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ABSTRACT

On 2022 March 10, a coronal mass ejection (CME) erupted from the Sun, resulting in Solar Orbiter observations at 0.45 au of
both dispersive solar energetic particles arriving prior to the interplanetary CME (ICME) and locally accelerated particles near the
ICME-associated shock structure as it passed the spacecraft on 2022 March 11. This shock was later detected on 2022 March 14
by the Advanced Composition Explorer (ACE), which was radially aligned with Solar Orbiter, at 1 au. Ion composition data from
both spacecraft— via the Solar Orbiter Energetic Particle Detector/ Suprathermal Ion Spectrograph (EPD/SIS) and the Ultra Low
Energy Isotope Spectrometer (ULEIS) on ACE— allows for in-depth analysis of the radial evolution of species-dependent ICME
shock-associated acceleration processes for this event. We present a study of the ion spectra observed at 0.45 and 1 au during both the
gradual solar energetic particle (SEP) and energetic storm particle (ESP) phases of the event. We find that the shapes of the spectra
seen at each spacecraft have significant differences that were likely caused by varying shock geometry: Solar Orbiter spectra tend to
lack spectral breaks, and the higher energy portions of the ACE spectra have comparable average flux to the Solar Orbiter spectra.
Through an analysis of rigidity effects on the spectral breaks observed by ACE, we conclude that the 1 au observations were largely
influenced by a suprathermal pool of He+ ions that were enhanced due to propagation along a stream interaction region (SIR) that was
interacting with the ICME at times of observation.
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1. Introduction

Solar energetic particles (SEPs), high energy particles acceler-
ated by the Sun in eruptive events, are an important part of the
heliospheric environment. SEP events can vary significantly in
both composition and size, and are generally separated into two
categories: impulsive and gradual. While impulsive SEP events
originating from solar flares occur more frequently, gradual SEP
events tend to have greater intensity and longer duration. Grad-
ual SEPs originate from shocks driven by coronal mass ejections
(CMEs) expanding into interplanetary space, and are accelerated
near the corona during the onset of the shock formation. Often
lasting for days, gradual SEPs contain particles with energies
ranging from ∼ 30 keV to a few GeV, with the highest energy
particles leading to ground level enhancements (GLEs) on rare
occasions (Mewaldt et al. 2001; Chen et al. 2022). For fast CMEs
with well developed shocks directed towards an observing space-
craft, these initial SEPs are typically followed by an energetic
storm particle (ESP) event: a large increase in low energy par-
ticles accelerated locally at the interplanetary CME (ICME) -
driven shock, and associated with its crossing (Giacalone et al.
2020). Since particles from both gradual SEP and ESP events can
pose a serious threat to microelectronics on satellites, as well as
humans both on high-latitude aircraft flights and in space, they

are of particular importance to the field of space weather (Tsu-
rutani et al. (2003); García-Rigo et al. (2016), for a review on
SEPs, see Cohen et al. (2021)).

th gradual SEPs and ESPs is widely thought to be diffusive
shock acceleration (DSA, for a review see Drury (1983)). Within
this process, particles gain energy by interacting with irregular-
ities in the magnetic field present at the shock. Diffusive effects
allow particles to scatter between the converging upstream and
downstream regions of the plasma that bound the shock front, ac-
celerating them to higher energies. The DSA mechanism states
that the particles accelerated within the shock should have a
power-law momentum distribution, f ∝ p−η, where η is solely
dependent on the ratio of the downstream to upstream plasma
density, or shock compression ratio, and the slope of the power
law is determined by the shock kinematics (Tylka et al. 2000).
However, in practice the particle spectra observed for large SEP
events are often better fit by either the Ellison-Ramaty (ER)
function (Ellison & Ramaty 1985) or a variation of the double
power law (Band et al. 1993). These profiles contain spectral
breaks that are directly proportional to the charge-to-mass ratio
of the ion and vary based on species if the diffusion coefficient at
the shock has the form κ ∼ βRα (where β is the particle speed, R
is the magnetic rigidity) and α = 1. The ER function also has an
exponential rollover at high energies due to finite shock-lifetime
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and/or finite shock-size effects (Tylka et al. 2000; Chen et al.
2022). Although a number of theories have been proposed to ex-
plain the applicability of the ER function and double power law
in fitting spectra from large SEP and ESP events, there is still
a significant amount uncertainty regarding the effects of shock
evolution on the shape of these spectra.

ring their transit, ICMEs can also interact with other large
scale structures in the solar wind, a process that can alter the ge-
ometry and trajectories of the coronal ejecta (e.g., Luhmann et al.
(2020); Shen et al. (2017, 2018); Giacalone et al. (2021)), ulti-
mately affecting the efficiency of particle acceleration and trans-
port at the associated shock (Tsurutani et al. 2003; Chen et al.
2022; Wijsen et al. 2021). One such structure is a stream inter-
action region (SIR), an area of compressed plasma formed when
fast solar wind streams from coronal holes expand into the pre-
ceding slow solar wind. These events can accelerate particles at
forward and reverse shock pairs that develop along their lead-
ing edges, typically forming at heliospheric distances beyond 1
au (Richardson 2004). However, once accelerated, some of these
particles will propagate back into the inner heliosphere. This can
be seen in the consistent observations of energetic particle inten-
sity peaks increasing as a function of radial distance across ion
species within 1 au (e.g., Allen et al. (2021); Van Hollebeke et al.
(1978)). The accelerated particles from SIRs can then contribute
to the suprathermal seed population (Wijsen et al. 2023) which
can be further accelerated at ICME-associated shocks. As a re-
sult, ICME/SIR interactions can vary the elemental compositions
of energetic particles through changes in the suprathermal pool
as well as affect the efficiency of shock associated particle ac-
celeration through changes to the shock geometry. An improved
understanding of these effects is necessary to develop more ro-
bust SEP prediction models for future events.

bservations are one of the key methods of analyzing SEP
events, especially with regard to their lonitudinal spread. A num-
ber of such studies have been done, such as Cohen et al. (2017),
which used the STEREO spacecraft situated at 1 au together with
ACE to analyze the variations in particle composition and spec-
tra as a function of longitudinal separation without the influence
of radial dependency. While these studies are useful in providing
constraints for SEP acceleration and transport models between
the Sun and 1 au, in situ measurements near the Sun, where a
majority of the particle acceleration is occurring, are required to
fully deduce the actual conditions within the region. With the
current wealth of satellites distributed within the inner and outer
heliosphere, in situ observations of ICMEs at different stages of
their evolution are more accessible than ever (e.g., for enhanced
longitudinal studies: Kollhoff et al. (2021); Mason et al. (2021),
for studies focused on radial variations: Palmerio et al. (2022,
2024); Rodríguez-García et al. (2023)). Furthermore, the analy-
sis of measurements taken for specific ion species is also a no-
table tool for probing transport and acceleration processes, due
to the particle velocity and the mass-per-charge ratio dependence
of particle transport equations (Lee 2000).

On 2022 March 10, an ICME was detected by Solar Orbiter
at 0.45 au, with both dispersive SEP onset signatures and locally
accelerated particles near the ICME-associated shock structure.
This shock was later detected on 2022 March 14 by ACE at 1
au, when ACE was nearly radially aligned with Solar Orbiter
(within 7.2◦ longitude and 2.9◦ latitude). Given this specific con-
figuration, this event provides a prime opportunity to better un-
derstand the radial dependency of ICME shock-associated par-
ticle acceleration. Additionally, simulations show that a SIR is
expected to be continuously interacting with the ICME during
its propagation to 1 au. We present analysis of the radial evo-

lution of ICME-associated species-dependent acceleration pro-
cesses from 0.45 to 1 au for the 2022 March 10 ICME. Section
2 provides an overview of the event, Section 3 presents the SEP
and ESP spectra. A discussion of the results is given in Section
4, and the conclusions are given in Section 5.

2. Observations

2.1. Instrumentation

For this study, data from the Magnetometer (MAG; Horbury
et al. 2020), Solar Wind Analyser - Proton-Alpha Sensor (SWA-
PAS; Owen et al. 2020) and the Energetic Particle Detector
(EPD; Rodríguez-Pacheco et al. 2020; Wimmer-Schweingruber
et al. 2021) on Solar Orbiter (Müller et al. 2020) are uti-
lized. EPD consists of the SupraThermal Electrons and Protons
(STEP), the Electron Proton Telescope (EPT), the Suprathermal
Ion Spectrograph (SIS), and the High-Energy Telescope (HET)
sensors. For the Advanced Composition Explorer (ACE; Stone
et al. 1998) at 1 au, observations from the Magnetometer (MAG;
Smith et al. 1998), Solar Wind Electron, Proton, and Alpha Mon-
itor (SWEPAM; McComas et al. 1998), the Electron, Proton, and
Alpha Monitor (EPAM; Gold et al. 1998) and the Ultra Low En-
ergy Isotope Spectrometer (ULEIS; Mason et al. 1998) were uti-
lized. These instruments provide magnetic field vectors (MAG
from both spacecraft); thermal ion velocity, density, and temper-
ature measurements (SWA-PAS and SWEPAM); and ion particle
flux over a broad range of energies (2-80 keV for STEP, 25 keV -
6.4 MeV for EPT, and 6.8-107 MeV for HET on EPD at 0.45 au,
50 keV - 5 MeV for EPAM at 1 au). Measurements from these
instruments were also used to compute various plasma parame-
ters at the two heliospheric distances (see Table 1, with methods
given in Appendix A).

For suprathermal ion composition, we also analyzed parti-
cle flux and energy data from SIS onboard Solar Orbiter and
ACE ULEIS. Both instruments are high resolution time-of-flight
(TOF) mass spectrometers that identify ion mass and energy
through measurements of both TOF and residual kinetic energy
of particles that enter the telescope acceptance cone. While SIS
is well suited to measure ion species from H - Fe, ULEIS was
optimized for species from He - Fe, with a very low efficiency
(<1%) for H particles. As such, this study focuses on 4He, C, O,
Fe from both SIS and ULEIS as well as H from only SIS.

To compute the initial kinematics of the CME-driven shock
expansion near the Sun, this study uses the open-sourced PyThea
code package (Kouloumvakos et al. 2022) with remote sensing
observations from the Large Angle Spectroscopic Coronagraph
(LASCO; Brueckner et al. 1995) onboard the Solar and Helio-
spheric Observatory spacecraft (SOHO; Domingo et al. 1995),
specifically its two externally occulted telescopes, LASCO-C2
and LASCO-C3, as well as the coronagraph COR2 onboard
STEREO-A (not shown, Howard et al. (2008)). Through fit-
ting remote-sensing observations to an ellipsoid model, it is able
to calculate the kinematics and three-dimensionally reconstruct
shock waves.

This study also contains snapshots of simulation results from
the online tool developed at the Community Coordinated Model-
ing Center (CCMC), to glean inner heliospheric conditions dur-
ing the transit of the ICME. To reproduce these conditions, the
tool utilizes the WSA-ENLIL+Cone Model, which is a 3D Mag-
netohydrodynamic modeling system that uses remote observa-
tions of both white-light signatures of CMEs in coronographs
and the photospheric magnetic field to create a time-dependent
description of the background solar wind plasma and magnetic
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Fig. 1. Panels a-f show images from LASCO-C2 and LASCO-C3 depicting the evolution of the CME. These images also show the reconstructed
shock wave calculated using an ellipsoidal model (orange lines) via the PyThea code package Kouloumvakos et al. (2022). Panel g shows the
relative positions of Solar Orbiter and ACE in Carrington coordinates during the initial stages of the event, shown in a view of the ecliptic plane
from the ecliptic north, produced using the Solar-MACH tool (Gieseler et al. 2023). The arrow of Panel g denotes the direction of the CME-driven
shock nose expansion computed from PyThea. Panels h and i show the computed kinematic properties (height and speed) of the reconstructed
shock wave from PyThea.

field (Odstrcil et al. 2004, 2020). CME-like hydrodynamic struc-
tures can then be inserted into this environment, bypassing a con-
sideration of CME initiation, and the evolution of their kinematic
properties simulated via ENLIL (for a detailed review, see Mays
et al. (2015)). The simulation includes CME and space weather
data provided by the Space Weather Database of Notifications,
Knowledge, Information (DONKI), and both the set-up parame-

ters for the model and the full simulations results can be found
on the CCMC website 1 .

2.2. Event Overview

The eruption of the CME of interest occurred at around 17:10 UT
on 2022 March 10 from active region 12962 (N27W07) with no

1 https://kauai.ccmc.gsfc.nasa.gov/DONKI/view/
WSA-ENLIL/19410/1
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Fig. 2. Inner heliospheric radial solar wind velocity in the ecliptic plane simulated using the WSA-ENLIL + Cone Model provided by DONKI.
The snapshots are taken at 2022 March 12 00:00 (left) and 2022 March 13 12:00 (right), corresponding to the time intervals of the ESP phase seen
at Solar Orbiter and ACE. A SIR, denoted by the sharp transition between a slow solar wind stream (blue) and a faster stream (green), can be seen
interacting with each spacecraft at the time of ICME passage.

accompanying major flare (for a review of the event, see Zhuang
et al. (2024) ). Figure 1 illustrates a reconstruction of the CME-
driven shock observed on 2022 March 10. This reconstruction
was made using PyThea, which allows for the calculation of
kinematics for the event via the spline fitting of the height-time
measurements using the ellipsoid model. Panels a-c (d-f) show
a subset of white-light images used to reconstruct the shock,
specifically those taken by LASCO-C2 (LASCO-C3). The lines
superimposed on these images denote the ellipsoid model fit for
the reconstructed shock wave front. The time evolution of both
the height and velocity of the shock are shown in panels h and
i, respectively (for a detailed review of the PyThea code pack-
age, see Kouloumvakos et al. (2022)). From this we determined
that maximum speed of the shock at its apex was 788 km/s, and
the ICME-driven shock nose expanded in the direction of 337◦
longitude and 21◦ latitude in Carrington coordinates.

Figure 1 panel g shows a view of the spacecraft locations and
associated Parker spirals (299 km/s for Solar Orbiter and 373
km/s for ACE) on the ecliptic plane relative to the Sun, along
with the direction of ICME-driven shock nose expansion shown
by the black arrow. Solar Orbiter and ACE have a longitudinal
separation of 7.2◦ and a latitudinal separation of 2.9◦ at this time,
making the two spacecraft nearly radially aligned. Both space-
craft are also slightly offset from the direction of shock nose
propagation, with Solar Orbiter being within 21◦ longitude and
29◦ latitude of the propagation direction, and ACE being within
14◦ longitude and 26◦ latitude of the propagation direction.

For a broader perspective of the state of the heliosphere dur-
ing this event, Fig. 2 provides the simulated inner heliospheric

plasma conditions at the time of the ICME-shock arrival at So-
lar Orbiter (left) and ACE (right) using the WSA-ENLIL+Cone
Model. While the simulation referenced was run using param-
eters compiled by outside sources rather than from those de-
rived from Pythea, the CME speed input for the model (677
km/s) and the reconstructed ICME-associated shock speed do
roughly agree, and both sets of reference longitude and latitudes
are the same. Additionally, the model expects the arrival of the
ICME shock at Solar Orbiter at around 2022-03-11 21:33, and
at ACE at around 2022-03-13 11:35. These times also roughly
agree with observations of the shock jump seen in the in-situ
data. During these intervals, two SIRs likely exist in the helio-
sphere, both located at the sharp transition from slow solar wind
speeds (∼ 300 km/s, blue) to faster speed streams (∼ 450 km/s,
green). Coincidentally, one of these SIRs is suggested to inter-
sect Solar Orbiter and ACE at the same time as the ICME ar-
rival (Fig. 2, left and right panels, respectively). As such, the
ICME-associated shock may have access to suprathermal seed
populations with a composition typically observed at larger he-
liospheric distances, typical of SIRs. It is important to note that
the in situ plasma data, while similar, does not exactly match the
simulated data. Although robust modeling of this event is outside
the scope of this paper, a more accurate reconstruction would be
a worthwhile venture.

Figures 3 and 4 provide an overview of the ICME event at
Solar Orbiter and ACE, respectively. The top panels on both fig-
ures show the components of the magnetic field in the Radial-
Transverse-Normal (RTN) coordinate frame typically used to
describe the orbit of a spacecraft, where R̂ is parallel with the
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Fig. 3. Overview of the Solar Orbiter measurements of the event. a) Magnetic field vector in RTN coordinates; solar wind ion (proton) b) density,
c) velocity in RTN coordinate, and d) temperature; and e) color spectrogram of ion flux, with the color indicating the differential particle flux,
scaled by the energy squared for better visibility. The blue and green lines enclose the gradual SEP (2022-03-10 21:00:02 to 2022-03-11 14:20:02)
and ESP (2022-03-11 16:02:24 to 2022-03-12 03:07:24) phases of the event, respectively. The black line marks the passage of the shock jump at
2022-03-11 19:52:24. The decrease in ion intensities seen during the SEP time interval in panel e are likely due to an ion dropout, while the grey
rectangles seen after the shock passage are the result of data gaps.

radial vector, N̂ is parallel with the normal vector, and T̂ com-
pletes the orthonormal frame (Maclean et al. 2014). Panels b, c,
and d show the ion density, velocity in the RTN frame, and tem-
perature for Solar Orbiter (Fig. 3), with the blank sections being
a result of data gaps, and the solar wind proton number density,
bulk speed, and radial component of the proton temperature for
ACE (Fig. 4). Lastly, energetic particle flux is shown in Fig.
3 and Fig. 4 panel e. For Solar Orbiter, ion flux measurements
from STEP, EPT-Sun, and HET-Sun are combined into a single
spectrogram and shown in units of flux times the square of the
energy to better illustrate the full range of energies (Fig. 3 panel
e). Note that the sunward fields of view on both EPT and HET
in Fig. 3 are chosen to match STEP, which only has a sunward-
facing aperture, and to include particles streaming away from the
Sun. Meanwhile, ACE EPAM observations (Fig. 4 panel e) are

represented as a time-flux line plot due to the limited number of
energy channels.

The blue lines in each panel denote the gradual SEP portion
of the event. Identification of this interval was primarily driven
by the observation of the dispersive, "1/V" signature seen in the
ion flux due to time-of-flight effects of particles arriving from
a remote source (Mason et al. (2012); Giacalone et al. (2020),
for review see Desai & Giacalone (2016)). As such, this interval
begins with the arrival of the highest energy SEP onset particles
observed at each spacecraft and ends when onset particles of the
lowest observable energy appear, but before their significant in-
crease in flux. An additional criterion for delineating the gradual
SEP time interval was a steady interplanetary magnetic field, as
to avoid flux enhancements potentially related to other dynam-
ics, such as current sheet crossings or times when the spacecraft
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SEP ESP

Days (March 2022)

a)

b)

c)

d)

e)

Fig. 4. Overview of the ACE measurements of the event. a) Magnetic field vector with coordinates shown in the upper right corner; solar wind
ion (proton) b) number density, c) bulk speed, and d) temperature; and e) ion flux, with the energy bins shown on the upper left corner. The blue,
green, and black lines once again show the gradual SEP phase (2022-03-12 03:29:33 to 2022-03-13 00:30:33), ESP phase (2022-03-13 01:30:02
to 22:29:43), and passage of the shock jump (2022-03-13 10:29:51) respectively.

is within a flux rope structure. The interval used for the grad-
ual SEP portion of the event seen at Solar Orbiter is 2022-03-10
21:00:02 to 2022-03-11 14:20:02, while for ACE the interval is
2022-03-12 03:29:33 to 2022-03-13 00:30:33.

Regarding the selection of the gradual SEP time interval seen
by ACE, it is important to note that there is evidence that this
portion of the event might have started earlier, specifically on
2022 March 11, where the flux of higher energy particles seen
in Fig. 4 panel e initially begin to increase. However, between
this initial increase and beginning of the chosen gradual SEP
interval, we observed a loss of 3He signatures, which we be-
lieve signifies a loss of connectivity to the active region from
which the CME originated (Desai et al. 2006). Additionally, the
change in the sign of the radial magnetic field as seen by ACE
during this time, signifying a change in source magnetic polar-
ity, also suggests a loss of connectivity to the initial acceleration

site of SEPs. We believe that this interval is instead representa-
tive, at least partially, of the SIR passage suggested by Fig. 2,
as it is characterized by a decrease in particle density along with
an increase in proton temperature. Both of these observations
can be interpreted as signatures of an SIR, specifically the pas-
sage of the stream interface, or the boundary separating the fast
and slow streams (Gosling et al. 1978; Jian et al. 2006; Dresing
et al. 2023). However, since CME-SIR interactions are difficult
to fully discern in situ, especially in the case of their collocation
at the observation site (e.g., Burlaga et al. (2003)), we concluded
that these particles are not entirely SEP onset particles, and de-
cided not to include them in our analysis nor designated this in-
terval in Fig. 4 . While this choice might impact the gradual SEP
spectra detailed in Fig. 5, it does not affect the conclusions of
this study.
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The ESP portion of the event was identified mainly by the
additional particle enhancement surrounding the ICME driven
shock (shown by the green region in each panel). During this
time interval a gradual rise in the particle flux for all energy
bins was identified, with the peak occurring at the passage of
the shock itself, corresponding with sharp increases in the ion
velocity and temperature, designated by the black line in Fig.
3 and Fig. 4. After this peak, the particle fluxes decrease, be-
coming constant following the passage of the ICME sheath. This
combination in the observed particle flux of a gradual enhance-
ment, peak at the shock front, and sharp decrease to a nearly
constant downstream flux is normally seen in the ESP phase of
an SEP event, and is well predicted by DSA theory (Lario et al.
2003; Desai et al. 2004). The interval used for the ESP portion of
the event seen at Solar Orbiter is 2022-03-11 16:02:24 to 2022-
03-12 03:07:24, with shock jump passage 2022-03-11 19:52:24,
while for ACE the interval is 2022-03-13 01:30:02 to 22:29:43,
with shock jump passage at 2022-03-13 10:29:51.

Lastly, we recognize that panel e of Fig. 3 exhibits some
peculiarities, with the first being a wholesale decrease in differ-
ential intensity across energy channels during the latter half of
the SEP time interval, and the second being the appearance of
gray rectangles after the observed passage of the shock front.
The decrease in intensity is likely the effect of an ion dropout
caused by a change in magnetic connection to the source region
on the shock front via interplanetary magnetic field (IMF) line
meandering, as these have been known to occur for SEP events
(Ho et al. 2022; Giacalone et al. 2021). The appearance of gray
rectangles, on the other hand, are due to saturation effects in the
STEP sensor, and consequently appear as data gaps. .

3. Results

Figure 5 shows the time-averaged particle spectra for H, 4He, C,
O, and Fe ions taken between the gradual SEP and ESP inter-
vals listed in the caption of Fig. 3 and Fig. 4 and in the text
above. The solid and dotted lines denote the spectra taken at So-
lar Orbiter and ACE, respectively, while the colors of each line
denote the ion species. These spectra were compiled by averag-
ing the flux over the time intervals corresponding to the arrival
of the gradual SEP and the ESP phases (panels a and b) for each
energy bin within the spectrograms of both spacecraft that had
reliable counting statistics. As noted in Section 2.1, H fluxes are
only included for Solar Orbiter.

Additionally, Fig. 5 panels c and d show the ESP spectra
upstream and downstream of the shock. This was done to sep-
arate the different processes that shape particle spectra, such as
particle escape in the upstream plasma (e.g., Schwadron et al.
(2015), Desai et al. (2016)) and particle trapping in the down-
stream plasma (e.g., Zank et al. (2015), le Roux et al. (2015)).
These processes have the capacity to alter the measured particle
spectra, resulting in different spectral slopes in different regions
of the shock-associated plasma.

To analyze the shape of the measured particle spectra, the
spectra are fitted either using a single power law or using the pan
spectrum fitting formula from Liu et al. (2020)

J(E) = A × E−β1

[
1 +

(
E
E0

)α] β1−β2α
, (1)

where J is the particle flux, E is the particle energy, A is the
amplitude coefficient, E0 is the spectral transition energy, α rep-
resents the sharpness and width of the spectral transition region,
which is centered around E0, and β1 and β2 are power law indices

that describe the spectral shape before and after this spectral
transition region, respectively. For our study, both E and E0 are
in units of kinetic energy per nucleon. This formula was specif-
ically developed to describe the representative energy spectra
from various suprathermal particle phenomena, including grad-
ual SEPs and ESPs. The results of this fitting can be seen in table
2.

From a combination of visual analysis and spectral fitting,
we find that for each time interval, the spectra measured at ACE
tend to have spectral breaks, exhibiting a shape more accurately
described by an ER function. On the other hand, the spectral
shapes for the ion species measured at Solar Orbiter do not have
these breaks, and are better fit by a single power law. In gen-
eral, the spectra measured at Solar Orbiter are much steeper (i.e.,
larger negative slope) when compared to those taken at ACE for
energies below the spectral break in the ACE spectra. However,
the spectral slopes observed at ACE for energies above the spec-
tral break closely match those observed at Solar Orbiter for all
energies measured by SIS. Additionally, the average flux at these
higher energies are similar at both spacecraft, rather than being
lower at ACE due to volumetric expansion.

4. Discussion

Differences in the gradual SEP spectra at each spacecraft (Fig. 5
panel a), while not the focus of this paper, can likely be explained
as a result of the spacecraft being magnetically connected to dif-
ferent portions of the shock lower in the corona, as it has been
shown that certain areas along the shock are prone to accelerat-
ing particles to higher energies (e.g., Chen et al. (2022); Gopal-
swamy et al. (2014, 2016, 2018)) in addition to the ion dropout
in the lower energy range. However, the observation of similar
spectral differences during the ESP phase of the event warrants
further analysis. We would expect from their radial alignment
that the spacecraft would measure particle spectra with similar
slopes, albeit with a decrease in average flux across all energies
at 1 au due to volumetric expansion, as both spacecraft survey
the same portion of the shock structure. The fact that spectral
breaks are only observed at ACE with the high energy portion
having nearly the same spectral index and average flux at both
spacecraft suggests continued evolution of the particle popula-
tions between 0.5 and 1 au and/or varied local shock geometries
at each spacecraft.

Both spectral breaks and higher energy power laws in
double-power law spectra associated with ESP events are highly
dependent on rigidity. This connection is primarily due to the
dependence of the diffusion coefficient, which influences parti-
cle diffusion from the shock region, on the charge-to-mass ratio.
This ratio is in turn related to magnetic rigidity, or the momen-
tum per unit charge, as it is defined in our study as in Reames
(2020)

P =
pc
Qe
=

MuβγA
Q

, (2)

where β = v/c is the particle velocity relative to the speed of
light, γ = (1 − β2)−1/2, Q is the ion charge in the unit of e, A is
the atomic mass, Mu = muc2 = 931.494 MeV, which is related
to energy (in MeV amu−1) via the equation (Reames 2020)

E = E/A = Mu(γ − 1) ≈
1
2

Muβ
2, (3)

where E is the total kinetic energy. In the general case, the diffu-
sion coefficient can be defined as (Li et al. 2009)

κ = κ0 (v/v0)τ (A/Q)ϵ , (4)
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Table 1. Summary of plasma and shock parameters observed at the Solar Orbiter and ACE. Parameters calculated using methods from IPshocks,
which are reviewed in Appendix A.

n̂sh

r (au) Cup
s (km/s) Vup

A (km/s) Vup
ms (km/s) βup MA Mms Vsh (km/s) θBn r t n

Solar Orbiter 0.45 73.2 150.1 167 0.3 7.2 6.5 742.8 29.2 -0.98 0.21 0.01

ACE 1 54.9 71.3 90 0.7 52.3 -0.70 -0.33 0.63

where v0 is the speed of particle injection into the shock struc-
ture, and κ0 is the reference diffusion coefficient at v0. τ and ϵ
are both constants. Equation (4) clearly displays the correlation
between the diffusion coefficient and the charge-to-mass ratio,
Q/A. The relationship between κ and the spectral shape of grad-
ual SEPs stems from the equal diffusion coefficient condition,
which determines the location of the spectral break for heavy
ion spectra. This condition states that the break energies of heavy
ions in an event occur at the same κ value. Since particle escape
from the shock region is regulated by κ, the specific Q/A depen-
dence found in this coefficient will carry over to the break energy
E0. From this condition, the dependence of the break energy on
Q/A can be defined as (Li et al. 2009)

E0 = p̃2
m ∼

(
Q
A

)2ϵ/τ

, (5)

where pm is the maximum particle momentum per nucleon.
Such a correlation has been observed in a number of ESP

events, typically in the form of Q/A ordering of heavy ion spec-
tra fit with double power laws or exponential rollover mod-
els. In these studies, the ability to order the break energies of
these spectra using (Q/A)δ, where δ varied between events,
typically within the range of ≈ 0.7 − 2, suggests a difference
in the underlying acceleration processes present in each (e.g.,
Tylka et al. (2000), Cohen et al. (2003, 2005), Mewaldt et al.
(2005b,a)).Therefore, scaling the particle spectra measured at
ACE to rigidity would provide insight to whether the particle
transport is diffusion dependent, and thus a product of shock
acceleration, via an observed Q/A dependence of the spectral
breaks.

Figure 6 shows the ACE spectra in rigidity space assuming
charge states of 2, 6, 6, and 16 for He, C, O, and Fe, respectively,
with panel a displaying the spectra integrated over the entire ESP
phase, and panels b and c showing the spectra for only the up-
and downstream portions of the ESP enhancement. These charge
states were chosen from the average SEP ionic charge states de-
termined by Möbius et al. (2000) and Klecker et al. (2007a),
which are He2+, C5.6+, O6.8+, and Fe11.6+ (Desai et al. 2016).
Modeled ICME charge state compositions found in Rakowski
et al. (2007) and Laming et al. (2023), compiled using in situ
data from various spacecraft at for 1 au, inform the exact chosen
state from the cited average values. In each panel, the shapes of
the heavier ion spectra exhibit noticeable similarities. The O and
Fe spectra are nearly equivalent, and the C spectra has a sim-
ilar shape, albeit shifted slightly to the left. This suggests that
their spectra are in accordance with DSA theory rather than an
alternative acceleration mechanism.

We note that the choice of Fe16+ for our analysis is a depar-
ture from both the value stated in Desai et al. (2016), as well as
the typical solar wind values for Fe charge states (QFe ∼ 9 − 11,
the most abundant being 10+), which are generally assumed
for gradual SEP events (Ko et al. 1999). However, ICMEs have

been shown to contain different charge state distributions when
compared to solar wind values, especially for Fe. Klecker et al.
(2007a) showed that while at low energies (∼0.1 MeV/nuc) Fe
mean charge states are similar to their solar wind values, at
higher energies these charge states exhibit event-dependent vari-
ations, with QFe ∼ 15 − 20 at energies above ∼10 MeV/nuc.
Similarly, Gruesbeck et al. (2011) found that 95% of ICMEs had
Fe charge distributions that exhibited bimodality, with peaks at
both 10+ and 16+. The significant abundance of Fe16+ reflected
in both observations and in models, in addition to the fact that
this charge state provides the best alignment with the spectra of
C and O in rigidity space (not shown) ultimately solidified our
choice.

On the other hand, the shape of the 4He spectra tends to be
fundamentally different than that of the heavier ions, specifically
in the upstream ESP region (Fig. 6 panel b). The upstream ESP
4He spectra is characteristically different, in that matching the
spectra cannot be achieved through a multiplicative factor on the
flux value. Instead the spectral characteristics for 4He appear off-
set in rigidity space. This implies that, especially for these up-
stream particles, there is either preferential acceleration of this
species outside of what is normally expected from shock accel-
eration or that the 4He population is comprised of a larger abun-
dance of singly ionized pick-up ions than expected at 1 au (as
a He population consisting of solely alpha particles, or doubly
ionized helium, was assumed when calculating rigidity for Fig.
6).

A simple method for estimating the possible contribution of
an overabundance of pickup ions at 1 au in the misalignment
of the upstream ESP 4He spectra consists of finding a combi-
nation of alpha particles and pickup helium that could actually
align with the other ion spectra in rigidity space. Starting with
the rigidity scaled spectra for Fe, as it aligns well with the other
spectra, representative spectra are made for He+ and He2+. Then,
with this basis we approximate both an alpha particle (He2+) and
pickup helium (He+) spectra in energy space using the mass and
charge for each, employing the formula for rigidity (equation 2),
and solving for the energy spectra. Finally, we linearly com-
bine these spectra and compare this reconstructed 4He spectra to
the upstream observations. Figure 7 shows the results of this ef-
fort, with the magenta and black lines showing the reconstructed
pickup ion and alpha particle spectra respectively, and the olive
lines showing the combination of the two. The blue lines de-
note the upstream ESP 4He spectra observed at ACE. Panels a
- c show this process done while varying the scaling factor ϵ in
Equation (5)(with τ = 2 implied). Note that the case shown in
panel b where ϵ = 1 correlates to the Bohm approximation. This
approximation signifies that the scattering of the particles within
the shock region occurs about once per gyroperiod, or the time
it takes for a particle to complete a revolution around a mag-
netic field line, and has been found to work well as a heuristic in
the regime of strong turbulence, where the ratio of the magnetic
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Fig. 5. Spectra for H, 4He, C, O, and Fe observed at Solar Orbiter (solid squares with dashed lines) and ACE (open circles with solid lines). The
flux for these species are averaged over different time intervals: a) gradual SEP phase, consisting of particles accelerated close to the Sun, b) ESP
phase, consisting of particles accelerated locally at the shock, and c and d separate the ESP phase into two portions consisting of particles that
arrived before and after the shock jump, respectively. Measurements of H taken by ACE/ULEIS are excluded due to their low efficiency. The exact
time intervals used are included on each panel.

fluctuation, δB, to the background magnetic field energy, B0, is
greater than unity (Riordan & Pe’er 2019). From Fig. 7 we find
that the reconstructed, composite spectra consisting of both He+
and He2+ populations are able to roughly approximate the ob-
served 4He spectra in panels a and b. This implies that pickup
helium constitutes an essential portion of the observed 4He for
these cases, as alpha particles are not able to reproduce the ob-
served spectra alone. The remaining differences between the two
are possibly a result of the actual pickup ion distribution having a
fundamentally different spectral shape compared to that of both
the heavier ions and the alpha particles for this event.

The high concentration of He+ relative to He2+ at 1 au, im-
plied by the reconstructed spectra in Fig. 7 ,suggests the ex-
istence of a suprathermal pool abundant in He+ that is subse-

quently accelerated at the ICME shock. As shown in Fig. 2, the
WSA-ENLIL+Cone Model model shows that a SIR may have
been passing by both Solar Orbiter and ACE when the ICME
would have been observed. SIRs typically form shocks further
out in the Heliosphere (e.g.; Jian et al. 2006, 2008; Pizzo 1978;
Smith & Wolfe 1976), and the number density of pickup ions
follows a r−2 dependence that peaks at 12 au (Zank et al. 2018;
Holzer 1972; Isenberg 1986; Khabibrakhmanov et al. 1996;
Zank 1999). A suprathermal pool of particles from a SIR could
thus explain the abundance of He+ suggested at 1 au, as it may
have a composition more reminiscent of the plasma environment
beyond 1 au where pickup ions make up a significantly larger
portion of the overall He population. There is evidence, both ob-
servational and computational, that suggests that SIRs can result
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a) b) c)

Fig. 6. The rigidity-scaled spectra for the species observed at ACE. The time intervals used in panels a-c are the same as panels b-d in Fig. 5.

b)a) c)

Fig. 7. Reconstruction of the 4He spectra observed at ACE in the upstream ESP time interval. Consists of three portions: the pickup ion (He+,
magenta) and alpha particle (He2+, black) spectra, made by shifting the rigidity-scaled Fe spectra into energy space using equation (2), albeit with
the appropriate charge and mass values, and the combination of the two, denoted by the olive line the area where the individual spectra overlap.
Panels a - c show the reconstruction using different values of ϵ from equation (4). Constants a and b are used to alter the relative concentrations of
the two particle populations.

in such a population of accelerated ions. For instance, Mason
et al. (2008) surveyed the heavy ion spectra and composition of
He-Fe for 41 SIRs during 1998-2007 using ACE and found that
SIR energetic particles are accelerated out of a suprathermal ion
pool that includes heated solar wind ions, remnant suprathermals
from impulsive SEPs, and pickup ions. Morris et al. (2001) ob-
served an increase in the abundance of He+ with time in SIRs at
1 au, a supposed byproduct of an improving magnetic connec-
tion between 1 au and efficient portions of the distant shock over
the course of an event. Additionally, simulations by Wijsen et al.
(2023) found that the interaction between slow and high speed
streams can significantly impact the suprathermal seed popula-
tion in the inner heliosphere.

It is important to note that in Fig. 7, we assume that the ratio
of He+ to He2+ at 1 au can approach 1 at a certain energy, which

is around 0.35, 0.25, and 0.2 MeV/n for panels a through c, re-
spectively. Below these energies, the He+/He2+ abundance ratio
is dominated by He+ to varying degrees depending on the value
of ϵ. The ratio at 0.1 MeV/n is ≈ 8.5 for ϵ = 0.9, ≈ 3.7 for ϵ = 1,
and ≈ 2.3 for ϵ = 1.1. Such high concentrations of pickup ions
are unlikely at this heliospheric distance, as measurements of the
abundance ratio within SIRs at energies ≤ 300 keV and at 1 au
have cited values of around 0.15 (Chotoo et al. 2000; Klecker
et al. 2007b). This suggests that matching the reconstructed He
spectra to observations would require an excess of alpha parti-
cles at these energies, as there is still a significant gap between
the two spectra even with the addition of an unrealistic concen-
tration of He+. Furthermore, it suggests that the He spectrum
cannot be directly scaled to the spectra of heavier ions in rigid-
ity space for this event, as both the spectra of the pickup ions
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(as implied earlier) and the alpha particles have fundamentally
different particle distributions than those of the heavier ions.

The He ratios for the higher energies within the overlap
between the He+ and He2+, however, are more reasonable.
Kucharek et al. (2003) conducted a systematic study of the He ra-
tio in the energetic population over the energy range of 0.25-0.8
MeV/n at 1 au and found that, while the long term average of the
ratio was about 0.06, there was significant small scale variability
caused by intermittent spikes in the abundance of He+ relative to
He2+. Many of these He+ enhancements were attributed to inter-
planetary shocks and SIRs, with 33 % of the observed 91 events
showing abundance ratios exceeding 0.2, and 19% exceeding
0.3. In this study, the large abundance ratios were mostly pro-
duced by SIRs, with the highest ratio value of 0.8 being the result
of a series of recurring SIR passages. Motivated by Kucharek
et al. we compute the He ratio over the integrated energy range of
0.25 - 0.8 MeV/n for the spectra with ϵ values of 0.9 and 1. The
spectra made using an ϵ value of 1.1 did not have an overlapping
region that spanned the chosen energy range, so a similar analy-
sis was not done. The abundance ratio calculated for the ϵ = 0.9
case was 1.43, and the ratio for the ϵ = 1 case was 0.43. These ra-
tios for 0.25 - 0.8 MeV/n He are more realistic than those found
at lower energies, with the latter being comparable to the helium
abundance ratios observed in SIRs seen by Kucharek et al.. The
fact that the combined He spectra in this energy range contin-
ues to be closer to the observations than the He2+ spectra alone
further suggests that the addition of pickup ions is required to
describe the spectral shape of He in this event.

Although the above analysis of rigidity effects at ACE sug-
gests the existence of a suprathermal pool rich in pickup ions,
this does not fully account for the differences between the spectra
observed at 1 au and 0.45 au, namely the lack of spectral breaks
in the spectra measured by Solar Orbiter. The cause of this dis-
crepancy could lie in the effects of shock geometry. Through the
use of nonlinear guiding center theory, Li et al. (2009) found
that the Q/A scaling parameter, δ, differed significantly between
quasi-perpendicular and quasi-parallel shocks reaching 1/5 and
as high as 2, respectively. Zhao et al. (2016) analyzed the spectra
taken by three spacecraft, STEREO A (STA), STEREO B (STB),
and ACE, during the 2013 November 4 gradual SEP event. The
spacecraft were all stationed at 1 au, but were separated longi-
tudinally, with the angle between ACE and STA being 148.56
degrees, and the angle between ACE and STB being 143.24 de-
grees. They found that STA and ACE had similar scaling param-
eters (1.12 and 1.01) while the scaling parameter measured at
STB was significantly different (0.66). Using the results of Li
et al. (2009) as a framework, they were able to conclude that
STA and ACE were connected to the quasi parallel portion of
the shock, whereas STB was connected to the quasi perpendic-
ular portion. This difference in surveyed shock geometry also
affected the spectral shapes observed at each spacecraft: despite
the higher energy portion of the spectra seen at STA being rel-
atively steeper, spectral breaks can be seen at both STA and
ACE, yet are practically non-existent at STB for the measured
energy range. Surprisingly, despite being near radially aligned,
the shock thetas for our event (Table 1) suggest a similar differ-
ence in shock geometry between the two spacecraft, with Solar
Orbiter connected to the quasi-parallel portion of the shock, and
ACE to the quasi-perpendicular portion. Given the differences
seen in Zhao et al. (2016), it is plausible that a similar effect is
observed for our event, resulting in the breaks present at 0.45 to
be out of the energy range observable by Solar Orbiter.

5. Conclusions

In this paper, we studied the radial evolution of ion species de-
pendent acceleration using data from the 2022 March 10 ICME
measured by both Solar Orbiter at 0.45 au and ACE at 1 au, with
both spacecraft being radially aligned at the time of ICME tran-
sit. We compiled ion spectra for both spacecraft, separating the
time intervals for the passage of the gradual SEP and ESP par-
ticles, to observe any changes in spectral shape. The observed
spectra exhibited consistent differences for each time interval,
with a lack of spectral breaks in Solar Orbiter spectra, and the
higher energy portion of the ACE spectra having comparable av-
erage flux to the Solar Orbiter spectra (See Fig. 5).

We came to a few key conclusions regarding the causes of
these differences. For the spectra measured during the gradual
SEP phase, the observed discrepancies are likely caused by the
magnetic connectivity of the spacecraft, as certain portions of
the shock can accelerate particles more efficiently, as well as an
ion dropout. For the spectra measured during the ESP phase, we
turned to the analysis of rigidity effects, focusing on the Q/A
ordering of the spectral breaks seen at ACE. The sole misalign-
ment of the 4He spectra relative to the other heavy ion spectra
in rigidity space suggested an uncharacteristic overabundance
of singly ionized, pickup helium at 1 au. We computed sev-
eral rough reconstructions of the observed 4He spectra using
an approximated composite spectra consisting of alpha particles
(He2+) and pickup helium (He+), insinuating that the contribu-
tion of the latter was necessary to better align the 4He spectral
shape with those of the other heavy ions. We speculate that the
origin of this pool of He+ was a coincidentally passing SIR, as
it would have been able to stream in pickup ions from the outer
heliosphere where their concentration relative to He2+ is higher.
The lack of spectral breaks in the spectra seen at Solar Orbiter is
attributed to the influence of shock geometry, as surveying either
the quasi-parallel or quasi-perpendicular portions of a shock has
been shown to result in variations of observed spectral shape for
the same event. Thus, we conclude that since both spacecraft did
in fact view different portions of the shock as indicated by their
measured shock thetas, the breaks present at 0.45 au were likely
out of the observable energy range of Solar Orbiter rather than
entirely absent.

To further validate the claims made in this paper, additional
analysis will have to be conducted using multipoint observations
of various ICMEs, preferably those that also interact with SIR
events during or just prior to their transit.
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Appendix A: Calculation of Interplanetary Shock
Parameters

The calculation of the plasma parameters reported in Ta-
ble 1 was done using the methods employed by the He-
liospheric Shock Database, generated and maintained at the
University of Helsinki. Many of the equations used can
be found in the accompanying paper Kilpua et al. (2015),
as well as the documentation provided on their website
http://www.ipshocks.fi/documentation.

For the following calculations, fixed time intervals for the up-
stream and downstream regions of the shock were used for each
spacecraft, and are denoted via the “u” and “d” subscripts, re-
spectively. For the upstream region, the interval begins roughly
9 minutes before shock front measurement and ends 1 minute
before the shock. For the downstream region, the interval begins
2 minutes after shock front measurement and extends to 10 min-
utes after the shock. These intervals were chosen to ensure that
the shock ramp was not included in the parameter calculations,
as well as to allow for an adequate amount of data points in each
region of the shock, though the exact number of these points can
vary based on the resolution of the spacecraft. As a result, the
minimum number of data points allowed within an analysis in-
terval was set at three, and the interval was allowed to extend if
this minimum was not met. This was the case with the param-
eters calculated at ACE, whose intervals were extended to be
5-15 minutes before the shock for the upstream region and 5-15
minutes after the shock for the downstream region. Quantities
that were averaged over these intervals are denoted by the “u”
and “d” subscripts, respectively, within the equations presented.
Additionally, the upstream values (parameters with the “up” su-
perscript) are also averaged over the upstream time intervals.

The upstream sound speed is defined as

Cup
s = ⟨cs⟩up =

〈√
γkB

Tp + Te

mp

〉
up

(A.1)

where γ is the polytropic index (5/3 following an assumption of
an isotropic monatomic ideal gas) , kB is the Boltzmann Constant
and TP is the proton temperature. The electron temperature, Te,
is defined as a function of the radial distance of each spacecraft
from the Sun

Te = Te (RAU) = 146277 · R−0.664
AU K (A.2)

The upstream Alfven speed is

Vup
A = ⟨vA⟩up =

〈
B√
µ0Npmp

〉
up

(A.3)

where B is the magnetic field magnitude, µ0 is the vacuum per-
meability, Np is the proton density, and mp is the proton mass.

The upstream magnetosonic speed is a combination of the
Alfven and sound speed

Vup
ms = ⟨vms⟩up =

〈√
v2

A + c2
s

〉
up

(A.4)

and the upstream plasma beta, or the ratio between the plasma
and magnetic pressure, is defined as

βup = ⟨β⟩up =

〈2µ0kBNp

(
Tp + Te

)
B2

〉
up

(A.5)

The shock normal is computed using both magnetic field
and velocity measurements from either spacecraft according to

the mixed mode method (MD3, from Abraham-Shrauner & Yun
(1976)). The use of this method does include some caveats,
namely in the intervals chosen for the up and downstream
plasma. These intervals have to be entirely separate from the
shock layer, correspond to the actual upstream and downstream
data points and leave out disturbances unrelated to the shock, as
well as be long enough to remove the influence of turbulence and
wave activity.

n̂ = ±
(Bd − Bu) × ((Bd − Bu ) × (Vd − Vu ))
|(Bd − Bu ) × ((Bd − Bu ) × (Vd − Vu ))|

(A.6)

In the event that the velocity data is unavailable, as is the case
at ACE, we instead use the magnetic field coplanarity method to
calculate the shock normal(Colburn & Sonett 1966):

n̂MC = ±
(Bd − Bu) × (Bd × Bu )
|(Bd − Bu) × (Bd × Bu )|

(A.7)

For both methods, the sign of the shock normal is determined
by the type of shock: positive for fast forward shocks and nega-
tive for fast reverse shocks. It is important to note that these two
methods might result in varying signs for the radial and tangen-
tial component of the shock normal. However, this does not seem
to significantly effect the parameters that depend on this value.

The shock speed is calculated in the reference frame of the
spacecraft using the mass flux conservation over the shock

Vsh =

∣∣∣∣∣∣
[
ρmV

][
ρm

] · n̂∣∣∣∣∣∣ =
∣∣∣∣∣∣∣N

d
p Vd − Nu

pVu

Nd
p − Nu

p
· n̂

∣∣∣∣∣∣∣ (A.8)

The shock theta, the angle between the normal vector and the
upstream magnetic field lines, is defined as

θBn =
180◦

π
arccos

(
|Bu · n̂|
∥Bu∥ ∥n̂∥

)
(A.9)

Finally, both the Alfven and Magnetosonic Mach numbers
were calculated using a Galilean coordinate transformation to
the rest frame of the shock, in which the solar wind velocity was
transformed from Vu to V′u. The Alfven mach number is defined
as

MA =

∣∣∣V′u · n̂∣∣∣
Vu

A
=
|Vu · n̂ ± Vsh|

Vu
A

(A.10)

and the magnetosonic mach number is defined as

Mms =

∣∣∣V′u · n̂∣∣∣
Vu

ms
=
|Vu · n̂ ± Vsh|

Vu
ms

(A.11)

where the sign of the shock velocity is also determined by the
type of shock: negative for fast forward shocks and positive for
fast reverse shocks. Both mach numbers are dependent upon the
shock speed, shock normal, and the upstream Alfven and mag-
netosonic speeds, respectively.
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