the
shock. This evolution is accompanied by a general increase in
Mach number, with many shocks transitioning to supercritical

Figure 6. Evolution of the shock parameters along the magnetic field lines connected to the observers. Time is measured relative to the first modeled time when the
reconstructed shock surface intersects the field lines connected to the observers. Panel (a) shows the temporal evolution of the shock’s fast magnetosonic Mach
number, Mfms, and panel (b) shows the evolution of Mfms as a function of the central separation angle, λ. Panel (c) presents the temporal evolution of the density
compression ratio at the COBPOINTs, and the lower-right panel shows the evolution of the λ angle as a function of time. In the upper panels, the gray shaded area
marks the range of Mfms values where no shock is formed, and the green shaded area marks the range where the shock is expected to become supercritical. In the
panels showing the temporal evolution of the shock parameters, the start time corresponds to the beginning of the shock model, while in panel (b), the same time is
marked with blue symbols.
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conditions over time. Consequently, these properties imply
slow acceleration rates, possibly through DSA, so that the
longer the magnetic field lines remain attached to supercritical
shock regions, the higher the energies of the particles being
accelerated (e.g., D. J. McComas & N. A. Schwadron 2006).
Our analysis also showed that a few events remain weak

shocks and never become supercritical, which is an incon-
sistency. One plausible explanation is that the MAS model
overestimates the local fast magnetosonic speed in these cases,
so that the modeled Mach numbers remain subcritical even
though the actual shocks may eventually become supercritical.
We also note that even a compression wave can accelerate
particles under certain conditions (e.g., L. B. Wilson et al.
2025), which may partially account for these events. In any
case, further investigation is needed for these events.

The combined effect of evolving magnetic connectivity and
changes in the background coronal environment—both of
which influence the shock strength at the field lines—appears
to play a central role in the formation of the IVA-SEP events.
This dynamic interplay likely governs the gradual hardening of
the spectrum and the delayed onset of high-energy particles
observed in these events. We also examined whether the
temporal strengthening observed at the COBPOINTs is driven
primarily by the global shock evolution or by changes in
magnetic connectivity, by directly comparing the shock
strength at the shock apex and at the COBPOINTs. This
analysis suggests that the global shock evolution seems to
govern largely the shock strengthening at the COBPOINTs,
with connectivity effects acting as an important but secondary
effect rather than being the principal driver for the time frame
of the shock evolution that we examined in this study.
Next, we explored connections between the shock parameters

and SEP properties. The transition energy shows a tendency to
scale with the shock speed (with Pearson cc= 0.57) along the
magnetically connected field lines, consistent with expectations
from DSA theory since the acceleration rate at the shock can be
expressed as a function of the shock speed, density compression
ratio, and diffusion coefficient (J. R. Jokipii 1987). However, the
observed correlation with shock speed is marginally statistically
significant (p-value= 0.042) at the 0.05 level, since the data
sample is low (13 points) and there is also considerable scatter.
We found similar results, but with lower Pearson cc’s, for the
Mfms and the shock compression ratio. Several factors may
contribute to this spread of the points. First, uncertainties in the
shock reconstruction and magnetic connectivity can significantly
affect the derived shock speeds at the COBPOINTs. Additionally,
the ambiguity in determining Et for certain events may introduce
an additional scatter. Another plausible explanation is that Et
depends not only on shock speed but also on other physical
parameters, such as the upstream parallel and perpendicular
diffusion coefficient, which likely vary from event to event.
These variations could obscure a tighter underlying relationship
between shock properties and the observed transition energy.
Future studies can elucidate further this aspect, for example, if
this correlation persists when adding more events, and how the Et
is theoretically expected to depend on the shock and particle
transport properties and the location of the observers. In a recent
study, X. Chen et al. (2025) showed that Et occurs at the energy
when the combined duration of SEP transport and acceleration
reaches its minimum.

5. Summary

The key findings of this study can be summarized as
follows:

1. The shocks associated with the IVA-SEP events have
typically moderate-to-low propagation speeds (mean:
∼882 km s−1) compared to other large high-energy SEP
events in e.g., A. Kouloumvakos et al. (2019).

2. IVA-SEP events occur predominantly when the obser-
vers are initially magnetically connected to the flanks of
CME-driven shocks and in particular to the wes-
tern flank.

3. During the shock expansion, magnetic connections shift
from the shock flanks toward the apex, where shocks are
stronger.

Figure 7. Comparison of the Mfms evolution at the shock apex and at the
COBPOINTs. Top panel: Mfms

apex vs. the Mfms
COB for two representative time

intervals after the start of the shock modeling (blue: 0–60 minutes; red:
120–180 minutes). The dotted horizontal and vertical lines mark the threshold
separating weak/subcritical from stronger supercritical shocks. Bottom panel:
the top axis shows the changes in shock strength from Mfms

apex vs. Mfms
COB,

between consecutive time windows (noted in the legend). The bottom axis
shows the deviation from proportional coevolution, quantified as the signed
distance from the 1:1 line (d1:1) as a function of Mfms

COB. The gray shaded
band highlights values close to the 1:1 relation. In both panels, the dashed
black line shows the 1:1 relation.

9

The Astrophysical Journal, 1002:188 (14pp), 2026 May 10 Kouloumvakos et al.



4. At the COBPOINTs, the connected shock regions are
initially subcritical but often evolve to supercritical
strengths, which is consistent with the gradual hardening
and delayed high-energy particle signatures observed in
IVA-SEP events.

5. The transition energy Et generally correlates with the
mean shock speed at the COBPOINTs, though there is
scatter reflecting variations in the shock parameters,
diffusion conditions, and the uncertainties for both the
modeled parameters and the measurements.

6. The combined evolution of shock strength, magnetic
connectivity, and coronal environment governs the
formation of IVA-SEP events.

Our results suggest that intrinsic shock-related processes are
contributors to the formation of the IVA features, highlighting the
need for future integrated analyses to disentangle their respective
roles. Moreover, future investigations that combine multi-point

SEP observations with detailed characterization of the full shock
evolution will help clarify how variations in connectivity and
shock strength shape the observed spectral behavior of the SEPs
in IVA and non-IVA-SEP events. Ultimately, these could point
toward a unifying scenario where the interplay between evolving
shock properties, magnetic field topology, magnetic connectivity,
and particle transport conditions governs together the appearance
and evolution of IVA-SEP events, offering new insights into the
broader mechanisms of particle acceleration and release in the
heliosphere.
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Appendix A
List of IVA-SEP Events and Shock Properties

Table 2 lists the IVA-SEP events identified in the survey.
Table 3 lists the shock parameters determined from the 3D

modeling.

Table 2
List of IVA-SEP Events

Event Date Flare Locationa s/c rs/c Et Et
u CME Shock

# Classb Peak Lon. (deg) Lat. (deg) (AU) (MeV) (MeV) Width (deg) Fit.
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)

1 2022-06-07 C1.1(S) 2022-06-07T03:27 163 20 SolO 0.96 0.9 [0.5–1] 240 Y
2 2022-06-26 C1.8(S) 2022-06-26T03:19 147 −28 SolO 1.01 1.5 [0.9–3] 360 Y
3 2022-07-23 C1.4(S) 2022-07-23T20:32 176 −28 SolO 0.99 8.0 [5–12] 360 Y
4 2023-01-20 <C2 2023-01-20T14c 45 −36 SolO 0.95 1.0 [0.8–3] 176 Y
5 2023-03-13 (N) (N) (N) (N) SolO 0.61 1.5 [0.7–3] 360 Y
6 2023-05-02 C1.1(S) 2023-05-02T04:37 ∼150 (N) SolO 0.52 2.0 [1–5] 360 Y
7 2023-11-02 C5.0(G) 2023-11-02T05:10 −23 22 SolO 0.57 0.6 [0.4–1.5] 125 Y
8 2023-11-09 C2.6(G) 2023-11-09T11:13 16 −17 SolO 0.66 2.0 [1–3] 360 Y
9 2023-12-24 <C1 … 31 46 SolO 0.94 2.0 [1–4] 194 Y
10 2023-12-31 C5.6(G) 2023-12-31T12:54 41 27 SolO 0.95 2.5 [2–4] 146 Y
11 2024-01-21 C5.3(G) 2024-01-21T00:40 −42 24 SolO 0.79 (U) 360 Y
12 2024-03-23 X1.1(G) 2024-03-23T01:24 −8 23 SolO 0.39 15.0 [10–20] 360 Y
13 2024-10-24 X3.3(G) 2024-10-24T03:47 −89 −18 SolO 0.54 (U) 360 Y
14 2024-11-04 M3.8(G) 2024-11-04T01:35 −44 −6 SolO 0.67 0.6 [0.4–1] 360 Y
15 2024-12-29 X1.1(G) 2024-12-29T07:15 −30 −16 SolO 0.95 (U) 360 Y
16 2022-09-05 M8.9(S) 2022-09-05T16:17 175 −30 PSP 0.08 2.0 [1–3] 360 Y
17 2024-06-24 C1.1(G) 2024-06-24T04:44 88 −27 PSP 0.29 (U) ⋯ 239 Y
18 2024-09-22 M3.5(G) 2024-09-22T21:26 −64 −22 PSP 0.35 (U) ⋯ 360 Y
19 2024-09-29 C5.0(G) 2024-09-29T06:12 35 20 PSP 0.09 (U) ⋯ 130 Y

1d 2023-04-21 B9.5(G) 2023-04-21T05:58 ∼90 ∼9 SolO 0.37 0.2 [0.1–0.4] 49 N
2d 2023-08-08 (U) (U) (U) (U) SolO 0.88 (U) ⋯ ⋯ N
3d 2024-05-08 (U) (U) (U) (U) SolO 0.67 0.6 [0.4–1] ⋯ N
4d 2024-06-01 M2.9(S) 2024-06-01T18:46 −168 −8 SolO 0.86 (U) ⋯ 360 N
5d 2024-09-18 C2.2(S) 2024-09-18T12:25 −89 −17 SolO 0.4 1.5 [1–5] 161 N
6d 2025-03-17 C2.2(G) 2025-03-17T11:00 32 11 SolO 0.42 1.0 [0.5–2] 90 N
7d 2024-10-03 (U) (U) (U) (U) PSP 0.17 (U) ⋯ N

Notes. Column 1 lists the event number. Column (2) lists the date of the event, and columns (3) and (4) the associated flare and the flare start peak time, respectively.
Columns (5) and (6) list the flare location (longitude and latitude in Stonyhurst coordinates) from EUV data. Column (7) lists the spacecraft that observed the event,
and column (8) lists the heliocentric distance of the spacecraft. Columns (9) and (10) list the transition energy (Et) and its uncertainty, which were both determined
from a visual inspection of the energy spectrograms. Column (11) lists the CME width from CDAW, and column (12) notes which of the IVA SEPs a shock fitting is
performed.
(N): Column 3: no flare observations available; Columns 5 and 6: no EUV observations available to determine flare location.
(U): Columns 3–6: Multiple eruptions or lack of observations lead to uncertain event association. Column 9: Uncertain Et determination.
a Location of the eruption from EUV observations in Stonyhurst coordinates.
b Flare class from GOES (G) (or STIX (S) for occulted flares).
c Approximate flare peak time from EUV observations.
d Events that were left out of the analysis (see the main text for the details).
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Appendix B
Details on Shock 3D Reconstruction and Kinematics

For the reconstruction analysis, we used PyThea, a
software package written in Python that can be used to
reconstruct the structure of CMEs and shock waves in 3D
(A. Kouloumvakos et al. 2022). This reconstruction process
involves the fitting, at different times, of an ellipsoid to
achieve the best visual agreement of the model to the
multiviewpoint remote sensing observations. The cadence of
the remote sensing data used is 1 minute for AIA and
5 minutes for STEREO-A EUVI data, and ranges from 5 to
30 minutes for the coronagraphic data in white light, depend-
ing on the instrument (typically ∼15 minutes for COR2
(∼5 minutes in high-cadence campaigns), ∼12 minutes for
C2, and ∼30 minutes for C3). In many cases, the shock fittings
start from distances �2.5 R⊙ (e.g., at the LASCO-C2 field of
view and above) because EUV waves were identified in only a
few events. We further discuss the implications of this in
Section 4. In Figure 9, we show for each event the time profiles

of the height of the apex and the radius of the two semi-axes
from the 3D fitting of the ellipsoid to the images, and the
fittings with their uncertainty.
Overall, the 3D Reconstruction can significantly reduce

projection effects by combining observations from multiple
viewpoints, providing a more accurate determination of the
shock location and its kinematics. However, for many events
in this study, the geometric constraints were limited because
STEREO-A and near-Earth spacecraft were not ideally
positioned—separated by an angular distance of 27° trailing
Earth’s orbit in mid-2022 to 16° ahead in mid-2024—to
provide comprehensive information on the shocks’ 3D
structure. Another issue for the 3D reconstruction is that, in
some cases, it was impossible to unambiguously trace the
shock fronts in every direction, so we had to rely on indirect
signatures of the location of the disturbance, such as the
deflection of streamers. This worked well for most cases, but
for a few events, the final uncertainty may be greater than
typically expected (e.g., R.-Y. Kwon et al. 2014, who showed
an expected uncertainty of ∼10%).

Table 3
Shock Parameters from 3D Modeling.

Event Date Apex Directiona Speed Mfms λ Angle
Lon. (deg) Lat. (deg) Apexb (km s−1) FLs (km s−1) mean max (deg)

(1) (2) (3) (4) (5) (6) (7) (8) (9)

1 2022-06-07 168.0 19.8 1154 709 2.6 3.5 99.5
2 2022-06-26 158.8 −23.6 1192 893 4.3 5.2 96.0
3 2022-07-23 −169.8 −9.6 1007 1124 5.0 7.3 36.1
4 2023-01-20 46.0 −34.5 846 731 0.7 0.8 57.0
5 2023-03-13 −128.9 18.5 1964 1387 2.4 3.6 143.9
6 2023-05-02 154.5 −26.2 1293 1050 6.9 7.3 72.1
7 2023-11-02 −20.4 33.8 421 501 1.9 3.2 75.1
8 2023-11-09 14.0 10.2 807 786 3.1 3.4 9.9
9 2023-12-24 1.3 50.4 492 594 0.8 2.2 82.3
10 2023-12-31 54.9 24.3 480 649 1.0 2.3 51.1
11 2024-01-21 −44.7 13.4 1066 659 1.3 2.0 123.1
12 2024-03-23 2.3 28.4 1424 1353 6.1 7.6 66.7
13 2024-10-24 −70.2 −28.7 2491 1225 2.0 3.1 129.5
14 2024-11-04 −43.4 7.7 1306 563 1.0 1.3 123.1
15 2024-12-29 −33.2 −26.2 1091 578 0.9 1.3 126.5
16 2022-09-05 170.3 −40.5 2405 1833 3.3 4.7 92.4
17 2024-06-24 88.1 −30.6 486 580 0.3 0.5 66.3
18 2024-09-22 −60.0 −38.0 1751 714 0.9 1.8 128.8
19 2024-09-29 60.3 −21.7 … 820 3.1 3.6 38.6

Notes. Columns (1) and (2) list the number and date of the events. Columns (3) and (4) list the location of the shock apex (longitude and latitude, respectively) in
Stonyhurst coordinates. Columns (5) and (6) list the shock speed determined and the apex and at the COBPOINTs. Columns (7) and (8) list the mean and maximum
Mfms, and Column (9) lists the mean λ angle at the COBPOINTs.
a Mean direction of the shock’s apex propagation in Stonyhurst coordinates.
b The apex speed determined at 5 R⊙. For event #19, the reconstruction starts above 5 R⊙.
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Appendix C
Changes in Magnetic Connections

In Figure 10, we present an example of the temporal
evolution of the central separation angle for multiple observers
located at different longitudes relative to the shock apex
(f = 0�), based on a simple 2D shock model. In this example,
observers initially connected to the western flanks (i.e., (A)
and (B) in Figure 10) experience a connectivity shift toward

the apex within a few hours (see bottom panel of Figure 10),
while those on the eastern side (i.e., (C) in Figure 10)
progressively connect to regions farther from the apex. Since
shock regions near the apex are generally stronger than those
at the flanks, western observers first sample weaker shock
regions and subsequently stronger ones, a sequence that
possibly favors the development of IVA formation. Con-
versely, eastern observers experience the opposite effect.

Figure 9. Time profiles of the fittings of the reconstructed 3D shock for all events analyzed in this study. Each panel (#1–19) shows the heliocentric distance of the
shock apex (red crosses) and the lengths of the two semi-axes of the fitted ellipsoid (blue and green crosses) derived from the 3D reconstruction. Solid curves indicate
the best-fit functions (second-order polynomial or cubic spline, as noted in each panel), and the shaded bands denote the corresponding fit uncertainty. Times are
given in UTC, and heliocentric distances are in solar radii (R⊙).
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Figure 10. Temporal evolution of the central separation angle, λ, for observers located at different heliolongitudes with respect to the shock apex, derived from a 2D
circular shock model assuming a shock speed of 900 km s−1. The top panel shows the model geometry of the expanding shock fronts at four times (colored circular
arcs), the Parker spiral magnetic field lines connecting each observer to the front, assuming a solar wind speed of 350 km s−1, and observers distributed in longitude
around the Sun. The shock apex propagates toward f = 0� , and three representative observers are highlighted: (B), located along the apex direction, and (A) and (C),
located west and east of the apex, respectively. The bottom panel shows the evolution of λ angle at the COBPOINTs for each observer as a function of time. Black
symbols trace the evolution of the λ angle at the COBPOINTs of the three highlighted observers (A)–(C) at the four times indicated in the top panel.
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