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ABSTRACT

In solar energetic particle (SEP) events, velocity dispersion (VD) is characterized by the earlier arrival of faster, higher energy particles
relative to slower ones, assuming negligible acceleration time and scattering effects. This characteristic enables estimation of the time
of particle release near the Sun. The “Labor Day event” at the Parker Solar Probe (PSP) on 2022 September 5 provided a unique
arrival profile, in which the medium energy (∼a few megaelectronvolts) particles arrive earlier than both lower and higher energy
particles. This created a so-called “nose” structure in the intensity spectrogram formed by measurements from the two energetic
particle instruments, EPI-Lo and EPI-Hi, of the Integrated Science Investigation of the Sun (IS�IS) suite. Unlike typical VD, the
delayed arrival of higher energy particles compared to medium energy particles – i.e., “inverse velocity arrival” (IVA) – could be
caused by various acceleration, transport, and instrumental effects, including shock acceleration. The shock requires time to accelerate
particles to higher energies; the connectivity between the spacecraft and the particle source modify arrival time profiles, and even the
instrument sensitivity modifies the time profile since higher energy particles are generally less abundant than lower energy particles.
By applying a new method based on the contour line of the intensity, we found 14 IVA events in the IS�IS observations up to the end
of 2024. Several parameters that may modify velocity dispersion characteristics are further explored including the spacecraft radial
distance, the speed of corresponding CMEs and shocks, the angle between the shock normal and the upstream magnetic field, and the
spacecraft’s magnetic footpoint longitudinal separation from the flare location. The energy of the early arriving particles, i.e., the nose
energy, can be grouped into low (L, <0.5 MeV), medium (M, 0.5–5 MeV), and high (H, >5 MeV) categories. Most (11/14) of the IVA
events have medium nose energies. We emphasize the importance of instrumental effects on the shape of the IVA pattern. The IVA
SEP list provides ingredients for examination of shock acceleration in the inner heliosphere, and the existence of IVA events sheds
new light on the acceleration and propagation of SEPs.

Key words. Sun: activity – Sun: coronal mass ejections (CMEs) – Sun: general – Sun: heliosphere – Sun: particle emission –
solar-terrestrial relations

1. Introduction

Solar energetic particles (SEPs) are primarily accelerated
by flare-eruption-related magnetic reconnection processes or
by shocks driven by coronal mass ejections (CMEs) via
drift or diffusive shock acceleration (Reames 1998, 2013;
Desai & Giacalone 2016; Papaioannou et al. 2025, and refer-
ences therein). The CME-related energetic particles can spread
widely in longitudinal extent and have been observed at mul-
tiple locations in the inner heliosphere. The energy of the
particles ranges from tens of kiloelectronvolts to hundreds of
megaelectronvolts, and even gigaelectronvolts. As SEP events
are widespread in space and have a broad energy range, they
represent one of the most concerning hazards in space explo-
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ration, causing significant space weather events that interrupt
human activity in the near-Earth space (Guo et al. 2021, 2024;
Cucinotta & Pak 2024).

Although numerous studies – including both simula-
tions and observations – have been conducted (see review by
Desai & Giacalone 2016, and references therein), the accelera-
tion and transport of particles in space are still poorly understood.
For instance, most of our in situ observations are conducted
from a distant location at 1 au. The long distance between the
particle source and the observer can introduce considerable
transport effects, which can blur the initial particle signatures
from the acceleration process(es). It is difficult to separate
particle signatures of transport from those due to acceleration
without observations of the accelerated particles closer to the
source location and at an earlier phase in the process.
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Thanks to its unique orbit around the Sun, the Parker
Solar Probe (PSP; Fox et al. 2016) offers an opportunity to
closely scrutinize the acceleration processes at CME-driven
shocks. One special event is the well-studied Labor Day
event on 2022 September 5, and its associated extremely fast
CME (Romeo et al. 2023; Paouris et al. 2023; Cohen et al. 2024;
Trotta et al. 2024). This event occurred when PSP was near
perihelion at an unprecedented heliocentric distance of 0.07 au
(15.45 solar radii). The onset of this SEP event exhibits a com-
pletely different characteristic as compared to our more typical
observations of SEP events.

Based on Figures 3 and 4 from Cohen et al. (2024), we
reproduce PSP observations during the 2022 September 5 event
in Figure 1(a) as an overview of this event, where ener-
getic particle measurements by the Integrated Science Investi-
gation of the Sun (IS�IS; McComas et al. 2016) – including
both EPI-Lo (Hill et al. 2017) and EPI-Hi (i.e., LET and HET;
Wiedenbeck et al. 2017) – are displayed in the first three panels.
The three components of the magnetic-field vector as measured
by the FIELDS instrument (Bale et al. 2016) in RTN coordinates
and the total magnetic field strength are presented in the fourth
panel. The fifth panel of Figure 1(a) shows the radio emission
measured by the radio wave antennas of the FIELDS instrument
(Pulupa et al. 2017). Three vertical dashed lines from left to right
indicate the start of the flare eruption and the type-III radio burst
at around 16:10 UT, which was observed by the remote-sensing
instruments on board Solar Orbiter; the start of the SEP event
at around 16:42 UT, which is based on the observation of EPI-
Hi/LET; and the arrival of a shock at around 17:27 UT, respec-
tively. We show the complete measurements from both EPI-Lo
and EPI-Hi, although they overlap in their energy coverage.

The striking feature of this event is the temporal onset pro-
file of energetic particles across a broad energy range, where
high-energy particles (above a few megaelectronvolts) and lower
energy particles (below 500 keV) arrive later than the medium
energy particles of ∼ a few megaelectronvolts energies leading to
a nose shape in the dynamic energy spectrogram shortly before
the shock arrival, as shown in the second and third panels of
Figure 1(a). In other words, the normal velocity dispersion (VD)
exists below 1 MeV but appears inverted above a few megaelec-
tronvolts in this SEP event.

This phenomenon challenges our understanding of the ini-
tial phase of an SEP event, which typically has either an obvi-
ous VD or a blunt and blurred onset without a clear VD.
Dispersion in the onset time is expected under the assumption
that the SEPs of different energies are released at the same time
and travel roughly scatter-free along the same magnetic-field line,
resulting in the faster particles arriving earlier than the slower
ones. Many studies have commonly fitted the velocity disper-
sion analysis (VDA) and utilized these assumptions to determine
the release time of the particles and then relate that to potential
solar activity (e.g., Saiz et al. 2005; Huttunen-Heikinmaa et al.
2005; Zhao et al. 2019; Laitinen 2015; Xu et al. 2020, 2024b;
Muro et al. 2025). This analysis is most suitable for events with
abrupt and highly anisotropic onsets (Wang & Qin 2015), which
suggests a minimum scattering of the particles and presumably
good magnetic connectivity between the observer and the source.
Meanwhile, the fitted path length of the interplanetary magnetic
field that particles travel along potentially reveals information
regarding the particle transport. For instance, the path length will
be larger when the SEP event is observed inside the flux rope
structure of an interplanetary coronal mass ejection (ICME) (e.g.,
Wimmer-Schweingruber et al. 2023). Compared with the normal
VD, this new inverse feature observed by PSP represents a more

complicated scenario and can be caused by many mechanisms,
as we will discuss. Since it is not simple diffusive transport of
particles along the magnetic field lines (in the sense of VD),
instead of calling it inverse velocity dispersion (IVD, Ding et al.
2025; Kouloumvakos et al. 2025; Li et al. 2025, we propose call-
ing the feature inverse velocity arrival (IVA, Xu et al. 2024a),
which better reflects its complex physical origin and avoids mis-
leading interpretations. More importantly, we differentiate IVA
events from earlier observations of IVD occurring in the vicin-
ity of the Earth’s magnetosheath and upstream of the bow shock,
which have been observed by multiple instruments (Anderson
1981; Anagnostopoulos et al. 1986; Sarris et al. 1987; Lee et al.
2016, 2017). These observations of IVD are of magnetospheric
origin caused by different acceleration mechanisms, and in com-
parison to the observations we display later, they exhibit a very
different energy spectrum shape.

As first described by Cohen et al. (2024), this IVA feature
can be explained by a balance between the time required to
accelerate and release particles at the CME-driven shock and the
travel time of those particles from the shock front to the space-
craft. Since PSP was sufficiently close to the approaching shock
when particles were released, the later-released higher energy
particles, which take longer to gain energy, could not overtake
the medium energy particles that were released earlier (before
they reached the spacecraft), leading to the inverted velocity
arrival in the higher energy range.

The IVA feature of the 2022 September 5 event has recently
been simulated and reproduced in multiple studies. Do et al.
(2025) investigated the temporal variation of the acceleration
and escape of charged particles at a traveling shock. By solving
a time-dependent 1D transport equation analytically, the nose
structure in the EPI-Lo observations was successfully gener-
ated and can be explained as the lack of higher energy particles
that the young shock is unable to produce. Kouloumvakos et al.
(2025) constructed a data-driven SEP model from the corona
to reproduce observations from both PSP and Solar Orbiter
(Müller et al. 2020) for the same event, where the latter observed
an extremely intense SEP event without the inverted trend at the
start of the SEP event. They found that PSP was first connected
to the weak, east flank of the CME with a subcritical (lower
Mach number) shock, which later became supercritical (higher
Mach number). The ongoing particle acceleration at the flank of
the shock wave causes the IVA and the nose structure. Mean-
while, cross-field diffusion transport processes seem to worsen
the development of the nose observed at PSP.

Meanwhile, Solar Orbiter’s onboard Energetic Particle
Detector (EPD) suite of instruments (Rodríguez-Pacheco et al.
2020) also recorded several additional SEP events that have the
IVA feature (Li et al. 2025; Allen et al. 2026). More interest-
ingly, for one SEP event on 2022 June 7, with a long-lasting
inverted trend, Ding et al. (2025) utilized a three-dimensional
(3D) SEP model to reproduce the observations and proposed
that the primary driving factor of the IVA onset for this event is
the magnetic connectivity between the observer and the nonuni-
form shock driven by the CME that originated the event. The
higher energy particles that arrive later are from a more effi-
cient acceleration site at the shock; Solar Orbiter connected to
the aforementioned site later as the shock propagated outward.
The authors also state that cross-field diffusion transport could
affect the characteristics of such SEP events, i.e., the energy of
the first arriving particles and the duration of such events.

It is worth noting that although both Solar Orbiter and PSP
are currently operating in the inner heliosphere, their orbits
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(a)

(b)

Fig. 1. (a) PSP observations of the
energetic particles from EPI-Lo,
EPI-Hi/LET + HET, the magnetic-
field variation, and the radio emis-
sion by FIELDS (Bale et al. 2016)
before and during the Labor Day
event on 2022 September 5. Three
vertical lines, from left to right,
mark the flare eruption time,
SEP event onset time (Cohen et al.
2024), and the shock arrival time,
respectively. (b) Relative posi-
tions of PSP and Solar Orbiter to
the flare region during the event
(Gieseler et al. 2023). The Parker
spiral lines were calculated using
the averaged solar-wind velocities
measured at PSP before the start of
the SEP events.

are quite different. PSP reaches much closer (with the closest
distance being 0.04 au, 9.86 solar radii) to the Sun and can
observe the initial acceleration stages of the shock during an SEP
event, while SolO is mainly positioned between 0.3 and 1 au,
with an increasing latitude recently out of the ecliptic plane. It
is perhaps unsurprising that the previous studies from PSP and
SolO yielded different conclusions, given their distinct observa-
tional perspectives and instrument performance. Moreover, the
two instruments of IS�IS on board PSP have shown different
particle characteristics at the start of an event. For example, in
the Labor Day event, the onset of the inverse feature at EPI-Lo
is later than that measured by EPI-Hi, and the slopes of the IVA
part are also different, as shown in panel (a) of Figure 1. The

physical explanation for this discrepancy might be due to their
different measurement sensitivity, as we discuss later.

Though the balance between particle acceleration and trans-
port timescales offers a compelling explanation for the IVA, the
above two issues also remind us that our understanding of the
overall picture of such events is far from perfect, and the real
cause of the inverse trend warrants further investigation. There-
fore, in this paper, we present a survey of energetic particle
observations from PSP between August 2018 and the end of
2024, searching for more SEP events with IVA onsets.

To consistently identify IVA events in a repeatable way for
the first time, we propose a quantitative method that uses contour
lines to visualize and determine the inverse features. Following
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this method, a dataset that consists of 14 IVA events was gen-
erated. Despite the limited size of the list, we characterized the
nose energies of IVA events, their relationship to the CME or
shock and solar source region, and the corresponding CME and
shock properties. Interestingly, based on the shape of the con-
tour lines, which show distinct patterns in the dynamic spectro-
gram onsets, we find that all SEP events can be divided into three
groups, namely VD events, nose-only events, and mixed events.
These features are described in detail in the observation section.
The paper ends with a detailed discussion, and a brief conclusion
summarizes our findings.

2. Instrumentation

In this study, we focused on the SEP observations from
PSP/IS�IS (McComas et al. 2016). We utilized proton measure-
ments from both EPI-Lo and EPI-Hi, with the latter consisting of
both LET and HET. Together, they cover the proton energy range
from a few tens of kiloelectronvolts to a few tens of megaelec-
tronvolts. EPI-Hi and EPI-Lo have an energy overlap between 1
and a few megaelectronvolts, where the data can be used to inter-
calibrate the two instruments. Previous observations (Joyce et al.
2020; Cohen et al. 2021; Mitchell et al. 2021; Cohen et al. 2024;
Xu et al. 2024b) have already shown the general consistency
of the two instruments during SEP events. More instrumen-
tal details and recent updates of EPI-Hi’s capabilities can be
found in McComas et al. (2016), Wiedenbeck et al. (2017) and
Pak et al. (2025).

As it is relevant to our study, we emphasize that EPI-Lo and
EPI-Hi utilize distinct measurement techniques and have differ-
ent sensitivity levels (McComas et al. 2016). A single aperture
of EPI-Lo has a small geometry factor of ∼7.7× 10−4 cm2 sr, and
the whole instrument, which consists of 80 apertures, has a total
geometry factor of ∼0.061 cm2 sr, for particles with energies
below ∼1 MeV. EPI-Hi, including both LET and HET, measures
particles of energies above 1 MeV/nuc with an overall geometry
factor of ∼0.5 cm2 sr. The precise values vary with energy and for
different operation modes, i.e., dynamic-threshold (DT) modes,
which are employed when high intensities could cause a signif-
icantly reduced live time (Cohen et al. 2021, 2024). Despite the
different geometry factors of the instruments, an IVA event can
appear over a broad energy range spanning both EPI-Lo and EPI-
Hi. In some cases, the energy of the first-arriving particles can
exceed 10 MeV; hence, we used data from EPI-Lo along with
LET and HET for this study.

3. Observations

3.1. The contour-line method

The top three panels in Figure 1(a) show the energetic particle
observations separately from EPI-Lo, LET, and HET, using indi-
vidual color bars and units for ease of examining each dataset
independently. However, it is difficult to directly compare their
observations from such a figure, especially for features spanning
the partially overlapping energy channels of EPI-Lo and LET.
Therefore, in the rest of the manuscript, we display the observa-
tions from both EPI-Lo and EPI-Hi in the same format with the
same intensity units, as given in the combined spectrograms in
Figure 2. Because of the better counting statistics as compared to
EPI-Lo, LET data are used within the overlapping energy chan-
nels of EPI-Lo and LET in the combined spectrogram, i.e., for
energy >1 MeV, which varies with the change of the DT mode of

Fig. 2. Three types of SEP event (top to bottom): (a): VD event – SEP
event with normal velocity dispersion; (b): nose-only event – SEP event
with IVA features; (c): mixed event – a mixture of the two aforemen-
tioned types with clear separation between the first arriving VD and the
later inverse features. The intensity unit is count/(s sr MeV cm2). These
plots combine measurements from EPI-Hi/LET-A and HET-A, and the
mean intensity averaged over all EPI-Lo apertures. The contour lines
are calculated between the two vertical dashed lines.

LET. Below that energy, EPI-Lo data fill the spectrogram. The
averaged intensities of LET and HET are employed within the
shared energy channels of LET and HET since they have similar
fields of view and generally consistent intensities.

A big challenge when searching for more IVA SEP events
is how to consistently define and identify them. This is caused
by several issues. First, the nose shapes vary across different
instruments, particularly when plotted in the standard separate
spectrogram plots. As Figure 1 shows, in the Labor Day event,
EPI-Lo and EPI-Hi seem to have different nose features, which
manifest as different onset times in similar energy channels, dif-
ferent nose energies, and even different slopes of the onset edge.
With its larger geometry factor and thus higher sensitivity, EPI-
Hi data are preferred for identifying the nose features. However,
some low-energy events are only observed by EPI-Lo. Addition-
ally, when visually inspecting the standard spectrograms for IVA
events, we found that many events display inverse arrival fea-
tures, but they are preceded by a separate particle population
exhibiting traditional VD. These “mixed” events consist of two
populations, with the nose and IVA marking the arrival of a sec-
ond population, making it distinct from “nose-only” events such
as the 2022 September 5 one. This type of event is more evident
in the EPI-Hi observations, as the first particle’s population often
has significantly lower intensities than the nose population.
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To overcome the limitations of the visual inspection method,
we propose a “contour-line method”, as shown in Figure 2, to
consistently identify the IVA events and determine the proper-
ties of the nose features. In the combined instrument spectro-
gram, we draw contour lines along constant particle-intensity
values for different fractional levels of the peak intensity across
all energy channels. This, along with the combined spectrogram
with common intensity units, mitigates issues of relative instru-
mental sensitivity, which is apparent when the particle intensi-
ties are very low or below the instrumental one-count threshold.
Increased accumulation time can also mitigate this effect, but this
is not always an option when examining a transient effect, such
as in this study. This concept is somewhat similar to the frac-
tion used in the fractional velocity dispersion analysis method
(Zhao et al. 2019), despite the fact that their fraction is defined
relative to the peak intensity of each separate energy channel.
We chose a much lower intensity level that is similar to that of
Saiz et al. (2005). Contour lines were calculated for the com-
bined spectrogram across different instruments rather than being
restricted to a single measurement.

In most of the cases that we analyzed, we utilized the contour
line of 0.1% (10−3) of the peak intensity as a standard line for
IVA determination. In some cases with high peak intensities and
excellent statistics, we were able to use a lower flux line like
0.01% (10−4). For each event, the peak intensity was determined
across the full combined EPI-Lo+EPI-Hi energy range and the
selected time period. Each time period spans from the start of
the first arriving particles of the nose population to just before
the shock arrival (when observed), or it covers the peak of the
intensity if no shock arrives.

As shown in panel (b) of Figure 2, our contour-line method
demonstrates reliable performance for the Labor Day event, and
successfully captures the overall trend of the inverted edge. The
two vertical dashed lines indicate the time period for which the
contour lines were calculated. We show multiple contour lines,
with the factors listed along the lines from 10−4 to 10−1 of the
peak intensity. The nose pattern is clearly evident in multiple
contour lines across both EPI-Lo and EPI-Hi energies, although
the characteristics of the nose feature may be slightly different
depending on which contour line is selected. While the spec-
trogram shown here is the particle intensity, the contour-line
method can also be applied to an energy flux spectrogram in
which the particle flux is multiplied by the square of the energy
with similar, consistent results regarding the identification of the
IVA events.

For this study, we limited our selections of IVA events
to those that were SEP events, rather than particle intensity
increases associated with a corotating interaction regions (CIRs)
or stream interaction regions (SIRs) by checking the correspond-
ing observation of solar wind and magnetic field, as well as
solar activities. Our survey found that some observed CIR or
SIR proton intensity enhancements may also exhibit an inverse
trend (Allen et al. 2021); however, the shapes are generally dif-
ferent from those found in SEP events; i.e., there is no lower
energy VD portion (critical to creating the nose feature), pos-
sibly because of their different acceleration and transport pro-
cesses. While interesting, discussions of the IVA in CIR or SIR
events are beyond the scope of this paper. As part of our selec-
tion criteria, we require the contour lines to have a clear normal
VD below the nose energy, although in some cases the full VD
might be missed due to observation limitations of EPI-Lo. Based
on our survey, we found that SEP events can be categorized into
three groups with different contour patterns. We give three exam-
ples in Figure 2, and the dynamic spectrogram together with the

contour lines for the rest of the SEP events with IVA features
are provided in Figure 3. We describe the three types and their
characteristics in the following section.

3.2. Three typical cases

Three SEP events are taken as examples of the three categories
of SEP events, as shown in Figure 2. These are the VD event
on 2024 June 26 (Figure 2a), the nose-only SEP event on 2022
September 5 (Figure 2b), and the mixed event on 2023 March
13 (Figure 2c). It should be noted, however, that the categoriza-
tion can be somewhat subjective, particularly for nose-only and
mixed event types.

3.2.1. VD event: 2024 June 26

Velocity dispersion events represent a large group of SEP events
that only show normal velocity dispersion. An example we give
here is an ideal case that occurred on 2024 June 26, as shown
in the top panel of Figure 2. This impulsive event has a sharp
and abrupt onset in the particle intensities across a broad energy
range. The intensity peak occurs soon after the event starts and is
followed by a gradual decrease in the intensity back to pre-event
levels. The five contour lines are overlaid in the plot and show
clear velocity dispersion without any inverse features. Notably,
another characteristic of this event is its shorter duration at dif-
ferent energy levels than that of other typical events, although
such a sharp spike in the intensity-time profile is not a common
property of the VD events.

3.2.2. Nose-only event: 2022 September 5

The Labor Day event is what we identify from the contour lines
as a nose-only event, as the dynamic spectrogram only displays a
nose feature at the onset of the event. The inverted trend appears
in most of the contour lines depicted in the middle panel of
Figure 2. The VD is clear in the EPI-Lo measurements at the
level of 10−3 of peak intensity, which is the standard contour
line we used. At the lower contour levels, below the sensitivity
of EPI-Lo, the IVA is clearly shown in EPI-Hi/LET, but the nor-
mal VD is missed since LET lacks reliable measurements below
1 MeV. The combined EPI-Lo and LET measurements allow the
nose feature to be determined, and we estimated the nose energy
via the 10−3 contour line. It should be noted, however, that it
is challenging to provide a precise nose energy due to its broad
energy spread. Due to the enhancement of the particle intensity,
the DT mode is triggered for EPI-Hi/LET before the time of the
shock arrival at PSP at 17:27 UT, resulting in an empty region
where the energy level is of a few megaelectronvolts after the
second dashed line in Figure 2b. For more details of this event,
see Cohen et al. (2024).

3.2.3. Mixed event: 2023 March 13

The last type of SEP event is the mixed event, which is the com-
bination of two particle populations, one of each of the other
two types. The first population exhibits normal VD and is fol-
lowed by a second population whose onset appears as a nose
feature. The example we provide here is the 2023 March 13 SEP
event, the spectrogram of which is shown in the bottom panel
of Figure 2. The normal VD is manifested as the 10−3 contour
line, and the nose feature is marked by the 10−2 contour line.
Unfortunately, the high particle intensity caused EPI-Hi to be in
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Fig. 3. Dynamic spectrograms of the other 12 IVA events. The contour lines are drawn between two vertical dashed lines.

DT mode most of the time, resulting in the data gap shown in
the proton spectrogram. Therefore, we do not have the detailed
shape of the profile for the higher energy particles in the spectro-
gram (see also Dresing et al. 2025). However, the contour line of
10−2 of the peak intensity still indicates a turnover at around a
few megaelectronvolts as well as the inverse trend in the energy
region above it; therefore, it is reasonable to assume this line
would continue to the higher energy region up to tens of mega-
electronvolts.

Overall, PSP observations for this event indicated an intense
SEP event with a sharp onset and an intensity peak associ-
ated with the passage of the CME-driven shock. As reported by

Dresing et al. (2025), PSP was close to the Sun and well con-
nected to the eruption. The source of this intense SEP event was
identified as a combined shock driven by multiple CMEs propa-
gating in different directions. Upon arrival at PSP, the shock was
accompanied by an intense energetic storm particle (ESP) event
observed at proton energies of >30 MeV, and it was estimated
to be very fast (∼2800 km/s) and parallel (θBn ∼ 8◦), leading to
one of the strongest shocks that has been observed in the helio-
spheric environment (Jebaraj et al. 2024). Jebaraj et al. (2024)
also found that the electrons continue to be accelerated to higher
energies while the shock propagated outward, which is highly
unusual in SEP events. A plausible scenario for this event is that
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Table 1. A list of SEP events with the IVA features.

No. Time Distance(au) θBn(o) Vsh/Vcme(km/s) Dlon
a Enose

b dtsh(h) Inst Type

1 2022-02-15 22:50 0.38 30.62 1177.92/2315 c 3.8 M 8.58 Hi/Lo mixed
2 2022-08-27 03:30 0.39 –d –/1372 −3.7 M – Hi mixed
3 2022-08-28 22:15 0.34 72 774/1148 −40.6 M 4.70 Hi/Lo mixed

4 2022-09-05 16:42 0.07 53 e 1360 e , 1520 f
-62.1 M 0.68 Hi/Lo nose

/2480g, 2039e

5∗ 2023-03-13 05:40 0.23 8 2800h/2127 −31.9 M 1.58 Lo mixed
6 2023-07-10 05:15 0.54 88.20 473.26/901 23.2 M 38.75 Hi mixed
7 2023-07-16 07:30 0.63 xi x/1441 −56.8 M x Hi mixed
8 2023-11-09 15:30 0.74 x x/782 −39.7 M x Hi nose
9 2024-01-01 01:00 0.18 x x/2184 −99.5 H x Hi mixed
10 2024-05-10 21:30 0.74 48.05 713.08/1263 88.8 M 40.63 Hi nose
11 2024-06-24 06:00 0.27 57.21 462.11/640 25.9 M 16.33 Hi nose
12∗∗ 2024-09-29 07:00 0.07 56.89 594.53/1148 118.8 L 0.83 Lo nose
13 2024-10-09 03:10 0.37 – –/1509 −64.5 M – Hi mixed
14 2024-10-24 04:35 0.63 17.39 958.37/1606 27.1 H 18.75 Hi mixed

Notes. ∗ Used contour line 10−2 of the peak intensity; ∗∗ used contour line 10−4 of the peak intensity; the rest events used contour line 10−3 of the
peak intensity. (a)The longitudinal separation between the magnetic footpoint of SC, assuming the solar-wind speed of 400 km/s, and flare location.
Dlon: Positive values mean that the footpoint is located to the west of the flare, and negative values indicate the east side. (b)Low(L): ≤0.5 MeV.
Medium(M): (0.5, 5) MeV. High(H): ≥5 MeV. (c)Khoo et al. (2024)/ (d)‘-’ in 2 and 13 means the data gap in solar wind or mag data. (e)Paouris et al.
(2023). ( f )Trotta et al. (2024). (g)Kouloumvakos et al. (2025). (h)Jebaraj et al. (2024). (i)“x” symbol in 7, 8, and 9 means no shock arrived at PSP
afterward. The nose of 7 is within a CME.

the first population with normal VD – which extends from tens
of kiloelectronvolts to tens of megaelectronvolts – is from a well-
connected CME-driven shock at the start of the event, whereas
the second population with the IVA feature is due to the propa-
gating and expanding shock that needs more time to accelerate
particles to higher energies (Giacalone et al. 2026), as well as
the energy-dependent escape of particles from the approaching
shock (Lario et al. 2019). Note that during this event, IVA fea-
tures were also observed by BepiColombo (Benkhoff et al. 2021)
and Solar Orbiter at the onset of the SEP event (Dresing et al.
2025; Allen et al. 2026).

3.3. IVA event list

Using the contour-line method and the criteria for the eligible
SEP events, we obtained a list of SEP events with IVA features.
In total, we found 14 events, including the Labor Day event, in
the period from August 2018 to the end of 2024 encompassing
the first 22 orbits of PSP. These events are listed in Table 1.

The time in the table (second column) is defined as the
moment when the nose appears at the selected contour line,
which in most cases is at the level of 10−3 of the peak inten-
sity. For the SEP events on 2023 March 13 and 2024 September
29, we utilized different contour lines – that is, 10−2 and 10−4

of the peak intensity, respectively – to determine the nose time.
For a case such as the Labor Day event, the nose times at differ-
ent contour levels are similar, but for some cases the start time
of the nose can vary significantly for different intensity levels.
Thus, the contour line that represents 10−3 of the peak intensity
within the selected region provides only a rough estimate of the
time of appearance of the nose.

The other parameters in Table 1 are the following: the dis-
tance of the spacecraft to the Sun when it recorded the event;
the local speed of the CME-driven shock (Vsh) if the shock
passes PSP; the sky-plane speed of CMEs that generate the event
(Vcme); the angle between the shock normal (when observed)

and the upstream magnetic field (θBn); the longitudinal separa-
tion between the magnetic footpoint of PSP and the flare loca-
tion (Dlon), assuming a nominal Parker spiral and the measured
solar-wind velocity just before the onset of the SEP event; the
time the shock passes PSP, given as a delay time in hours after
nose time; the nose energy; and the instrument that observed the
nose. Given the proximity of PSP to the Sun for most of the
events in the list, a Parker spiral is a rather good approximation
for the spacecraft footpoint.

The shocks identified are the first shock that passed PSP after
the start of the SEP event and arrived within 48 hours. Depend-
ing on the speed of the shock and the location of PSP, the time
required for the shock to travel from the Sun to PSP may vary.
Not all of the events have an accompanying shock passing PSP.
As shown in the table, events 7, 8, and 9 did not exhibit any
shock at PSP. Additionally, there are two events (2 and 13) for
which the presence of a shock cannot be established owing to
data gaps. In the end, only nine events have been identified as
having associated shocks. The shock parameters of the Labor
Day event and the event on 2023 March 13, are taken from the
literature (as indicated in the table notes). The shock parameters,
i.e., the θBn and Vsh of the remaining shocks, are determined
using the “Mixed-mode 3” method (Abraham-Shrauner & Yun
1976; Palmerio et al. 2024), which utilizes the magnetic field
measured from PSP/FIELDS (Bale et al. 2016), the solar-wind
density and the solar-wind speed. For each shock, we used the
available solar-wind data from PSP/SWEAP (Kasper et al. 2016)
with a combination of the SPAN-I (Livi et al. 2022) velocity,
SPAN-E (Whittlesey et al. 2020) density, SPC (Case et al. 2020)
measurements, and electron density from the quasi-thermal-
noise (QTN) method. The CME speeds, Vcme, were obtained
from the CCMC DONKI1 dataset and the results from liter-
ature (Paouris et al. 2023; Khoo et al. 2024; Trotta et al. 2024;
Kouloumvakos et al. 2025; Jebaraj et al. 2024). It is worth not-
ing that the sampled in situ shock parameters could be different
from the shock parameters at the position of the shock where the

1 https://kauai.ccmc.gsfc.nasa.gov/DONKI/
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Fig. 4. Distribution of the IVA events along the radial distance (A); the longitudinal separation from the flare (B); the θBn of the shock (C); and
the speed of the shock when it passes PSP and the speed of CME (D). The left subpanels display the distribution in the order of time, and the
right subpanels present histograms of the distribution. The blue stars and histogram represent results for all 14 cases, while the orange ones are for
events with shocks measured locally at PSP. The vertical dashed and the dotted lines indicate the corresponding mean and median values in the
given panels. Specifically, the red stars and histogram in panel (D) indicate the speed of local shock that arrived at PSP, and the mean and median
speeds are presented as vertical red lines. To maintain figure clarity, the histogram of CME speeds associated with local shocks is omitted, and
only the averaged value is shown in the figure. The green circles in each panel indicate the nose-only events.

energetic particles were actually accelerated; this is due to the
temporal evolution of the shock or the presence of a nonuniform
shock surface.

The energy location of the nose, i.e., the nose energy, may
be related to different factors; these include, for example, the
distance of the shock from the spacecraft when the particles are
released and the strength and the geometry of the shock when
the particles of different energy are accelerated (Do et al. 2025;
Ding et al. 2025). Note that determining the nose energy for each
event is challenging since the nose features can be ambiguous
and the nose energy can span an extended region of energy, espe-
cially during mixed events that have two populations, one with
normal VD and the other with IVA. Here, we simply categorize
the nose energy into three groups as a qualitative assessment:
low (<0.5 MeV), medium (0.5 < Enose < 5 MeV), and high
(>5 MeV). In this list, most of the events (11) have medium nose
energy, including the Labor Day event, where the nose energy is
determined by EPI-Hi rather than EPI-Lo due to better statistics.
Two events have high nose energies, and only one event on 2024
September 29 has low nose energy. The majority of the measure-
ments of this event are from EPI-Lo below 1 MeV.

3.4. Properties

We note that the following analysis of the characteristics of IVA
events is affected by the limited number of events in our survey;
hence, the statistical generality of our results should be viewed
with caution. The preliminary results are presented in Figures 4
and 5.

Figure 4 has four panels (A-D), and each panel has two sub-
panels showing the results related to the radial distance (A), the
longitudinal separation (B), θBn (C), and the shock or CME speed

(D). The left subpanels provide the values for the individual SEP
events in the order of time, and the right subpanels present his-
tograms of the distribution. In all subpanels, the blue histograms
are for all 14 cases, while the orange ones are for the nine events
with measurements of a shock at PSP. The distribution of the IVA
events as a function of radial distance in panel (A) indicates that
IVA events can appear at any radial distance in PSP’s range. The
limited number of events cannot reveal an “optimal” distance for
such events, although there seems to be more cases closer to the
Sun for the orange histogram. However, considering the limited
time that PSP spends near perihelion, more weight should be
placed on those IVA events near the Sun.

Dlon indicates the longitudinal separation between the mag-
netic footpoint of PSP and the estimated flare location using the
remote-sensing data, which reflects the magnetic connectivity.
Positive values indicate eastern SEP events in which PSP’s foot-
point is west of the flare. For events with high positive values,
the spacecraft may likely be connected to the west flank of any
CME-driven shock when the shock is close to the Sun. Events
with negative Dlon are western SEP events, with the magnetic
footpoints of PSP being east of the flare and intersecting CME-
driven shocks on the eastern flank when such values are high.
Dlon values close to zero degrees indicate a good magnetic con-
nectivity to the center of the shock front (or the flare) when it
is close to the Sun, which is typically expected to be an effi-
cient acceleration region for quasi-parallel shocks, although it
is dependent on the shock strength and geometry. It should be
noted, however, that the solar longitude where the PSP field line
intersects the shock will be significantly different than the cal-
culated spacecraft foot-point longitude when the shock is far
from the solar surface. Our results indicate that for the SEP
events with IVA in our sample, the mean separation is around
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Fig. 5. Relationship between the speed of the
local shock (Vsh ) or CME (Vcme) and the lon-
gitudinal separation from the spacecraft’s mag-
netic footpoint to the flare, and the radial dis-
tance of the spacecraft.

-8 degrees. After excluding events without shock measurements,
the value becomes positive at 17 degrees. Both values come with
a large standard deviation (σ) of ∼60 degrees, indicating a wide
distribution of the longitudinal separation; thus, they are not sta-
tistically significantly different. The mean values are displayed
as the dashed horizontal and vertical lines for both cases. The
dotted lines represent the median values, which can minimize
the impact of the outliers, and here they are consistent with the
mean values.

In the second row, we present the shock parameters, includ-
ing θBn and the shock or CME speed. It is important to note that
the shock parameters shown here correspond to shocks measured
at PSP, rather than near the Sun. Obviously, in cases where PSP
is located close to the Sun, the measured shock is expected to
closely resemble the initial shock near the solar surface, though
the shock parameters may vary along the shock surface. The
CME speed is taken as an indication of the strength of the par-
ticle accelerator, i.e., the shock close to the Sun. As shown in
panel (C), we derive an average θBn of 48 degrees, with most
cases located between 40 and 60 degrees, and σ is of 24 degrees.
The median value is slightly above 50 degrees. This suggests that
when the shock arrives at PSP, it is more likely to be an oblique
shock. In the last panel (D), we display both the shock speed
when the shock arrives at PSP and the initial CME speed. The
averaged shock speed (dashed red line) is around 1035 (σ = 688)
km/s, but with a lower median value, as the dotted red line indi-
cates. The blue histogram bars show the distribution of the CME
speeds. These initial CME speeds are higher than the local shock
speed, with a mean value of 1494 (σ = 563) km/s (dashed blue
line) for the whole dataset and 1514 (σ = 617) km/s (dashed
orange line) for the nine cases with a local measurement of a
shock. The median speeds are slightly lower for all three val-
ues, indicating contributions from the lower speeds. Typically,
the shock speed should be significantly higher than the CME
speed at a given location. However, the shock speeds we derived
here were obtained when the shocks arrived at PSP, reflecting
the local shock property, while the CME speeds represent the
speed of the CME when it is still close to the Sun. Therefore,
it is understandable that our CME speeds are higher than the
shock speed at PSP, because CMEs decelerate due to the drag
force from the local solar wind (Vršnak et al. 2013).

Obviously, no matter which parameters are under consider-
ation, the results are constrained by the limited number of sam-
ples, especially for the radial distribution; hence, future studies
would benefit significantly from more IVA events. We must con-

sider some caveats of Figure 4 and Figure 5 (see below) regard-
ing CMEs and shocks. The CME speeds reported in the DONKI
dataset represent the maximum values obtained from the model
fitting and are the projected values in the plane of sky, depend-
ing on whether more than one coronagraph observed the events.
Consequently, it is often unclear whether the derived speed cor-
responds to the CME apex or its flank. Therefore, the CME
speeds have relatively large uncertainties. Similarly, the shock
speeds derived from PSP can vary significantly with the space-
craft’s crossing location, whether at the flank or the center. More-
over, the derived shock parameters are not necessarily the same
as when the initial particles were accelerated. After propagating
through the solar wind, a shock can substantially evolve, and its
properties may largely differ from those it had when accelerating
particles closer to the Sun.

Despite that, we examined how Vsh and Vcme correlate with
the Dlon and spacecraft radial distance. The results are shown
in the two panels of Figure 5. While not conclusive, both the
shock speed (red stars) and the CME speed (blue stars) seem to
correlate with the longitudinal separation between the magnetic
footpoint of PSP and the flare location with medium Pearson
correlation coefficient values of −0.51 and −0.42, respectively.
The two dashed lines show the simple linear regression, although
the confidence interval remains limited due to the small num-
ber of events and unknown uncertainties of the CME speed and
the shock speed. Again, because of our small sample size the
tendency for western IVA events to have high CME and shock
speeds should be regarded as suggestive and not statistically
significant. A systematic comparison with the full population
of SEP events is required to reliably quantify any longitudinal
asymmetry, which is beyond the scope of this work. Regard-
ing the radial distance, there seems to be no obvious correlation
between distance and the speeds of the CMEs and shocks.

4. Discussion

The IVA signatures measured by PSP and Solar Orbiter suggest a
previously unrecognized characteristic of SEPs observed within
the inner heliosphere, particularly in the close perihelion regime
that PSP traverses. These events occurred in a largely unexplored
region with solar-wind and shock properties and a plasma envi-
ronment and magnetic field that have not been thoroughly inves-
tigated. The simultaneous presence of IVA at higher energies
and VD at lower energies marks the onset (arrival) of the second
population, i.e., the nose population. This population can occur
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in isolation–for example, “nose-only” events–or arrive after an
earlier population exhibiting standard VD signatures to form
“mixed” events. Utilizing the contour-line method, we identified
14 IVA events in the PSP data through the end of 2024.

4.1. Sensitivity of the instrument

Before addressing the physical mechanism that may give rise to
the IVA, we first discuss the instrumental effects on the observed
spectrogram pattern of the IVA SEP events arising from dif-
ferential detection efficiency. As discussed by Laitinen (2015),
the onset times at higher energies are later than those at lower
energies when the peak intensities are less than ten times the
background levels; hence, the resulting VDAs are affected by
the intensity ratio between the background and the event.

We consider the Labor Day event as an illustrative case. As
shown in Figures 1 and 2b, the energy spectrogram of LET dif-
fers from that of EPI-Lo, as manifested by the distinct inverted
energy edge, where LET observed the inverted trend earlier than
EPI-Lo. In addition, both the duration of the inverted energy
trend and the slope of the edge differ between the two instru-
ments. The underlying reason is that EPI-Lo has a higher inten-
sity threshold than EPI-Hi/LET and HET, as reflected in their
geometry factor values, which quantify the collection power of
the instrument. As noted in Section 2, the geometry factors of
LET and HET are approximately an order of magnitude larger
than the total geometry factor of EPI-Lo. Consequently, for the
same accumulation period, LET and HET can measure parti-
cle intensities nearly an order of magnitude lower than those
detectable by EPI-Lo.

Moreover, as SEP events progress, the EPI-Lo detection
efficiency at the higher energies may drop further due to the
increased instrumental dead time caused by a huge amount of
lower energy particles, hence worsening the discrepancy at dif-
ferent energy channels. The lower detection efficiency of EPI-
Lo primarily affects the shape of the energy spectrogram and
the apparent onset time at different energy channels rather than
the absolute intensity level. As a result, the observed nose
pattern at EPI-Lo represents only a portion of the complete
profile. This can also be an issue between different particle
instruments aboard different spacecraft such as PSP and Solar
Orbiter. One of our follow-up studies will investigate detailed
cross-comparisons to further test our hypothesis that differences
in detector efficiency can lead to variations in the observed nose
pattern.

4.2. Nose-only events versus mixed events

The three types of SEP event (i.e., normal VD, nose-only, and
mixed) that we introduced in Sect. 3.2 represent a new way of
looking at SEP events. Those with normal VDs correspond to
the typical fast-rising SEP events due to good magnetic recon-
nection during flare eruptions or acceleration at the CME-driven
shock when PSP is well connected to a region of strong accel-
eration efficiency; this is where most high-energy particles are
accelerated and escape into space via open magnetic-field lines.
In such events, the peak intensities are usually detected shortly
after the onset of the SEP event, and the energetic particles form-
ing the normal VD are the first observed population arriving at
the spacecraft.

In the nose-only and mixed SEP events, the energetic par-
ticles that form the IVA features are a result of more grad-
ual acceleration by CME-driven shocks to higher energies. The
acceleration time required by higher energy particles, the con-

nection time that the observer first magnetically connects to the
shock region where particles are accelerated and escape after
eruption, and the transport time of particles from the shock front
to the observer can account for the total delay in the arrival of
this population at the spacecraft (Chen et al. 2025).

The mixed SEP events consist of both groups of particles,
with the first population of particles having normal VDs and
the second population displaying both IVA and VD forming the
characteristic of the nose. The overall appearance of the mixed
event depends on the dominance of the two particle groups.
When the first particle population significantly exceeds the sec-
ond in intensity, the VD feature is more prominent than the nose
feature, and the converse also holds true. The nose-only and the
VD-only event are thus the two extreme ends of a continuum.
It is also possible that the first particle population was largely
missed in our current observations due to its lower intensity and
the limited sensitivity of the instruments. In theory, a sufficiently
sensitive telescope could measure a statistically significant num-
ber of lower intensity particles over a short interval, and in that
case it is reasonable to expect that all SEP events include first-
arriving particles with a VD signature.

There are possibly hints of this in some of the nose-only
events in our list. During the 2022 September 5 event, the onset
of the SEP event was at 16:42 UT according to LET (see the
second dashed line in Figure 1), whereas the onset of the event
reported by Cohen et al. (2024) at EPI-Lo is later than LET at
16:48 UT. Before that, the protons of even lower intensity had
already arrived at PSP and were observed by LET, as exhibited
by the scattered pixels in blue. One may mistakenly consider
these as background because of their limited statistics and lack of
observations in EPI-Lo, which has a higher intensity threshold.
However, compared to the pre-event background, the intensities
at those few megaelectronvolts energy channels are significantly
enhanced. Also, by examining the LET energy spectrum from
1 MeV to 10 MeV, we found that the power-law index between
the first two dashed lines in Figure 1, i.e., the eruption of the flare
at 16:10 UT and the start of the event at 16:42 UT, is approxi-
mately −2.3, which is significantly steeper than the index of −1.3
measured during the quiet time one hour earlier. Thereafter, the
spectrum further steepens to −3.8 at the start of the nose event
between 16:42 UT and 17:10 UT, a period before LET transi-
tioned into DT mode due to the elevated intensities.

Additionally, the delay time between the flare eruption and
the arrival of these earlier particles is reasonable. The radio
observations in the bottom panel of Figure 1(a) suggest that
the type-III radio burst starts around 16:10 UT, which is consis-
tent with the peak time of the HXR emission at Solar Orbiter
(Vievering et al. 2024) after considering the light travel time
and the release time of the proton measured at Solar Orbiter
(Kouloumvakos et al. 2025) as inferred from the velocity disper-
sion analysis. The arrival time of these few megaelectronvolts
particles at PSP is roughly estimated as being halfway between
the two dashed lines, i.e., about 16 minutes after the flare erup-
tion. This time delay is very close to the minimum required
time for a few megaelectronvolts protons to travel across 0.07 au,
which is less than ten minutes. The slight difference between the
two values is understandable considering the 60-degree longi-
tudinal separation between the estimated magnetic footpoint of
PSP and the flare region.

This slight enhancement of the few megaelectronvolts pro-
tons in the 2022 September 5 SEP event may be a small
portion of a population of generally field-aligned protons that
have moved across field lines to arrive at PSP. Previous
studies (Dresing et al. 2023; Xu et al. 2020; Khoo et al. 2024;
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Dresing et al. 2025) on the cause of widespread SEP events
have proposed several possible explanations such as perpendicu-
lar diffusion, multiple injections, or the irregular magnetic-field
lines. Although by which means the particles travel through the
extended space at the earlier phase of the 2022 September 5 SEP
event is still unclear, the PSP observations may provide insights
into how fast particles travel across field lines (unfortunately, this
is beyond the scope of this paper). Alternatively, these earlier
arriving protons are accelerated at the flank of the shock, a region
that is presumably weaker than the central part of the shock.
Their acceleration rate is limited by the seed-particle population
and the shock geometry, resulting in lower proton intensities and
lower energies than the later arriving protons.

The 2022 September 5 nose-only event is so far a unique SEP
event in which the IVA feature is observed by both EPI-Hi and
EPI-Lo with a sharp intensity onset. We have not found any sim-
ilar events with such a strong and clear indication of the inverse
feature. The closest contender in our current survey is the 2024
September 29 event (Wilson et al. 2025), whose spectrogram is
given in Figure 3. The most distinct characteristic of these two
events compared to other SEP events is their close distance to
the Sun and therefore to the particle acceleration site. Both of
them occurred during a close perihelion at around 0.07 au (15.45
versus 17.07 Rs). Although both of them have nose features,
their nose energies are very different. The nose energy of the
Labor Day event is around a few megaelectronvolts, while the
SEP event on 2024 September 29 has a very low nose energy
below 0.5 MeV, and it is only visible by EPI-Lo. Furthermore,
the accompanying CME-driven shock of the 2024 September 29
SEP event is not as strong as that of the Labor Day event.

It has long been argued that SEP events are caused by dif-
ferent mechanisms such as reconnection or shock acceleration
and are from distinct sources, i.e., flares or CME-driven shock
(Krucker et al. 1999; Reames 2013; Desai & Giacalone 2016).
Many studies have discussed their roles in shaping SEP events
from different perspectives. For instance, Xu et al. (2024b) pre-
sented a SEP event case in which observers at different longitu-
dinal locations saw particles from different sources, as reflected
in the observed compositional differences. However, during any
large SEP event, the contributions from different sources may
still be unclear, since they often both occur and can accelerate
particles to higher energies. Therefore, examination of compo-
sitional differences between two populations may be revealing,
though we have to admit that it might be challenging to do this
due to the limited statistics of heavy ions.

4.3. Event context

According to the prediction of the time-dependent accelera-
tion scenario, the shape of the nose can be explained by the
balance between the particle’s acceleration time and its travel
time, particularly when the former is not negligible relative to
the latter. The energy of the first-arriving particles is related to
the acceleration efficiency of the shock, which is affected not
only by the shock strength but also by the level of the tur-
bulence upstream, which varies significantly from one event
to another. At the present stage, determining the exact value
of the nose energy remains subject to large uncertainties, in
particular for the mixed events. Moreover, the nose energy is
event-dependent, since each SEP event occurs under different
physical conditions. Despite that, statistical results indicate that
most IVA SEP events have characteristic nose energies between
0.5 MeV and 5 MeV.

Apart from the Labor Day event, all other medium-energy
IVA SEP events were observed when PSP was at a distance
beyond 0.3 au, according to our survey results. A larger distance
between the observer and the shock results in a longer particle
travel time, and thus, in order to maintain a balance between the
acceleration and transport time scales, the efficiency of the shock
acceleration for higher energy particles must be substantially
reduced compared to similar events observed when the shock is
much closer to the spacecraft. As this may be difficult to achieve,
an alternative explanation related to the observer’s evolving
magnetic connection to the shock and the shock’s nonuniformity
in acceleration efficiency should be considered. As described in
Ding et al. (2025), when the magnetic connection between the
spacecraft and the shock progresses from a region of low accel-
eration efficiency to one of higher efficiency, a nose feature may
be created. This effect is a less plausible explanation for near-
Sun nose events, such as the Labor Day event, as the evolution
in connection would likely be minimal for shocks very close to
the spacecraft. Investigating the relative importance of these two
scenarios requires study and careful modeling of the shock and
spacecraft observations in many more events.

Another intriguing feature is the separation between the
PSP’s magnetic footpoint and the flare location. Though sev-
eral cases indicate a large longitudinal separation on both the
west and east sides, the average values of the full IVA event list
and those with local shocks only are −8 and 17 degrees, respec-
tively. Both distributions exhibit relatively large standard devi-
ation of ∼60 degrees, indicating a broad spread in longitudinal
separation. Given the current small and heterogeneous sample,
it is difficult to draw a firm conclusion about the preferred loca-
tions of the associated flare and CMEs, though we believe the
magnetic connectivity should play a key role in the generation
of the IVA feature. The observed distributions suggest that an
IVA event may appear at either side of the flare’s longitude, with
a possible preference toward the eastern side, as the blue his-
togram in panel (B) indicates. This trend appears to contradict
the finding from Solar Orbiter (Allen et al. 2026), where a clear
tendency for IVA events observed by Solar Orbiter was reported
to occur when the spacecraft’s magnetic footpoint was on the
western side of the associated flare location. The reason behind
this contradiction is still being investigated, but the hypothesis
could be that Solar Orbiter IVA events occur due to nonuniform
shock-acceleration efficiency across the shock front (Ding et al.
2025).

IVA is manifested as a change in the acceleration efficiency
of the shock from the beginning phase to the later phase of accel-
eration in which it is capable of accelerating high-energy parti-
cles after an extended acceleration time (Li et al. 2003). There-
fore, the acceleration regions to which the observer is initially
connected cannot be the very high-compression regions that
could more easily accelerate particles to very high energies in
a short time. In other words, the IVA signatures are indicative of
a less efficient acceleration process early in the event, but also
one that increases as the event evolves compared to the most
energetic SEP events. However, we need to keep in mind that
the later high-energy particles could also be due to continued
acceleration in which the acceleration region in a nonuniform
shock front evolves from a less efficient acceleration region to
a better one (Ding et al. 2025). Such a change might be in any
shock property – for example, compression ratio, Mach num-
ber, and shock geometry, all of which can affect the acceleration
rate over time and change as the CME and shock expands (e.g.,
Kouloumvakos et al. 2023).
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4.4. Possibility of IVA being an ESP event near the Sun

Within the overall framework of IVA event generation due to
the time-dependent shock acceleration, the IVA feature may be
detectable when the observer is in close proximity of any given
shock. In this sense, although this has not been examined sys-
tematically, IVA events may share similarities with ESP events,
which arise from particles accelerated locally at or shortly
before shock arrival. Observations of ESP events have shown
an inverted edge in the energy spectrum with the approach of
the CME and shock (e.g., Lario et al. 2019). Though the exact
mechanisms that produce IVA-like signatures are still not well
established, the similarity of inverted spectrograms may imply
a common process associated with the shock en route to the
observer. In addition, for some IVA events, the particle accel-
eration may occur at distances quite close to the spacecraft. For
instance, during the Labor Day event, the shock reached PSP
about half an hour after the energetic particle onset. The IVA
pattern of the 2023 March 13 event was only two hours before
the shock arrival, but the differences are also obvious. During
an ESP event, the normal VD at lower energies is generally not
present, and the profiles are manifested as an overall intensity
enhancement across an extended energy range. The other dis-
tinction between them is the relative location of the observers
with respect to the particle acceleration region. Traditional ESP
events are considered as the result of local acceleration, and par-
ticles are observed almost simultaneously with minimal trans-
port effects, while the particle-propagation time associated with
IVA events is non-negligible. In addition, the ages of the CMEs
in ESP and IVA events, and possibly the seed populations, are
also likely different. How those factors impact the two kinds of
events and whether or not the ESP events reflect the same mech-
anism as IVA events is worth further investigation.

5. Summary

We introduce a more systematic framework to identify and ana-
lyze the IVA feature using the contour-line method. After having
examined past observations from PSP between 2018 and the end
of 2024, we report a total of 14 IVA SEP events.

We propose a two-population scenario to understand the SEP
events. The first population consists of the normal VD parti-
cles, and the second population has both VD and IVA, creating
a nose feature. The IVA pattern is associated with the CME-
driven shock due to its time-dependent acceleration nature and
is dependent on the shock properties. In any given event the rela-
tive strength of those two populations can yield a VD-only, nose-
only, or mixed event. By identifying the two populations, we
may be able to provide a new methodology for separating the
contribution of the different accelerators and determine which
part or which factor is most dominant for each population.

Using this framework we categorized SEP events observed
by PSP into three types: VD, nose-only, and mixed. We exam-
ined events that had a clear nose population (either as a nose-
only or mixed event) and identified 14 events. For these we
found that the averaged longitudinal separation (Dlon) between
the magnetic footpoint of PSP and the flare location is between
−8◦ and 17◦, but with very broad distributions (e.g., standard
deviations of ∼60 deg). The mean θBn and velocity of the CME-
driven shocks when they pass the spacecraft are around 48◦ and
1035 km/s, respectively. The shock and the CME speed exhibit a
weak correlation with the Dlon; however, without further study,
it is not clear if this feature is particular to IVA events. No pre-
ferred occurrence distance in the heliosphere can be identified

based on our current observations. Regarding the nose energy,
which is the energy of the first arriving particles of the nose pop-
ulation, we found that most of the IVA events have a medium
nose energy between 0.5 and 5 MeV.

Looked at as an ESP event, the IVA events are associ-
ated with shock acceleration occurring at various locations. IVA
events have been observed and reported by multiple missions and
observers, including PSP, Solar Orbiter, and BepiColombo. The
better energy resolution and coverage of the new particle tele-
scopes and the novel way of visualizing the particle profiles using
dynamic spectrograms enabled the discovery of this inverse fea-
ture. In the future, a promising research avenue is the exploration
of the enormous historical dataset from multiple instruments at
1 au (such as STEREO) to determine whether similar phenom-
ena are present. Regardless of whether similar events are identi-
fied, such an investigation would provide valuable insights into
the characteristics of IVA events and their relationship to local
shock acceleration and ESP events. Instrumental discrepancies,
of course, must also be carefully considered.
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