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ABSTRACT 

The particle acceleration and transport process during solar eruptions is a critical and long-standing 
problem in space plasma physics. Through decades of research, it is well accepted that particles with higher 
energies released during a solar eruption arrive at observers earlier than the particles with lower energies, 
forming a well-known structure in the dynamic energy spectrum called particle velocity dispersion, as 
frequently observed by space missions. However, this picture is challenged by new observations from 

NASA’s Parker Solar Probe and ESA’s Solar Orbiter that show an unexpected inverse velocity dispersion 
(IVD) phenomenon, where particles with higher energies arrive later at the observer. Facing this challenge, 
here we report the recent observations of such IVD structures with 10 solar energetic proton events 
observed by Solar Orbiter, and then analyze the mechanisms causing this unusual phenomenon. We suggest 
that shock diffusive acceleration, with respect to magnetic reconnection, is probably a dominant mechanism 

to accelerate protons to tens of mega-electron-volts in such events where particles need longer time to reach 
higher energies. Furthermore, we determine, innovatively, the physical conditions and time scales during the 
actual shock acceleration process that cannot be observed directly. 

Keywords: solar energetic particle, coronal mass ejection shock, particle acceleration, magnetic 
connectivity 
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In particular, the unprecedented resolution of ener- 
getic particle observations has opened a new win- 
dow looking into the fine structures of SEP events 
and dynamics [7 ,11 –13 ]. As solar activity has been 
rising as the Sun enters the solar maximum of cy- 
cle 25, SolO has observed an increasing number 
of events, some of which defy our previous under- 
standing of VD. During these unusual events we ob- 
serve the known VD feature for particles below an 
event-specific energy, but particles at higher ener- 
gies appear to arrive later with increasing energy. 
This behaviour has been referred as ‘inverse veloc- 
ity dispersion’ (IVD) based on a single case ob- 
served by the Parker Solar Probe (PSP) when it was 
very close to the Sun (at around 0.07 au; [14 ,15 ]). 
Up to the end of 2024, SolO had observed at least 
10 such events for distances from the Sun between 
0.49 and 0.95 au, and for a wide range of relative 
longitudinal separations between the solar source 
and SolO. 

©The Author(s) 2025. Published
Commons Attribution License (h
work is properly cited. 
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NTRODUCTION 

olar energetic particles (SEPs) are accelerated by
ares and/or shocks driven by coronal mass ejec-
ions (CMEs) [1 ,2 ]. SEPs constitute an important
adiation hazard for robotic and crewed space mis-
ions and having an understanding of them is of
apital importance to ensure the success of future
pace explorations [3 ]. Previous observations often
howed that more energetic (and therefore faster)
articles arrived earlier than less energetic particles
uring solar eruptions [4 –6 ]. This supports the idea
hat the acceleration time scale is relatively short so
hat the accelerated particles are released at approx-
mately the same time irrespective of their energy
nd propagate along similar trajectories. This phe-
omenon is called particle velocity dispersion (VD;
ee, e.g. [7 –9 ]). 
Since the launch of Solar Orbiter (SolO) in 2020

10 ], a detailed dataset of remote and in situ ob-

ervations of solar eruptions have been collected. 
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In this paper we present the 10 events observed
o far and analyse three especially clear examples in
ore detail. We find that the IVD features can be
ell interpreted by the diffusive shock acceleration
DSA) mechanism through which particles need a
onger time to obtain higher energies before being
eleased from the acceleration site. This finding sug-
ests that DSA is probably a dominant mechanism in
uch events, with respect to magnetic reconnection,
o accelerate protons to tens of mega-electron-
olts that could be potentially radiation damaging
o instruments and humans in space under thin
hielding. We further determine, innovatively, the
hysical conditions and time scales during the actual
cceleration process of these particles at the shock
hat cannot be observed directly. 

ESULTS 

ince early 2022 to mid-2024, SolO has observed
any SEP events, among which we select those with
VD features using the following criteria. 

1. The event must have a clean background, unaf-
fected by the preceding events at the main en-
ergy range covered by SolO’s energetic particle
detector (EPD; [16 ,17 ]). 

2. The proton increase must show clear VD and
IVD parts, with a transition of the two structures
from low to high energies. 

3. SolO must be in front of the solar disk as seen
from Earth so that Earth-based remote-sensing
observations can be useful (see the Dataset sec-
tion within the online supplementary material).

4. White-light coronagraphs onboard the Solar-
Terrestrial Relations Observatory Ahead
(STEREO A; [18 ]) and the Solar and He-
liospheric Observatory (SOHO; [19 ]) should
observe the CME simultaneously so that the
original direction and speed of the CME can
be derived (see the Dataset section within the
online supplementary material). 

A total of 10 IVD events were selected based on
he first two criteria, with only three events satisfy-
ng all four conditions and being analysed in detail.
e first present a detailed analysis of the 9 Novem-
er 2023 event because it had the clearest association
f flare, CME and SEPs. Together with another two
vents (24 December 2023 and 31 December 2023),
he results are summarized in Table 1 . Further infor-
ation for all 10 IVD events is given in Table 2 and
he online supplementary material. 
Page 2 of 14
Overview of the 9 November 2023 event 
Using solar observations (see the Dataset sec- 
tion within the online supplementary material), the 
9 November 2023 SEP event could be associated 
with two C-class flares (C1.3 observed between 
10:41 and 11:07 UT from AR 13481 located at 
N24W15 and C2.6 observed between 10:53 and 
11:37 UT from AR13 48 0 located at S10W04) 
accompanied by a wide halo CME as seen from 

Earth (Fig. 1 a). The extreme ultraviolet (EUV) 
observation of the Sun (in 193 Å) shows the two 
flares and their enlarged images (in 131 Å). The 
CME shock can be clearly seen in the running 
difference image of the white-light coronagraph. 
A movie of this time period showing the flare 
and CME eruption can be found at https://cdaw.
gsfc.nasa.gov/movie/make_javamovie.php?date=
20231109&img1=sdo_a193&img2=lasc2rdf , which 
indicates that there may be a prior CME heading 
north that interacted with the halo CME, with the 
latter most likely related to the C2.6 flare located 
in the southern hemisphere. The speed of the 
halo CME-driven shock is derived to be 870 km/s 
based on quasi-graduated cylindrical shell (GCS; 
[20 ]) fits when the shock was clearly shown in the
coronagraph. 

The CME speed and flare classes were not among 
the highest on record; nevertheless, clear solar ra- 
dio bursts were observed that are associated with 
the shock propagation and particle release process. 
Type-III emission was observed at the beginning of 
the flare eruption and a slow drift of the type-II ra-
dio burst started from ∼1 MHz to 20 kHz (see the
online supplementary material). 

Figure 1 b shows the position of SolO [21 ], which
was at a solar distance of 0.66 au, and other space-
crafts in the solar ecliptic plane during the event. The 
coloured Parker spiral lines approximating the direc- 
tion of the interplanetary magnetic field (IMF) from 

the Sun to different observers are plotted based on 
the measured solar wind speed (which was about 
430 km/s at SolO around the SEP onset time; 680 
and 700 km/s at Earth and STEREO A, respec- 
tively). The arrow shows the longitude of the C2.6 
flare that approximates the associated CME eruption 
and its propagation direction. The dashed line rep- 
resents the best magnetic connectivity to the flare 
based on Earth-observed solar wind speed. 

Figure 1 c shows combined in situ measurements 
at SolO, including energetic particles, solar wind 
plasma and the IMF. The first panel presents the 
intensity-time profile for protons at different energy 
bins. The second panel shows the dynamic spectrum 

of proton flux covering a continuous energy range 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf348#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf348#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf348#supplementary-data
https://cdaw.gsfc.nasa.gov/movie/make_javamovie.php?date=20231109{&}img1=sdo_a193{&}img2=lasc2rdf
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Table 1. Observations and analysis results of three different SEP events with clear IVDA features and their associated solar 
eruptions. 

Event dates 

9 November 2023 24 December 2023 31 December 2023 

Observation 
Distance of SolO 0.66 au 0.94 au 0.95 au 
Flare location W04, S10 W29, S19 W89,N09
Flare class C2.6 M2.6 C2.8
�φ 21 7.2 -46.4 
Flare start and end times (UT) 10:45–11:29 16:29–16:48 11:47–12:17
Flare peak time (UT) 11:05 16:41 11:59 
CME eruption time a (UT) 11:40 15:40 9:52 
CME starting speed 870 ± 87 km/s 740 ± 74 km/s 830 ± 83 km/s 
Time of type-II radio burst (UT) 11:05–14:16 14:51–17:28 10:47–12:04
E0 (first arrival energy) 3 MeV 1-4 MeV 2 MeV
SEP onset 13:32 23:09 15:15 
Em (maximum energy observed by SolO) 50 MeV 12 MeV —b 

VSW c 350 ± 70 km/s 300 ± 60 km/s 400 ± 80 km/s 
γV D (spectral index of the VD particles) −2.14 −1.94 −0.61 
γIV D (spectral index of the IVD particles) −3.41 −3 −3.66 

VD and IVD analyses 
t0 (UT; derived from VDA) 11:39 ± 7 min 13:44 - 16:35 12:04 ± 6 min 
Path length (derived from VDA) 0 . 89 ± 0 . 21 au 1 . 61 ± 0 . 45 au 1 . 33 ± 0 . 17 au 
Parker spiral length 0.72 au 1.04 au 1.09 au 
Releasing radial distanced 0.05–0.16 au 0.14–0.38 au 0.07–0.2 au 
Slope of E′ vs. trelease (E′ ) 9.25 MeV/h 2.88 MeV/h 0.69 MeV/h 

Shock parameters 
uu (shock upstream speed) −542 km/s −440 km/s −430 km/s
Derived ud (shock downstream speed) −358 km/s −275 km/s −291 km/s 
r (shock compression ratio) 1.5 1.6 1.5 
θ (shock normal angle) 20 25 —
λ0 at trelease derived from IVDA 1 . 2 × 10−4 au 4 . 5 × 10−4 au 2 . 5 × 10−4 au 
In situ upstream λe ‖ (0 . 8–2) × 10−2 au (2–6) × 10−3 au —
The derived radial dependence of D1 . 6 D0 . 8 —
λ‖ on solar distance D 

a First appearance in C2. The times for the flares and CMEs are the observation times minus the time for the light to travel from the Sun to SolO. b The second 
SEP event captured by SolO contaminated the IVD structure of the current event. c In situ solar wind speed averaged over 10 h before the shock arrival. d The 
modelled distance of the shock upon the derived IVD particles’ release time. e The parallel mean free path derived from the e-folding time method. 

Table 2. Summary of 10 SEP events with IVD features. The SEP observations by SolO and spacecraft connectivities for each 
event can be found in the online supplementary material. 

Start date R Sun-SolO Onset E Max. E Onset IVD δSolO-source δfootpoint-source 

No. (yyyy-mm-dd) (au) (MeV) (MeV) (UT) duration (h) (deg) (deg)

1 2023-11-09 0.66 3 10 13:32 4 −16 21 
2 2023-12-24 0.94 1–4 12 23:09 12 −42 10 
3 2023-12-31 0.95 2 15:15 8 −102 52 
4 2022-03-10 0.46 7 70 21:00 1 −67 −31 
5 2022-06-07 0.96 0.7 20 13:00 12 −13 52 
6 2022-06-26 1.01 1 10 10:30 15 13 82 
7 2022-07-23 0.99 2–10 50 22:30 8 −24 44 
8 2023-01-20 a 0.95 0.6 7 23:30 13 −34 24 
9 2023-08-07 0.88 3 60 8 83 133 
10 2024-03-23 0.39 20 01:30 4 23 42 
a 
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Contaminated by a subsequent event before it ends. 
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Natl Sci Rev, 2025, Vol. 12, nwaf348

(M
eV
)

(
(

(

(

(
(

(
(

(
(

(

(

(

(

Figure 1. Overview of the solar eruption on 9 November 2023 and in situ observations of the SEP event and interplanetary environment. The right image 
of (a) shows the EUV (131 Å) observation of the Sun and white-light coronagraph observation of the CMEs from Earth’s view. The left image of (a) shows 
an enlarged view of the two candidate source regions (flares). Panel (b) shows the flare direction, positions and magnetic connectivity of SolO and other 
spacecrafts in the solar ecliptic plane. Panel (c) shows the in situ measurements at SolO including, from top to bottom, the energetic proton flux for 
six different energy bins (shown in the legend), energetic proton dynamic spectrum across the whole energy range from ∼50 keV to 105 MeV, solar 
wind bulk speed, proton density, proton temperature, magnetic field magnitude and the magnetic field vector components in Radial–Tangential–Normal 
(RTN) coordinates. The red dotted line marks the peak of the flare shown by the SolO hard X-ray observations (see also the online supplementary 
material and Table 1 ); the red solid line indicates the shock arrival at SolO; the grey-shaded area marks the duration of the CME that drove the shock. 
All particle measurements were obtained from EPD’s sunward-looking telescopes. 
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rom ∼50 keV up to 105 MeV. The SEP event starts
t 13:32 UT on 9 November 2023, which is the on-
et time of the first arrival energy, indicated by the red
rrow at around 3 MeV. This plot shows a clear IVD
omponent at energies above a few mega-electron-
olts in addition to the normal VD part at lower ener-
ies. A more detailed analysis of SEP transport based
n the two components is shown in Fig. 2 and dis-
ussed later. 
Figure 1 c shows that at the onset of the SEP event,
ost plasma and magnetic conditions were in a rel-
tively quiet state. About two days later, the in situ
lasma information provides the signature of a shock
rrival, as indicated by the red solid line. Consider-
ng the timing and speed of the shock, as also sup-
orted by the EUHFORIA simulation (available in
he online supplementary material), this should have
Page 4 of 14
been the shock associated with the SEP event. Upon 
the shock arrival, energetic storm particles (ESPs), 
which are trapped near the shock by self-generated 
waves [22 ], were also seen in energy channels below 

a few mega-electron-volts. In the sheath and within 
the CME, fine structures of the SEP flux are nicely 
seen that may be related to rapid changes of magnetic 
structures in the solar wind [7 ]. 

SEP release time and path length 

Figure 2 i l lustrates the typical analysis performed to 
obtain the release time and path length derived from 

the velocity dispersion analysis (VDA; [23 ]) of pro- 
tons under ∼2 MeV as well as the release time of IVD
particles with different energies above ∼7 MeV. VD 

and IVD analyses follow the methods described in 
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Figure 2. (a) Dynamic spectra of the early phase of the 9 November 2023 event. (b) The release time and path length derived 
from the VDA of protons below ∼2 MeV and from the IVD release time analysis of protons above ∼7 MeV. (c) The 3-h- 
integrated proton energy spectra starting from the onset of each energy range (between the two sets of markers in (a)). In 
(a), the onset times for VD particles are marked with blue circles, while the onset times for IVD particles are indicated with 
orange triangles (see the Methods section below for onset time determination). The big green arrow indicates the first arrival 
energy within the transition range between the VD and IVD energies, marked with green triangles. The onset time is used 
in panel (b) to derive the release time and path length of energetic protons shown in the legend (see Equations ( 7 ) and ( 8 ) in 
the Methods section). The theory-fitted release time based on DSA theory is plotted as the dotted line. The timings of the 
C2.6 flare hard X-ray ( ∼10 keV) are marked with horizontal dashed lines; type-II and type-III radio bursts shifted to the solar 
surface (subtracting 8.33 min, accounting for the time that photons need to reach Earth) are shown as pink and green bands, 
respectively. In (c), the power-law fitting obtained for the low- and high-energy parts is marked by the black lines. 
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he Methods section below. The dynamic spectrum
n panel (a) shows a triangular structure with low-
nergy VD component and high-energy IVD part for
he 9 November 2023 event. The transition energy
s around 3 MeV (marked by the green triangles be-
ween 2 and 7 MeV), i.e. these are the particles ar-
iving earliest at SolO and have very low counting
Page 5 of 14
statistics. Besides, it is not clear which component 
(VD or IVD) they belong to. For this reason, we have
ruled out particles in this energy range in the follow-
ing study. 

The VDA results are shown in Fig. 2 b as the blue
points and the linear fit, with the release time t0 
derived as 11:39 ±7 UT, which is broadly consistent 
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ith the hard X-ray (HXR) peak time and the start of
ype-II radio emission (both were 11:05 UT). This
ndicates that these particles are possibly accelerated
uring the flare reconnection process and/or the
nitial phase of the shock when it was sti l l in the low
orona. Notably, the VDA-derived path length is
onger than the corresponding Parker spiral length
also for the other two events shown in the online
upplementary material and Table 1 ). This supports
he view that energetic particles may experience
ransport effects such as scattering or cross-field
ropagation[22 ,24 ] and also that the Parker spiral
pproximation is an over-simplified situation that
as been challenged by recent studies [4 ,25 ]. 
The IVD structure indicates that these particles

ere not released at the same time and that particles
ith higher energies were released later, a scenario
ore likely related to shock acceleration rather than
are acceleration processes (with further explana-
ions provided in the Discussion section below). We
erive their energy-dependent release time, starting
rom an initial guess that they followed the same path
ength as the VD particles. This path length is further
terated, taking into account the shock propagating
way from the Sun, thus reducing the particle paths
o the observer (see the Methods section below
nd Equation ( 8 ) therein for further details). The
erived release time trelease (E′ ) for each energy E′ 

s marked in Fig. 2 b with orange circles that clearly
how that higher-energy protons (to the left of the x
xis) are released later than lower-energy ones. 
If VD and IVD particles do come from different

ources and different acceleration processes, their
nergy spectra may be different. In order to resolve
he energy spectrum most similar to that upon the
elease, we use particle flux during the initial three
ours following the onset of each energy range fea-
uring particles that experienced the least scattering
26 ]. We then deduce the energy spectra of VD and
VD particles, respectively, and find that they show
ifferent power-law indices (Fig. 2 c). For reference,
wo black lines are shown with power-law indices of
.14 and 3.41 for low-energy VD and high-energy
VD parts, respectively. 
SEP spectra often show double power-law fea-

ures, but their origin is sti l l under debate, possibly
ue to the transport effect [27 ,28 ] or as a direct con-
equence of the time-dependent shock acceleration
rocess, which can reflect properties of the shock ge-
metry [29 –31 ]. We suggest that, in this event, the
ouble power-law feature indicates that there may
e two different acceleration phases, e.g. DSA for
he high-energy part, as discussed in detail later, and
are reconnection or early-stage-shock acceleration
or the low-energy part, consistent with the results
ndicated by the release time analysis in Fig. 2 b. 
Page 6 of 14
DISCUSSION 

Interplanetary shocks are the main source of high- 
energy protons in the inner heliosphere causing the 
commonly known gradual SEP events [1 ]. Assum- 
ing that the IVD particles are mainly accelerated at 
the shock while it propagates outwards, we interpret 
the origin of the IVD feature by exploring two dif- 
ferent scenarios (which may also be co-responsibly 
contributing agents). 

Acceleration time evolution during 

diffusive shock acceleration 

Among various particle acceleration mechanisms in 
the heliosphere, DSA is one of the most common 
and important mechanisms [32 ,33 ], especially for 
parallel and quasi-parallel shocks. DSA can be ex- 
plained through the Fermi acceleration process, dur- 
ing which particles could cross the shock multiple 
times by elastically scattering off magnetic irregular- 
ities that converge at the shock. Particles gain a small 
amount of energy in each traverse of the shock front. 
Strong turbulent magnetic fields help the shock to 
trap particles, which can be continuously acceler- 
ated, while the final energy of the escaping particle 
is determined by its initial energy and the duration 
time of the acceleration as well as the shock prop- 
erties [32 ]. Bell [34 ] and Drury [33 ] developed an
individual particle approach to compute the energy 
(or momentum) gain of a particle from one cross- 
ing through the shock, and Jones [35 ] proposed a 
simpler way to obtain this value, just combining the 
equation for the conservation of particles, 

∂ 

∂x 
( jx ) + ∂ 

∂ p 
( jp ) = 0 , (1) 

where jx and jp are the fluxes of particles along 
the x (shock normal direction) and p (particle 
momentum) axes, respectively, with the diffusion- 
convection equation [36 ] 

∂ 

∂x 

[
u f (x, p) − κ

∂ f (x, p) 
∂x 

]

= 1 
3 

(
∂u 
∂x 

)
∂ 

∂ p 
[ p f (x, p)] , (2) 

which leads to the final average momentum of a par- 
ticle with initial momentum p0 after crossing the 
shock N times: 

〈 p〉 (N) =
N ∏ 

i =1 

[
1 + 2 

3 
(uu − ud ) / vi 

]
p0 , (3) 
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ith uu ( ud ) the upstream (downstream) flow speed
n the shock frame and vi the particle speed. 
Based on the magnetic field data across the shock

ront when it arrived at SolO (see the solid verti-
al line in Fig. 1 c) on 9 November 2023, we show
hat the angle between the shock normal and up-
tream magnetic field θBn is about 20◦, i.e. the shock
ualifies as a quasi-parallel shock, indicating that
SA may likely have been the main acceleration
echanism during this long-lasting SEP event, if the
hock direction did not evolve significantly over the
istance. 
There is no easy way to directly resolve the shock

roperties for accelerating first-arriving IVD parti-
les when the shock was closer to the Sun. Here
e use the accelerated IVD particle spectral index
Fig. 2 c) to derive the downstream speed when it was
ccelerating the IVD particles based on the method
erived by Bell [34 ] and Jones [35 ]. In detail, they
onsidered the probability of particles crossing the
hock N times and used this to derive the particle dis-
ribution and spectrum. Assuming an isotropic par-
icle distribution in the local plasma flow frame, one
an calculate the probability that a particle, having
nce crossed the shock in the configuration space,
i l l return. Additionally, the probability that a par-
icle returns at least N/2 times can be determined,
hich is equivalent to the probability of the particle
rossing the shock at least N times. 
The density function can be given by the partial

ifferentiation of the probability function with re-
pect to the momentum: 

f (p) =
(
n0 
p0 

)(
3 r 

r − 1 

)(
p 
p0 

)−σ

. (4)

ere p0 and p are the initial and final momentums of
he particle (same as defined before), r ≡ ρd /ρu =
u /ud is the compression ratio of the shock, σ ≡
r + 2) / (r − 1) and n0 is the upstream number
ensity. Equation ( 4 ) presents the well-known form
f the accelerated particle energy spectrum, exhibit-
ng a power-law behaviour of dJ/dE ∝ E−σ/ 2 =
−� . Here, the compression ratio r is constrained to
 < r < (γG + 1) / (γG − 1) for a non-relativistic
onoatomic gas, where γG = 5 / 3 . Consequently,
he upper limit of r is 4 so that the energy spectral
ndex −� should be larger than 1. 
Based on the derived particle spectral index −�

nd the measured upstream flow speed uu (in the
hock frame), we can determine the compression ra-
io r, and, subsequently, the downstream flow speed
an be given as 

ud = (2� − 1) uu 
2 + 2�

. (5)
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Applying the method to the 9 November 2023 
event, the in situ measured upstream flow speed is 
uu = −542 km/s (perpendicular to the shock sur- 
face and in the shock frame) upon the shock arrival.
The spectral index of the IVD onset particles is 3.41,
which corresponds to a shock compression ratio of 
r = 1 . 5 in DSA theory. We then derive the down-
stream flow speed ud = −358 km/s when the shock 
was close to the Sun. In the above calculation, we
have assumed that the shock properties and the seed 
particle spectra do not change over the distance from 

about 0.05 to 0.14 au. Future investigations can con- 
sider the evolution of shock properties and the seed 
particles so that the IVD spectrum actually combines 
injection sources at different times. 

Two additional events on 24 December 2023 
and 31 December 2023 also have clear IVD fea- 
tures with sufficient remote-sensing data support. 
We also studied them, with the results shown in 
Table 1 . 

The number of times a particle needs to traverse 
the shock front, N, to accelerate from its initial mo-
mentum p0 to a specified momentum p is obtained 
via Equation ( 3 ). It also shows that the difference be-
tween the upstream and downstream shock speeds, 
defined as � u = | uu − ud | , can influence the energy
gain: larger � u would result in more efficient acceler-
ation. Figure 3 a shows the required number of cross-
ings for protons reaching different energies with the 
� u derived from the 9 November 2023 event and an-
other two selected events. For each event, lines that 
transition from darker to lighter colours represent an 
increase in the initial p0 . 

A more quantified acceleration time scale can 
be obtained by transiting from a single-particle ap- 
proach to a macroscopic perspective. Drury [33 ] first 
derived the mean acceleration time from the steady, 
time-dependent solution of the transport equation, 
under the condition that a mono-energetic source of 
particles Q δ(p − p0 ) is available at t = 0 , and the
distribution of accelerated particles is f (t, x, p) =
0 at t = 0 . The expression for the mean acceleration
time is derived as 

τa = 3 
uu − ud 

∫ p 

pinj 
κrr 

(
1 
uu 

+ 1 
ud 

)
dp′ 

p′ , (6) 

where pinj is the initial momentum of the source 
particles, and κrr is the effective diffusion coefficient 
along the shock normal in both upstream and down- 
stream regions [37 ] related to the radial mean free
path λrr , given by 

κrr = v 

3 
λrr = v 

3 
λ0 

(
R 

R0 

)1 / 3 

, 
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Figure 3. (a) Shock crossing times versus the final proton energy derived from different events with different shock properties 
(shown as different �u in the legend). For each event, four lines transitioning from darker to lighter represent an increase in 
the initial kinetic energy: 10 −3 , 10 −2 , 10 −1 and 1 MeV. (b) Acceleration time matrix for the 9 November 2023 event. Colour 
scale represents the acceleration time τa required to accelerate a particle from an initial energy ( x axis) to a final energy ( y
axis), with Equation ( 6 ) using λ0 = 1 . 2 × 10−4 au. The matrices for other events and other λ0 values have similar structures 
and are not shown here. (c) The acceleration time τa versus the final proton energy for three different events. Each coloured 
band corresponds to the possible solutions of τa with λ0 ranging from 10−5 to 10−3 au. The markers with error bars are 
results derived from the observations based on IVD analysis. (d) The upper two lines are the parallel mean free path λ‖ 
derived from the ESP flux when the shock arrived at SolO for the 9 November 2023 and 24 December 2023 events (while 
the 31 December 2023 event had a contamination by a following SEP event). The lower dashed lines are the λr,release at the 
acceleration source region derived from the upper ones considering the radial gradient of λ‖ . The value of λ‖ obtained from 

fitting the observations in panel (c) is plotted (above ∼7 MeV as dots) as a reference. See the text for further details. 
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here v is the particle speed, R is the particle rigid-
ty and λ0 is a reference mean free path at R0 ≡ 1 GV.
ere λ0 indicates the ability of the shock to confine
articles: smaller values of λ0 lead to better confine-
ent and a more efficient acceleration of particles.
he rigidity dependence ( R1 / 3 ) follows the deriva-
ion by Jokipii et al. [24 ]. However, we acknowledge
hat the spectral index of amplified turbulence near
hocks can deviate from the Kolmogorov value [38 ],
esulting in different rigidity dependencies of the dif-
usion coefficient. In reality, λrr should be different
cross the shock [33 ,39 ]; the effective κrr here rep-
esents the value in the upstream region where the
cattering time is much longer. 
Figure 3 b shows the acceleration time matrix for

he 9 November 2023 event based on the above the-
ry (using the best fit λ0 derived in panel (c)). The
esult is consistent with that shown in Fig. 3 a. As in-
Page 8 of 14
dicated by the colour gradient, the required accel- 
eration time does not vary significantly with initial 
energy, but increases substantially with final energy. 
That is, protons with higher energies need more time 
to be accelerated. 

Figure 3 c shows the acceleration time, taking into 
account the actual event spectra. Specifically, we 
consider seed particles without a single energy, but 
rather with a distribution similar to the VD particle 
spectrum (blue dots in Fig. 2 c), which are acceler- 
ated to have the final spectrum of the IVD particles 
(orange dots). Here we have assumed that the spec- 
tra of the first-arriving particles may represent the 
spectra close to the acceleration site, as they expe- 
rienced the least scattering. In fact, the seed particle 
energy is not important for the results, while the fi- 
nal energy is more critical (Fig. 3 b). Moreover, trans- 
port effects such as adiabatic cooling could modify 
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he particle spectra. But, the effect is only significant
or low-energy particles below about 10 MeV [28 ],
hile the IVD particle spectrum is mostly above this
nergy range. Meanwhile, the acceleration time also
epends on λ0 , as shown by the range of the coloured
and. General ly, a smal ler mean free path results in
 shorter acceleration time for a given final energy,
mplying that shocks that better confine particles can
etter accelerate them. 
Type-II radio bursts are signals of shock parti-

le acceleration; therefore, the possible initial time
f DSA acceleration ( τ0 ) can be approximated as
he start of the type-II radio emission [40 ]. How-
ver, for the events on 24 December 2023 and 31
ecember 2023, the only possible CME associated
ith the SEP event occurred shortly before the flare
hat was closest to the t0 derived from the VDA.
 possible scenario to explain this ‘confusing’ situ-
tion is that the flare-accelerated particles served as
eed particles that were further accelerated by the
hock that erupted earlier (e.g. [41 ]). Thus, it is also
lausible to assume the flare peak time as τ0 . We
herefore consider both possibilities (type-II start,
are peak) as τ0 and deduce the required acceler-
tion time of the SolO-observed IVD particles as
a (E′ ) = trelease (E

′ ) − τ0 , where trelease (E
′ ) is the

erived release time (Fig. 2 b). Results of τa (E′ ) de-
ived from two possible choices of τ0 are plotted as
rror bars in Fig. 3 c and the data can be fitted with
 fixed λ0 (listed in Table 1 ), shown by the dashed
ines. The theoretical release time ( τ0 plus τa fitted
rom λ0 ) for the first event is also plotted in Fig. 2 b as
he black dotted curve, which agrees nicely with the
bservation-derived release time (orange circles). 
All three events show consistent values of λ0 

round 10 −4 au. Although more statistics are needed
or a more general conclusion, this indicates com-
on characteristics of the DSA process, e.g. λ0 is
etermined by the excitation of Alfvén waves near
he shock front by streaming protons [38 ]. Conse-
uently, λ0 near the shock front derived here is much
maller than that under quiet solar wind conditions
0.4 au derived by Li et al. [38 ]). We further derive
he diffusion coefficient κ from λ0 to be ∼1013 m 

2 /s
etween 1 and 100 MeV. The values are generally
 few times higher than those derived by Li et al.
t 0.18 au for 1–10 MeV protons under shock con-
itions, while the results are more comparable at
00 MeV. Further investigations are needed for un-
erstanding the difference in κ derived from the two
ndependent methods. 
For the 9 November 2023 and 24 December

023 events, we can compare the derived λ0 ,release ( <
0 . 3 au; see Table 1 ) with the in situmean free path
btained at the shock when it arrived at SolO. Fol-
owing the e-folding time method derived from ESP
Page 9 of 14
flux [42 ], we obtain the local parallel mean free path
λ‖ ,SolO 

in the upstream shock region at SolO. The re- 
sults are shown as solid lines in Fig. 3 d where λ‖ ,SolO 

is in the range 0.003–0.02 au for the two events and
varies slightly with energy. The radial mean free path 
can be written as λr = λ‖ cos 2 � , where � is the an- 
gle between the local magnetic field direction and 
the radial direction. Based on the IMF observations, 
we calculate cos 2 � as approximately 0.5. Wang et al. 
[43 ] considered the radial dependence of the par- 
ticle’s diffusion coefficient as κ ∝ Dβ with D the 
distance to the Sun and 0 ≤ β < 2 . Consequently, 
λr,release near the Sun (at the release site) can be de- 
duced from the local λ‖ ,SolO 

at the location of SolO 

shown as dashed lines in Fig. 3 d. Compared to λr 
derived from the acceleration time (dots), λr,release 
can be aligned to the same magnitude (although at 
lower energies) with β ∼ 1 . 6 and β ∼ 0 . 8 for the 9
November 2023 and 24 December 2023 events, re- 
spectively (see Table 1 ). These results are roughly
in agreement with Chen et al. [44 ], who obtained
the radial gradient of the parallel diffusion coefficient 
κ‖ ∝ D1 . 17 using the measured magnetic turbulence 
power spectra in the inner heliosphere. The differ- 
ence between our results and theirs can be attributed 
to the difference between the quiet IMF condition 
and the turbulent conditions at the shock front. Note 
that calculation of in situ λ‖ using ESP observations 
for the 31 December 2023 event is not possible be-
cause another SEP event occurred shortly after the 
onset of this event. 

It is worth mentioning that the DSA mechanism 

could also be applied to gradual plasma compres- 
sions without a true shock discontinuity [45 ]. Ob- 
servational evidence has revealed energetic particle 
events potentially associated with such compressed 
regions, even in the absence of strong CMEs or 
shocks [46 ]. If the development of shock formation 
is slow, compression wave acceleration can also con- 
tribute to the observed IVD feature in these events. 

Connectivity change during the shock 

propagation 

We also investigate the alternative explanation on 
how the evolving magnetic connection between the 
observer and shock front may cause the observed 
IVD. Under nominal solar wind conditions, the 
point at the shock that is magnetically connected to 
the observer, defined as the cobpoint [47 ], moves 
along the front of the shock eastward during its prop-
agation. During this process, the observer is con- 
nected to different regions of the shock that may 
have different acceleration efficiencies [48 ]. Figure 4 
shows a sketch of the simplified scenario for the 9
November 2023 event, depicting the evolution of the 
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a cb

Figure 4. Sketch depicting the connectivity scenario that could potentially explain the later incremental arrival of higher- 
energy protons to the observer. The blue star marks the cobpoint, which is a point at the shock (marked by the red curves) 
that is magnetically connected to the observer. See the text for further details. 
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hock (red curve) driven by the CME (simplistically
epresented as a bubble). The cobpoint (blue star)
lides along the shock front over time with chang-
ng magnetic connection to the observer (SolO), de-
icted by a blue curve in each panel. 
The acceleration efficiency of the shock is gen-

rally believed to be higher close to the shock nose,
hile it decreases towards the shock flank, although
etailed modelling of the shock evolution shows that
he shock parameters (Mach number, compression
atio, etc.) may change significantly both spatially
nd temporally as the CME propagates through the
eliosphere [49 ]. Assuming the simple case that the
arly-connected shock flank is less efficient in the
EP acceleration while the later-connected shock
ose is a more efficient accelerator, Fig. 4 provides a
ossible explanation for the observed IVD feature in
he 9 November 2023 event where the CME width
nd direction are derived based on GCS fitting. 
Considering the connectivity changing from the

ank to the nose, we check the relative angular infor-
ation of all events. Table 2 shows the separation an-
le between SolO and the solar source (i.e. the flare
ssociated with the SEP) and the calculated angle be-
ween SolO’s magnetic footpoint and the source. For
oth angles, we observe that IVD features are not
estricted to a specific range of longitudinal separa-
ions, thus implying that the connectivity model may
ot serve as a general explanation for all events. Be-
ides, for events with a short duration of IVD and a
mall radial distance ( < 0 . 2 au) upon the derived re-
ease time, the role of connectivity change should not
e significant. 
Furthermore, to quantify the observed IVD fea-

ures, we would need a combined approach to model
he shock evolution in both time and space as well
s particle acceleration and transport processes [50 ].
ouloumvakos et al. [15 ] made such an attempt to
odel the event the PSP observed on 5 September
022 at about 15 solar radii, which was reported first
y Cohen et al. [14 ], who suggested that the later re-
Page 10 of 14
leased higher-energy particles do not have enough 
time to overtake the earlier released lower-energy 
ions before reaching the spacecraft that was suffi- 
ciently close to the Sun. Kouloumvakos et al. [15 ] 
modelled both the shock and particles simultane- 
ously and further proposed that the PSP was ini- 
tially connected to the weaker part of the shock and 
later to a strengthened shock with higher accelera- 
tion efficiency. The connectivity change resulted in 
the observed later arrival of particles with higher en- 
ergies at the PSP. But, the modelled particle inten- 
sity was higher than observed and the particle pro- 
file detected at Solar Orbiter was not well repro- 
duced. A more consistent Sun-heliosphere-shock- 
particle modelling effort would be necessary to bet- 
ter reveal the general nature of IVD particles, such 
as that by Ding et al. [51 ], who successfully repro-
duced the observed IVD signatures by SolO on 7 
June 2022. 

Additionally, as we noted for the 9 November 
2023 event, two CMEs were launched within a short 
time window. Interacting CMEs may result in possi- 
ble changes in the shock angle [52 ] and thus impact 
the evolution of the connectivity, which becomes a 
much more complex scenario. In fact, we cannot rule 
out the presence of a shock driven by the north- 
ern CME, which may have interacted with the main 
southern shock, giving rise to a more complex par- 
ticle acceleration process due to shock interactions 
[53 ]. Such modelling effort would require many in- 
put parameters that are currently not easy to validate 
against observations and is thus not pursued further 
in this study. 

CONCLUSION 

In summary, this study shows a new type of solar 
energetic proton event observed by SolO that has 
an unusual inverse velocity dispersion structure (at 
energies above a few mega-electron-volts) during 
the event onset in addition to the t ypical velocit y
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ispersion at lower energies. This phenomenon can
e explained to be caused by the delayed release
f particles with increasing energies. We analysed
he travel path and release time of particles for both
D and IVD components and quantified the IVD
elease time as a function of proton energies. We
ound that the VD proton release time is consistent
ith the flare X-ray bursts and initial type-II radio
mission, which indicates that these particles are
ikely associated with the flare process or early-shock
ormation close to the Sun. For IVD protons, the
elease time is much later when the shock is at a
olar distance between about 0.05 and 0.2 au and it
ncreases with particle energy. 
These observations can be explained by two dif-

erent mechanisms (or a combination of them). First,
t takes a longer time for higher-energy particles to
e accelerated, as required by the diffusive shock ac-
eleration mechanism, based on which we derived
he shock parameters during the acceleration pro-
ess. Second, as the shock propagates outward, the
bserver’s magnetic connection to the shock front
hanges. In the case of an IVD event, the observer
ets connected to regions with increasing acceler-
tion efficiencies. However, for the events studied
ere, connectivity theory may not be a general expla-
ation as it requires restricted separation angles be-
ween the observer and the source. 
To conclude, this new trait in the high-energy

ange of solar proton events helps us to innova-
ively retrieve physical parameters during the accel-
ration process directly from observations, in par-
icular the actual acceleration time scales that can-
ot be observed directly. Nevertheless, more coordi-
ated observation and modelling efforts are needed
o constrain the two different mechanisms, their in-
erlink and contributions to the observations. In par-
icular, shock-related acceleration can be modelled
ith magnetohydrodynamics (MHD) shock mod-
lling coupled with particle transport simulations
15 ,51 ]. Such models can provide key parameters,
ncluding evolution of shock properties, magnetic
onnectivity and energy-dependent release profiles,
hich can then be directly compared to the in situ
article and plasma observations. We emphasize
hat the particle radiation environment during so-
ar eruptions is dynamically varying in both spa-
ial and temporal dimensions and that radiation as-
essment should be tailored for different observers,
aking into account the relative position of the ob-
erver to the acceleration source and the evolution
f the source. Last but not least, IVD features have
ot been reported prior to recent observations be-
ause they may have been overlooked, so the de-
elopment of the new instrumentation with bet-
Page 11 of 14
ter time and energy resolution has opened new 

opportunities to discover new phenomena in the 
observations. 

METHODS 

Velocity dispersion analysis 
Under the assumption that at the beginning of the 
event the first-arriving particles are released simul- 
taneously and travel along the same path length, we 
expect that particles with higher energies would ar- 
rive earlier. This has been frequently observed before 
and is called velocity dispersion [7 ,23 ,54 ,55 ]. The
VDA often assumes a small cross-field scattering pro-
cess that is supported by the high anisotropy of the
SEPs upon the onset of this event, as shown in the
online supplementary material. To determine the re- 
lease time and path length of particles with the veloc- 
ity dispersion feature, the following function is often 
applied: 

tonset (E) = t0 + 8 . 33
min 
au 

L0 
β(E) 

. (7) 

Here tonset (E) (in units of minutes) is the observed 
SEP onset time (as explained later) for particles with 
kinetic energy E , β(E ) = v(E) /c is related to the
velocity of the particles, t0 (in units of minutes) and 
L0 (in units of 1 au) are the initial release time and the
travel path to be derived from this function. Based 
on β(E) ( x axis) and the observed tonset ( y axis), we
can linearly fit the above function, using the orthog- 
onal distance regression method. The uncertainty in 
energy arises from the energy bin width of the EPD,
while the uncertainty in the time originates from 5- 
min intervals of the particle flux data. This method 
allows us to determine L0 as the slope and t0 as the
intercept with the y axis. It should be noted that the
EPD sunward telescope is not strictly field aligned 
due to the changing direction of the IMF so that the
pitch angle of observed particles varies over time. 
Consequently, the onset particles at different ener- 
gies may correspond to different pitch angles. These 
factors may introduce some uncertainties in the de- 
rived L0 and t0 . 

In the above process, the cumulative sum 

(CUSUM) quality-control scheme [56 ] was applied 
to determine the onset time tonset for particle fluxes 
at each energy of the VD part. 

Based on the determined t0 , we identify the flare 
and CME that occurred nearest (normally within 
1 h) as the most likely responsible cause of the SEP
event (see also the online supplementary material for 
the flare and CME observations). 
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nverse velocity dispersion analysis 
or particles with IVD features, we assume that their
elease time trelease (E

′ ) and path length L (E ′ ) change
s a function of energy (expressed as E ′ , to be differ-
nt from E used for the VDA). The particle release
ime trelease (E

′ ) , onset time tonset (E
′ ) , velocity β(E ′ )

nd propagation distance L (E ′ ) sti l l fol low the ex-
ression 

tonset (E
′ 
) = trelease (E

′ 
) + 8 . 33

min 
au 

L (E ′ ) 
β(E ′ ) 

;
(8)

owever, for IVD particles, the low signal-to-noise
atio and inadequate data during the pre-event back-
round period often result in poor performance and
nreliable results of the Poisson-CUSUM algorithm
hat was used for the VDA. Here we opt to man-
ally determine the onset time based on the two-
imensional histogram of the energy-dependent
article flux. To minimize uncertainties, this pro-
ess was repeated multiple times until the result
tabilised. 
With both trelease (E

′ ) and L (E ′ ) being variables, it
s not feasible to directly fit the above function. So we
se an iteration process to solve the above function.
e assume that the initial value of L (E ′ ) equals L0 
erived from Equation ( 7 ) and calculate L (E ′ ) as the
ME shock propagates away from the Sun. 
First, based on the initial properties of the CME

erived from remote-sensing observations, we use
he drag-based model (DBM; [57 ]) to propagate the
hock from 17 solar radii into interplanetary space.
he DBM is a semi-empirical tool for CME propa-
ation, assuming that beyond ∼15 solar radii, the dy-
amics is governed solely by the interaction between
he CME and the ambient solar wind. Despite its
implicity, the model has proven to perform equally
ell compared to other more complex MHD mod-
ls [58 ,59 ]. Detailed input CME and solar wind pa-
ameters for the model are given in the online sup-
lementary material. 
Second, with the consideration that the particle

elease site (i.e. the shock front) evolves with time
as does energy E ′ ) when the shock moves outward,
e then derive the shock distance at different release
imes trelease (E

′ ) with the path length L (E ′ ) modified
t each trelease (E

′ ) using the following iteration pro-
ess. 

1. In the first step, we assume that L (E ′ ) is approx-
imately L0 as derived from Equation ( 7 ). Then
Equation ( 8 ) can be solved to obtain trelease (E

′ )
for E ′ . 

2. At the above derived time trelease (E
′ ) , we obtain

the shock propagation distance from the Sun
R(t ) using the DBM. We then modify the parti-
Page 12 of 14
cle propagation path as L (E ′ ) − R(trelease (E
′ )) 

to account for the shortened distance of the par- 
ticle propagation path compared to that of the 
initial release (see below for further explana- 
tions). 

3. With the modified path, we re-calculate 
trelease (E

′ ) from Equation ( 8 ), which corre- 
sponds to another R(t ) that can be different 
from step 2 that wi l l further change the propa-
gation path. 

4. Steps 2–3 are repeated until trelease (E
′ ) and 

L (E ′ ) converge (i.e. newly derived values equal 
to those derived in the previous step). 

5. The uncertainty of trelease (E
′ ) is calculated us- 

ing the error propagation method, accounting 
for the observational time interval and energy 
range. 

In the above approach, we assumed that the prop- 
agation distance of the shock corresponds to the 
shortened distance of the SEP path length because, 
for the derived release time trelease (E

′ ) , normally, the 
CME was sti l l close to the Sun (mostly within 0.3 au)
where the interplanetary magnetic field has a much 
higher radial component. 
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