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Key Points:

• Seed particle populations in large SEP events may originate from flare remnants
• We examine the distribution of seed particles in the inner heliosphere by com-

bining a magnetohydrodynamic (MHD) solar wind code and a particle transport
code

• We obtain the longitudinal profile of the seed population at 1 au and show that
the perpendicular diffusion coefficient is a key parameter

Abstract
Particles measured in large gradual solar energetic particle (SEP) events are believed
to be predominantly accelerated at shocks driven by coronal mass ejections (CMEs).
Ion charge state and composition analyses suggest that the origin of the seed particle
population for the mechanisms of particle acceleration at CME-driven shocks is not
the bulk solar wind thermal material, but rather a suprathermal population present
in the solar wind. This suprathermal population could result from remnant material
accelerated in prior solar flares and/or preceding CME-driven shocks. In this work,
we examine the distribution of this suprathermal particle population in the inner
heliosphere by combining a magnetohydrodynamic (MHD) simulation of the solar wind
and a Monte-Carlo simulation of particle acceleration and transport. Assuming that
the seed particles are uniformly distributed near the Sun by solar flares of various
magnitudes, we study the longitudinal distribution of the seed population at multiple
heliocentric distances. We consider a non-uniform background solar wind, consisting of
fast and slow streams that lead to compression and rarefaction regions within the solar
wind. Our simulations show that the seed population at a particular location (e.g.,
1 au) is strongly modulated by the underlying solar wind configuration. Corotating
interaction regions (CIRs) and merged interactions regions (MIRs) can strongly alter
the energy spectra of the seed particle populations. In addition, cross-field diffusion
plays an important role in mitigating strong variations of the seed population in both
space and energy.
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Plain Language Summary
Large solar energetic particle events are a major concern of Space Weather. During
these events, particles are accelerated to very high energies at shock waves driven by
coronal mass ejections (CMEs). While the CMEs in these events are often similar in
morphology and speed, the intensity of the accelerated particles can differ significantly
from one event to another. One possible reason for these large variations may be
attributed to the variability of the underlying seed population that gets injected into
the acceleration mechanism occurring at the CME-driven shock. To be efficiently
accelerated at a CME-driven shock, particles need an initial speed larger than the
speed of the shock wave. For this reason, it is often assumed that the seed population
originates from the suprathermal population, rather than the bulk solar wind. These
suprathermal particles can be generated near the Sun by, e.g., micro and nano flares.
In this work, we use the three-dimensional MHD model EUHFORIA and the particle
transport and acceleration model PARADISE to examine how solar wind structures
affect the distribution of these suprathermal particles at different heliocentric distances.
We find that the variation of the solar wind speed at the inner boundary can lead
to a significant longitudinal variation of the suprathermal population in the inner
heliosphere. Our study may offer an explanation for the variation of particle intensity
in large SEP events.

1 Introduction

Solar energetic particles (SEPs) are a major concern of space weather. The energy
of ions in large SEP events can reach up to ∼ GeV/nuc. These particles are believed
to be accelerated either near solar flares sites, often referred as “impulsive” events, or
at shocks driven by coronal mass ejections (CMEs), often referred as “gradual” events
(Reames et al., 1997). In gradual SEP events, particles are believed to be accelerated
at the CME-driven shock front via the diffusive shock acceleration (DSA) mechanism.
Since fast CMEs are presumably able to drive strong shocks with large Alfvén Mach
numbers, they are thought to be efficient particle accelerators. However, although
most of the intense SEP events are associated with fast and wide CMEs (Reames, 1995;
Kahler, 1996; Gopalswamy et al., 2002; Cliver et al., 2004; Tylka et al., 2005; Kahler &
Vourlidas, 2013), many of such CMEs do not lead to large SEP events (Kahler, 1996;
Lario et al., 2020). Among different factors, such a large event variability could be
due to variations in the seed population that feeds into the DSA mechanism. Earlier,
Kahler et al. (2000) suggested that the presence of ambient energetic particles prior to
the event may be a key factor in determining the size of the SEP event. In fact, one
key assumption of the DSA mechanism is that the accelerated particles are injected at
a speed larger than the shock speed and must therefore originate from a suprathermal
population instead of the thermal population of the solar wind.

Composition and charge state studies (Mason et al., 1999, 2000; Klecker et al.,
2007; Mewaldt et al., 2012) have revealed that the seed population in large SEP
events could be ambient coronal material or remnant material accelerated in solar
flares and/or by preceding CME shocks. Studies by Gopalswamy et al. (2004) found
that large SEP events tend to occur during periods when multiple CMEs erupt from
the same and nearby active regions. This led to the development of the “twin-CME”
scenario of large SEPs by Li et al. (2005, 2012) (see also Ding et al., 2013). In the
“twin CME” scenario, a preceding CME erupts within 13 hours of the main CME and
provides both an enhanced seed population and an enhanced turbulence level, facili-
tating an efficient acceleration at the main CME-driven shock (Li et al., 2012). Li et
al. (2012) suggested that a large seed population not only leads to a large intensity
of energetic particles, but also determines the maximum particle energy that can be
achieved at a shock. This is because the particle acceleration process is strongly tied
to the amplification of the upstream waves and the wave power is proportional to the
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seed particles (Zank et al., 2000; Rice et al., 2003; Li et al., 2003). In the scenario
proposed by Li et al. (2012), the enhanced seed population was assumed to last only
13 hours. However, recent work by Zhuang et al. (2021) showed that although the very
large SEP events tend to have preceding CMEs within ∼ 13 hours, many large SEPs
do not have preceding CMEs within this time window. Therefore, if the seed popu-
lation of large SEP events is due to preceding CMEs/shocks, it can exist in the inner
heliosphere for an extended period of time (> 13 hours). It is therefore important to
understand how this seed population is distributed in the inner heliosphere and how
the underlying solar wind can influence its evolution.

Solar flares tend to be more frequent than CMEs, suggesting that the seed pop-
ulation for large SEP events could also be formed by remnant material accelerated
in these more abundant solar flares (Mason et al., 1999, 2000). Recent observations
from Solar Orbiter have shown numerous microflares in Extreme Ultraviolet images
(Berghmans et al., 2021) and in X-rays (Saqri et al., 2022), even in the quiescent solar
corona. Magnetic reconnection seems to play a critical role in these abundant mi-
croflares (e.g., Chen et al., 2021; Hou et al., 2021; Li et al., 2022). Therefore, we argue
that the particle acceleration occuring in these small flares observed even during solar
minimum (e.g., Christe et al., 2008), may fill the inner heliosphere with suprathermal
particles. That is, we suggest that these small-scale flares can provide an ever-present
seed population. This seed population is generated close to the Sun and will propagate
into the solar wind. Because they are of higher energy compared to the background so-
lar wind plasma, they propagate mostly along the interplanetary magnetic field (IMF)
and will experience the effects produced by rarefaction and compression regions of the
IMF resulting from inhomogeneities of the solar wind. Acceleration by compressive
waves or shocks near corotating interaction regions (CIRs) may also exist and affect
the distribution of these seed particles in the inner heliosphere. Clearly, it is important
to understand how various solar wind structures can affect this seed population.

Suprathermal seed populations may be also accelerated in-situ in the solar wind
from the thermal pool by compressional turbulence, as advocated by Fisk & Gloeckler
(2006, 2008). This mechanism predicts an ubiquitous spectral tail in the form of j(E) ∼
E−1.5 (or f(v) ∼ v−5) in the energy range of a few keV up to tens of keV. However,
at above 50 keV, in-situ observations show a wide range of spectral indices varying
between 1.2 and 2.9 (e.g., Mewaldt, 2007; Dayeh et al., 2009, 2017; M. I. Desai et al.,
2010; Filwett et al., 2019). Another observational signature of the seed population
concerns its longitudinal variation. Multiple spacecraft observations from STEREO-
A, B, and ACE have revealed that the seed population intensity can vary largely as a
function of longitude.

What is clear from the above discussion is that the origin and evolution of the
suprathermal seed population in the inner helisophere is still a question of debate. In
this work, we use numerical simulations to examine the seed population distribution
in the inner heliosphere. We adopt the scenario where the origin of the seed particles
occurs in micro and nano flares, and assume that they are uniformly distributed at
the inner boundary of our simulation domain, which is located at 0.1 au from the Sun
(see details below). We then study the transport of this seed population in a non-
uniform solar wind which is composed of multiple fast and slow wind streams. The
non-uniform solar wind is modelled using the EUropean Heliospheric FORecasting
Infromation Asset (EUHFORIA) model (Pomoell & Poedts, 2018) and the particle
transport is followed using the PArticle Radiation Asset Directed at Interplanetary
Space Exploration (PARADISE) model (Wijsen, 2020). We find that velocity shears
in the solar wind can affect the spatial distribution of the seed particles, leading to a
significant longitudinal variation of these seed particles in the inner heliosphere. Fur-
thermore, cross-field diffusion plays an important role in mitigating strong variations
of the seed population in both the configuration space and the energy space.
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The paper is organized as the follows: in section 2 we describe the two models,
EUHFORIA and PARADISE used in our work; in section 3, we present our simulation
results; we end with a discussion in section 4.

2 Model Description

Figure 1. The radial speed profile at the inner boundary of the EUHFORIA simulation.

To study the evolution of the seed particle population in the inner heliosphere, we
use the PARADISE model (Wijsen, 2020) which evolves energetic particle distributions
through a background solar wind generated by the three-dimensional MHD model
EUHFORIA (Pomoell & Poedts, 2018). In this study, EUHFORIA is used to generate
a synthetic solar wind which contains various fast and slow wind streams of different
size. Note that our synthetic solar wind is not intended to reproduce a realistic solar
wind configuration generated during one particular Carrington rotation, but should
instead be view as containing an ensemble of different solar wind structures that may be
encountered by the seed population when it propagates through the inner heliosphere.

To generate our synthetic wind, the bimodal speed profile shown in Figure 1 at
the inner boundary of the model, located at Rb = 0.1 au. Following the standard set-up
of EUHFORIA (Pomoell & Poedts, 2018), the thermal pressure at the inner boundary
is chosen to be constant and equal to P = 3.3 nPa and the number density is prescribed
as n = nfw(vfw/vr)

2, with vfw = 700 km s−1 and nfw = 300 cm−3. This choice ensures
that the solar wind has a constant kinetic energy density at Rb = 0.1 au. The resulting
simulated solar wind at 1 au attains speeds between 317 km/s and 722 km/s and the
number densities varies between 1.6 cm−3 and 39 cm−3. At the inner boundary of the
simulation, the radial component of the magnetic field (Br) is assumed to be positive
and has a value of 300 nT. The value of the azimuthal component (Bφ) is chosen such
that the electric field is zero in the corotating frame. This is necessary to achieve a
steady-state solution in that frame. It is worth noting that the monopolar nature of Br
implies that we do not consider heliospheric current sheet (HCS) in our simulation. We
point out that at the HCS, the reversal of magnetic field direction can cause energetic
SEPs and galactic cosmic rays (GCRs) to drift along the HCS (e.g., Jokipii et al., 1977;
Kota & Jokipii, 1983; Dalla et al., 2020). However, for the low-energy protons studied
in this work, HCS drifts are expected to be small (e.g., Battarbee et al., 2018), so we
have neglect them. Additionally, while the HCS can be included in a EUHFORIA
simulation (e.g., Scolini et al., 2021), the modeled HCS is typically wider than the
observed HCS due to limited spatial resolution of the simulation. This can cause non-
physical effects on the suprathermal particles modeled by PARADISE. In future work,
this issue will be addressed by using adaptive mesh refinement (AMR) to increase the
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Figure 2. The EUHFORIA solar wind and the assumed parallel and perpendicular mean free

paths in the solar equatorial plane. Panel (a) shows the speed of the solar wind. White dashed

lines are IMF lines projected on the solar equatorial plane. Panel (b) show the divergence of the

solar wind velocity, ∇ · ~Vsw. The compression waves bounding the various CIRs can be recognized

as the colorful spiral-shaped structures. The dashed red ovals indicate the mergings and crossings

of forward and reverse compression waves. Panels (c) and (d) show, respectively, the parallel and

perpendicular mean free paths for 10 keV protons in the PARADISE simulations.

resolution of the computational mesh at the current sheet (e.g., Baratashvili et al.,
2022).

Figure 2a shows the solar wind speed Vsw in the solar equatorial plane. Fast
and slow solar wind streams with different longitudinal extends can be clearly spotted.
Corotating interaction regions (CIRs) form where a slow solar wind stream is followed
by a faster solar wind stream. Rarefaction regions form in the tails of fast solar wind
streams, before the arrival of the following slow solar wind. These structures can also
be seen in Figure 2b, which shows ∇ · ~Vsw in the solar equatorial plane. The gray
shaded regions correspond to the locations where the solar wind is expanding, with
the fast solar wind streams and their trailing rarefaction having the darkest colors.
Compression regions can be identified by the colorful (yellowish and blueish) spiral
shapes bounding the CIRs. We associate these compression regions, that appear in
pairs, with the forward and reverse compression waves typically observed preceding
and trailing the CIRs. These compression waves can steepen into reverse and forward
shocks further away from the Sun. Reverse shocks can be seen to form beyond ∼1.5
au in our simulation. See below for more discussions. The red-dashed ovals in Fig. 2b
indicate the locations where the forward and reverse shocks of two neighboring CIRs
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cross each other. Further out and beyond this shock crossing, the two CIRs can
be said to form a merged interaction region (MIR; e.g., Dryer & Steinolfson, 1976;
Dryer et al., 1978; Whang & Burlaga, 1985; Burlaga et al., 1990). We remark that
in the simulation it are only the smaller HSSs that produce MIRs within . 3 au, as
the CIRs produced by these HSSs are more closely spaced in longitude. In general,
the formation location of MIRs will strongly depend on the extend and separation of
the HSSs driving the merging CIRs and also on the local plasma conditions as they
determine the propagation speeds of the reverse and forward shocks.

In this study, the Monte-Carlo model PARADISE is utilised to evolve a suprather-
mal particle seed population through the EUHFORIA solar wind domain. This is
accomplished by solving the focused transport equation (see van den Berg et al., 2020,
for a recent review)

∂f

∂t
+
(
~Vsw + µv~b

)
· ∇f +

(
1− 3µ2

2
(~b~b : ∇~Vsw)− 1− µ2

2
∇ · ~Vsw −

µ

v
~b · d

~Vsw
dt

)
p
∂f

∂p

+
1− µ2

2

(
v∇ ·~b+ µ∇ · ~Vsw − 3µ~b~b : ∇~Vsw −

2

v
~b · d

~Vsw
dt

)
∂f

∂µ
+
dp

dt
=

∂

∂µ

(
Dµµ

∂f

∂µ

)
+∇ · (D⊥ · ∇f) . (1)

In this equation, f(~x, p, µ, t) denotes the gyro-averaged particle distribution function,
which depends on the time t, the spatial coordinate ~x, the momentum magnitude p,
and the pitch-angle cosine µ. Moreover, the differential particle flux, ~j(E), is related
to f through ~j(E) = p2f(p). The other terms appearing in Equation (1) are the
particle speed v, the solar wind velocity ~Vsw, and the unit vector ~b, which points in the
direction of the ambient IMF. In the PARADISE model, ~Vsw and ~b are obtained from
the EUHFORIA model. The two terms appear on the right hand side of Equation (1)
describe diffusion. It includes a pitch-angle diffusion process, described by Dµµ, and
a spatial diffusion process perpendicular to the background magnetic field, which is
described by the tensor D⊥ = D⊥(I−~b~b), with I denoting the identity matrix. These
diffusion processes model the effect of a fluctuating magnetic field δ ~B on the particle
transport. We assume that this magnetic turbulence is magnetostatic, incompressible,
and can be decomposed into a slab and a 2D component (e.g., Matthaeus et al., 1990).
We further assume that the ratio of the magnetic variance to the background magnetic
field magnitude scales as

δB2

B2
0

=


Λ0 (r/r0)

α1 r ≤ r1 = 0.5 au

Λ1 (r/r0)
α2 r1 < r ≤ r2 = 2.0 au

Λ2 r2 < r

(2)

where B0 is the background IMF, r0 = 0.1 au, Λ0 = 0.1, Λ1 = Λ0(r1/r0)α1−α2 ≈ 0.15,
Λ2 = Λ1(r2/r0)α2 ≈ 0.32, with α1 = 0.5, and α2 = 0.25. The choice of equation (2)
is to capture the different radial dependence of the background magnetic field and the
turbulent field δB. Within 0.5 au, the magnetic field is largely radial and scales on
average as ∼ r−1.5; beyond 2 au, the magnetic field is largely azimuthal and scales
on average ∼ r−1. Recent observations by Parker Solar Probe (PSP) (Adhikari et
al., 2020) on the turbulent δB2 suggests that it has a ∼ r−2.54 dependence within 1
au, which is somewhat shallower than the WKB approximation of r−3. Beyond 2 au,
it also hardens and we assume its ratio to B2

0 is r-independent. Following Bieber et
al. (1994), we assume that δB2

slab = 0.2δB2 and δB2
2D = 0.8δB2. The 2D and slab

correlation length are prescribed as `2D = (0.0074 au)(r/1 au)1.1 and `slab = 3.9×`2D,
respectively (Strauss et al., 2017; Weygand et al., 2011).

The functional form of the pitch-angle diffusion coefficient is derived from quasi-
linear theory (QLT), and scaled such that the parallel mean free path equals (Teufel
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& Schlickeiser, 2003)

λ‖ =
3s

π(s− 1)
`slabR

2 B
2
0

δB2
sl

[
1

4
+

2R−s

(2− s)(4− s)

]
, (3)

where s is the spectral index of the turbulence power spectrum and R = RL/`slab,
with RL the Larmor radius for a 90◦ pitch angle. Figure 2c shows the resulting
parallel mean free path in the solar equatorial plane for 10 keV protons. The strong
dependence of λ‖ on the type of the underlying solar wind is a consequence of the
particles’ gyro-frequency, and hence the wave-particle resonance condition dependence
on the background magnetic field. In particular, the figure illustrates that in the
simulation, the rarefaction region is characterised by a large parallel mean free path.
This reflects the findings of, for example, McDonald & Burlaga (1985) and M. I. Desai
et al. (2020), that particle scattering (and hence also adiabatic deceleration) can be
strongly reduced inside rarefaction regions. The latter may be a consequence of the
decay of the amplitude in Alfvénic fluctuations that is seen in rarefaction regions (e.g.,
Carnevale et al., 2022).

The cross-field diffusion coefficient used in the PARADISE simulations is based
on the nonlinear guiding centre (NLGC) theory of Matthaeus et al. (2003), modified
by Engelbrecht (2019) to include an explicit dependence on the particle’s pitch angle:

D⊥ = µ2vλ
1/3
‖

(
a2
√

3π
2ν − 1

ν

Γ(ν)

Γ(ν − 1/2)

δB2
2D

B2
0

`2D

)2/3

, (4)

where v is the particle speed, µ the cosine of the pitch angle, ν = s/2, Γ denotes the
gamma function, and a is a free parameter which we set equal to

√
1/3, consistent

with the work of Matthaeus et al. (2003). Figure 2d shows the resulting perpendicular

mean free path λ⊥ = 3
2v

∫ 1

−1D⊥(µ)dµ in the solar equatorial plane for 10 keV protons.
The azimuthal variation of the perpendicular mean free path is due to its dependence
on λ

1/3
‖ . The ratio λ⊥/λ‖ ranges from 10−3 to 3 × 10−2, with the minimum and

maximum values obtained in the rarefaction regions and CIRs, respectively.

We assume a steady and uniform distribution of particles at the inner boundary
Rb = 0.1 au representing a population of particles remnant from e.g., multiple mi-
croflare injections. This assumption allows us to investigate the effect of solar wind
shear on the propagation of these particles throughout the inner heliosphere. We do
not consider the propagation of particles from near the photosphere (PS) where they
were supposedly injected to the source surface in this work. The coronal magnetic field
is highly dynamic and irregular. At the PS, flares are not uniformly distributed, but
presumably, the overall effect of such a field is to smear out the spatial distribution of
the flare source.

The differential intensity injected at the inner boundary is assumed to be of the
functional form

jinj(E) = j0E
γ exp(−E/E0), (5)

and protons from 10 keV up to 26 MeV are injected in the PARADISE model. By
way of example, we choose the roll-over energy E0 = 500 keV and the spectral index
γ = −2.5. This is softer than the γ = −1.5 predicted by the compressional wave accel-
eration models (Fisk & Gloeckler, 2006). Moreover, we assume that jinj is independent
of time. This is accomplished by first calculating the Green’s function solution of the
focused transport equation obtained by injecting the particles all at time t = 0. We
then obtain the steady state solution for a time-constant particle injection by convolv-
ing the Green’s function solution at different times with a time-independent function.
The constant j0 in Eq. (5) is chosen so that the simulated 10 keV protons have an
average differential intensity of 103 (cm2 s sr MeV) −1 in the regions at 1 au where the
EUHFORIA solar wind speed drops below 320 km/s. This normalization is based on
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the results of Gloeckler et al. (2008), who conducted an ensemble average of differential
proton intensities measured by ACE during quiet times in 2007. These selected quiet
time periods were defined as having a solar wind speed below 320 km/s. We would
like to point out that the constant j0 for all the presented simulations is obtained from
the simulation without cross-field diffusion. This is done to facilitate a meaningful
comparison between the different simulations.

3 Results

3.1 Spatial distribution of the seed population within 3.5 au

Figure 3. Omnidirectional particle intensities in the solar equatorial plane for the energy

channels 10 keV – 1.8 MeV (top row) and 1.8 MeV – 25 MeV (bottom row). The left column cor-

responds to simulations without cross-field diffusion (a2 = 0), and the right column to simulations

with cross-field diffusion with a2 = 1/3.

Figure 3 shows the simulated omnidirectional particle intensities for two energy
ranges: 10 keV – 1.8 MeV in the top row and 1.8 MeV – 25 MeV in the bottom row. The
left and right columns show the results for the simulations without and with cross-field
diffusion, respectively (i.e. a=0 and a=

√
1/3 in Eq.4, respectively). Comparing (b) to

(a) and (d) to (c), we can see that the simulated intensity without cross-field diffusion
shows a strong longitudinal variation. For the lower energy channel, this variation
reflects the underlying solar wind configuration. That is, comparing Figure 3a with
Figure 2a and Figure 2b we see that the highest intensities are obtained inside the
CIRs and the lowest intensities are obtained inside the rarefaction regions. This is of
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course because, without cross-field diffusion, suprathermal particles can only propagate
along the background magnetic field lines, which are frozen into the solar wind. As
a result these suprathermal particles will feel the compression and rarefactions of the
underlying solar wind. When cross field diffusion is included (Figure 3b), the gradients
in the particle intensity between neighboring field lines will lead to a current, which
tends to homogenize particle distribution across these field lines. This is illustrated in
Panel b of Figure 3.

The behaviour of the high energy channel 1.8 MeV – 25 MeV is significantly
different from the lower energy channel. For the higher energy channel, Figure 3c
shows that the largest intensities are obtained along background magnetic field lines
that are magnetically connected to the forward-reverse shock crossings as indicated
by the red ovals in Figure 2b. This is the result of an efficient ongoing interplanetary
particle acceleration process, as explained below.

In general, particle acceleration may occur in regions with converging solar wind
flows, that is, in regions where∇·~Vsw < 0 (e.g., Giacalone et al., 2002; le Roux & Webb,
2009; Wijsen et al., 2019b). In these regions, particles can gain energy by interacting
with converging scattering centres (which are assumed to be frozen into the background
solar wind). A particle in the simulation will therefore be accelerated when crossing
the compression/shock waves bounding the CIRs. When multiple crossings occur,
particles undergo a first order Fermi acceleration process, or diffusive shock acceleration
(DSA) in the case when shocks are formed (Axford et al., 1977; Bell, 1978). For DSA
to be efficient, elevated turbulence levels in the upstream and downstream regions
are beneficial since a more turbulent medium leads to a smaller particle diffusion
coefficient κ and a shorter acceleration time scale, which is proportional to ∼ κ/u2

with u the background flow speed. Roughly speaking, stronger turbulence will increase
the number of crossings of a particle at the shock front.

In our simulations, a simple DSA scenario is not expected to be very efficient
due to the relatively large mean free path of the particles across the compression
waves (see Figure 2c). However, the simulation contains a scenario which ensures a
very interesting variant of the DSA mechanism to work resulting from the formation
of a region where the forward and reverse compression waves of the adjacent CIRs
converge. We name this scenario a “macroscopic collapsing magnetic trap” (MCMT).
The forward and reverse compression waves propagate in different directions in the
solar wind frame and can eventually cross each other, forming an MIR (e.g., Dryer &
Steinolfson, 1976; Dryer et al., 1978; Whang & Burlaga, 1985; Burlaga et al., 1990).
The configuration of the field line between these converging shock waves resembles that
of a collapsing magnetic trap and lead to an efficient first order Fermi acceleration.
Indeed, as shown in Figure 3c, high intensity regions for the high energy channel can
be identified to be along those field lines that connected to MIRs. In particular, the
MIR that forms at r ∼ 2.25 au in the simulation is seen to be the most efficient particle
accelerator (corresponding to the topmost red stripe).

Figures 3c (a2=0) and 3d (a2=1/3) allow us to compare the effects of cross-field
diffusion in the distribution of 1.8-25 MeV particles. The inclusion of cross-field diffu-
sion has a significant effect on the particle acceleration process and the (longitudinal)
distribution of accelerated particles. The clear association between enhanced particle
intensities and MIRs fades away. This is because the reverse-forward shock crossings
constitute a relatively small fraction in longitudes, and once cross-field diffusion is
included, particles have a high probability to be quickly removed from field lines that
connect to these converging shock structures. Therefore, cross-field diffusion causes
particles to escape the MCMT before they are accelerated significantly.
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Figure 4. Longitudinal profiles of the simulations at r = 0.4 au (left column) and r = 1.0 au

(right column) in the solar equatorial plane. The top two rows show the omnidirectional intensi-

ties for different energy channels and for the different cross-field diffusion conditions, as indicated

by the parameter a2 in the panels’ inset. The middle row gives the spectral index γ, obtained

from fitting a power-law Eγ to the differential intensity j(E) between 10 and 324 keV. The bot-

tom row gives the speed of the background solar wind. The dashed vertical lines indicate the

longitudes for which the energy spectra is shown in Figure 6.

3.2 Longitudinal variation of particle intensity

In this section we study the longitudinal variations in the suprathermal particle
distributions at different radial distances more closely. Zero longitude is along the
positive x-axis in Figure 2 and the longitude increases anticlockwise. The top rows
of Figure 4 show the the omnidirectional intensities as a function of longitude in
the solar equatorial plane for simulations without (solid curves) and with (dashed
curves) cross-field diffusion. The left and right columns show the results at heliospheric
radial distances of r = 0.4 au and r = 1.0 au, respectively. Despite that particles
are uniformly injected at 0.1 au, the omnidirectional intensities at 0.4 au show a
clear longitudinal dependence, as a result of the structured background solar wind
where particles propagate. Moreover, for the case of no cross field diffusion (the solid
curves), when particle’s energy is above 500 keV (i.e., above the roll-over energy of
jinj), the intensities show several ‘spikes’ (near longitudes 0◦, 30◦, 65◦, and 90◦) where
the intensities jump by several orders of magnitude. These spikes correspond to the
locations that are magnetically connected to the MIRs (see Figs. 2b and 3d). For
energies higher than 1 MeV, the longitudinal width of these intensity spikes at 1 au
(right panel of Figure 4) is ∼9◦, corresponding to a time-period of ∼16 h as seen
from the Earth. As discussed in the previous section, cross-field diffusion will quench
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the acceleration efficiency near the MIR structures, which explains why the intensity
spikes are absent for a2 = 1/3 in Figure 3).

Apart from the intensity spikes, we see that at 0.4 au the particle intensities show
typical variations of a factor of ∼ 6 within a single energy channel for the simulations
without cross-field diffusion. Including cross-field diffusion reduces this variation to
a factor of ∼3. At 1.0 au, the variation of intensity for any one of the low energy
channels (< 324 keV) can reach a factor of ∼ 50 when a2 = 0 and this variation drops
to 10 when cross-field diffusion is included (a2 = 1/3).

The second row of Figure 4 shows the spectral index γ, which was obtained by
fitting a power-law E−γ to the differential intensity j(E) between 10 and 324 keV.
Both simulations without and with cross-field diffusion show an energy spectrum that
is harder than the injection spectrum (jinj ∝ E−2.5). Some of this spectral hardening
is also seen in simulations with nominal solar wind conditions (e.g, Wijsen et al., 2020),
where it can be attributed to transport effects. However, in the current simulations,
the variation in the spectral index is strongly influenced by the presence of the CIR
structures. For example, the CIRs forming ahead of the “large HSSs” (e.g., the one
covering longitudes -130◦ to -110◦0 at 1.0 au) show signatures of local particle accel-
eration. This can be seen by the formation of a double peaked structures in, e.g., the
energy channel 136-210 keV in the right panel (r = 1.0 au). This double peak structure
is the result of the forward and reverse compression waves both accelerating particles
and is often observed at CIRs (e.g., Wijsen et al., 2021). The intensity ‘dip’ between
the peaks corresponds to the CIR’s stream interface (SI), where the compressed and
shocked fast wind meets the compressed/shocked slow wind.

Note that there is a significant difference between the qualitative behaviour of
the spectral index at 1 au, depending on whether cross-field diffusion is included or
not. Without cross-field diffusion the hardest spectra are obtained just upstream
the forward and reverse shock waves, and the softest spectra are obtained at the
SIs and in the rarefaction regions trailing the HSSs. In contrast, when cross-field
diffusion is included, the rarefaction regions show the hardest spectra. These results
can be understood as the combination of cross-field diffusion reducing the particle
acceleration efficiency near the CIR shock waves and being very efficient at spreading
particles through rarefaction regions (see also Wijsen et al., 2019a). The SIs remain
the regions of the softest energy spectrum, both for the simulations without and with
cross-field diffusion.

Figure 5 is the same as Figure 4, but for r = 1.5 au and r = 2.5 au. For clarity,
intensities for only five energy channels are shown. For the simulation without cross
field diffusion (solid curves), the omnidirectional particle intensities are seen to be
strongly non-uniform, with variations of more than two orders of magnitude in the
lower energy channels. In the highest energy channels, several clear intensity spikes
can again be seen which can be attributed to the MCMT. For the simulation with
cross-field diffusion, like the cases for r = 0.4 au and 1.0 au, the particle intensities
show less longitudinal variations. Nevertheless, at 1.5 au the intensity variation can
still span more than one order of magnitude for a2 = 1/3 in the lower energy channels.
At higher energies, the intensities are almost constant and only vary slightly near very
large HSSs.

3.3 Particle Energy Spectra

To further demonstrate the difference between the simulations without and with
cross-field diffusion, we show in Figure 6 the 1 au energy spectra at different longitudes
(the selected longitudes are indicated by the vertical dashed lines in the right panel
of Figure 4). For the simulations with cross-field diffusion (right panel), these spectra
do not differ much. The similarity of the shape of these spectra can also be seen from
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Figure 5. Same as Fig. 4, but for r = 1.5 au (left) and r = 2.5 au (right). The number of en-

ergy channels in the top row has been reduced for clarity.

the spectral index in the second row of Figure 4. In contrast, for the simulations
without cross-field diffusion (left panel), the energy spectra show large variations. The
following features can be deduced:

1. The energy spectra of longitudes −117◦ and +15◦ overlap since these locations
correspond to the SIs of two different CIRs, driven by a large and a small HSS,
respectively. The spectra for these two longitudes, in particular at low energies,
are softer than those at other longitudes because the IMF lines passing through
these longitudes do not cross any compression waves where particles can get
accelerated. Note that when cross-field diffusion is included, the spectra at these
two longitudes no longer overlap. This is because particles can now sample the
3D structure of the underlying (different) CIRs, as they are no longer restricted
to their IMF line.

2. Longitude −79◦ corresponds to an intensity minimum in Figure 4, which is a
consequence of the underlying solar wind rarefaction region.

3. Longitude +59◦ is magnetically connected to a region where the forward and
reverse shocks of two CIRs cross each other. As discussed previously, these
merging shocks lead to a very efficient environment (MCMT) for first order
Fermi acceleration, therefore producing a harder spectrum and extending to
high energies.

4. Longitudes +117◦ and +137◦ are just upstream a reverse and forward com-
pression wave, respectively. The local intensity peaks of . 500 keV particles
at +117◦ indicate that the reverse wave has already steepened sufficiently to
allow for notable particle acceleration. In contrast, no clear intensity peaks can
be seen at +137◦, indicating that the forward compression wave is less efficient
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Figure 6. Energy spectra for the different indicated longitudes at 1 au in the solar equatorial

plane (see also the vertical dashed lines in the right column of Fig. 4). The left and right panels

are for simulations without (a2 = 0) and with (a2 = 1/3) cross-field diffusion, respectively. The

dashed lines are proportional to the injection spectrum jinj.

at accelerating particles. Both energy spectra show a hardening at lower en-
ergies, which is more significant upstream the reverse shock than the forward
compression wave.

We next examine the longitude-averaged particle energy spectra at different ra-
dial distances.We emphasize that our synthetic solar wind configuration is to be re-
garded as containing an ensemble of fast and slow wind streams. So these longitude-
averaged spectra correspond to a range of energy spectra that a spacecraft would
measure over multiple solar rotations.

Figure 7 shows these longitude-averaged spectra at different radial distances.
Two different injection spectra are considered: the solid lines are the results for the
injection spectrum of the previous sections with γ = −2.5, whereas the dotted lines
are for a softer injection spectrum with γ = −4. Both injection spectra are assumed to
have an exponential roll-over at 500 keV. The energy spectra shown in Figure 7 have
been normalized to their value at 10 keV and have been shifted downward to avoid
overlap and to facilitate their comparison.

The left panel of Figure 7 shows that when cross-field diffusion is not included,
the longitude-averaged energy spectra are no longer characterised by a power law with
a roll-over at 500 keV. That is, towards large radial distances (at 2.5 au) the energy
spectra obtained from the two different injection spectra converge to the same spectral
shape. At smaller radial distances (≤ 1 au), the simulation with the softer injection
spectrum (dashed lines) produces a convex-shape like spectrum below ∼ 500 keV. At
low energies, the spectrum resembles that of the injection spectrum, it then hardens
before eventually roll over at higher energies. The energy when the hardening starts
decreases with radial distance. This behavior is due to two reasons. First, a softer
injection spectrum implies that there are relatively more low energy particles and
therefore the spectrum at lower energies is more closer to the injection spectrum.
Secondly, as explained before, the acceleration beyond 1 au is more pronounced for
the case of no cross-field diffusion. This also helps to lead to the convex-shape shown
in the spectra. However, above 500 keV, the energy spectra show similar behaviour
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Figure 7. Energy spectra averaged over longitude in the solar equatorial plane at different

radial distances. For better comparison, the energy spectra have been normalized to their value

at 10 keV and shifted downward by a factor of 10−1.75 to avoid overlap.

for both injection spectra, indicating that this part of the spectra is less dependent on
the injection and more a result of the acceleration process.

The right panel of Figure 7 is for the case when cross-field diffusion is included.
Consider first the case of an injection spectrum with γ = −2.5 (solid curves), the
longitude-averaged energy spectra at different heliocentric distances are similar. They
are all characterised by a power-law with an exponential roll-over. This is because
cross-field diffusion prevents particles from remaining for an extended period in the
regions with ongoing particle acceleration. Therefore, the spectral features are less
affected by the interplanetary acceleration processes and resembles more the injection
profile. In fact, the roll-over energy are all close to 500 keV, which is the roll-over
energy of the injection spectrum at the inner boundary. For the case when the injection
spectrum is softer (γ = −4.0 and the dashed curves), we see that the spectra at 0.4
au and 1.0 au are again consistent with a power-law and an exponential roll-over. At
r = 1.5 and 2.5 au, the spectra between 300 and 800 keV show some features which
are presumably due to the fact that observers are now closer to CIR shocks. Note that
the presence of cross-field diffusion can effectively attenuate the acceleration processes
at the CIR shocks, which is clearly seen by comparing the right panel to the left panel.

4 Summary and Conclusions

In this work we examine how interplanetary conditions may affect suprathermal
particle distributions. Since these suprathermal particles may constitute the seed
population of the DSA mechanism at CME-driven shocks which produce gradual SEP
events (e.g., M. Desai & Giacalone, 2016), it is important to understand the processes
that can cause variations in this particle population. One such process is the existence
of velocity shears and speed gradients in the background solar wind. To study this,
we used the PARADISE model to propagate a population of suprathermal particles
originated near the Sun (presumably produced continuously at nano and micro flares)
through a structured background solar wind, modelled by EUHFORIA that contained
several HSSs, rarefaction regions, and CIRs.
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The simulations show that the presence of velocity shears and speed gradients
in the solar wind can significantly modulate a suprathermal particle population. To
focus on the effect of the background solar wind structures, we inject a source of
particles with a uniform intensity at the inner boundary of the model. In our simula-
tion, we consider cases with and without cross-field diffusion. The lowest and highest
particle intensities were obtained inside solar wind rarefaction regions and CIRs, re-
spectively. In the simulations without cross-field diffusion, particle acceleration at the
CIR compression waves hardened the energy spectrum of the suprathermal population
locally. This produced significant longitudinal variations in the simulated energy spec-
tra. Moreover, the energy spectra averaged over one solar rotation was significantly
hardened compared to the injection spectrum. At larger radial distances (≥ 1.5 au),
the average energy spectra was seen to become independent of the injection spectrum
and it was thus completely modulated by the underlying solar wind structures. The
hardening of the energy spectra at large energies (> 1 MeV) was partly due to particle
acceleration occurring in the regions where the forward and reverse shock waves of two
different CIRs cross each other, producing an MIR. This converging shock pair forms
a collapsing magnetic trap configuration which leads to an efficient first order Fermi
acceleration process. In the simulations, these efficient acceleration regions reside at
large radial distances (> 2 au) and have a limited spatial extend. This is in agreement
with previous observational studies of CIR suprathermal particles (see e.g., Mason et
al., 2008; Ebert et al., 2012; Filwett et al., 2017) where > 1 MeV/nuc particles are
likely accelerated beyond 1.5 au. These efficient acceleration regions gave rise to in-
tensity ‘spikes’ inside the fast solar wind streams and their trailing rarefaction regions
in the inner heliosphere, all the way to the inner boundary of our model. As we dis-
cussed earlier, at 1 au these intensity spikes can last ∼16 h, they therefore can serve
as possible candidate of a transient seed population for DSA at a CME-driven shock,
and hence help to explain the large event variability of gradual SEP events.

The inclusion of cross-field diffusion decreases the efficiency of particle accelera-
tion at the CIRs and the MCMTs. This is because the cross-field diffusion tends to
spread particles uniformly through space and the compression waves or magnetic traps
where particles can be accelerated have a relatively small spatial extend in the simu-
lation. That is, most of the solar wind is in an expanding state, where particles will
undergo adiabatic cooling. In the simulation, the reduction in interplanetary particle
acceleration was especially notable near the MIR formation region, where cross-field
diffusion efficiently removes particles from the collapsing magnetic bottle. We note
that the presence and strength of interplanetary cross-field diffusion is still a matter
of lively debate (see e.g., Strauss et al., 2020, for a recent discussion) and that cross-
field diffusion likely varies depending on the underlying solar wind conditions and IMF
structures. For example, SIs inside CIRs may act as efficient diffusion barriers due to
the presence of non-axisymmetric turbulence (Strauss et al., 2016). Our study illus-
trates that the properties of a suprathermal particle population will strongly depend
on the magnitude of the cross-field diffusion. A weak cross-field diffusion conditions
near solar wind compression waves will lead to an overall hardening of the average
energy spectra and produce strong spatial variations in the local energy spectra of the
suprathermal population as well. The latter may contribute to the observed strong
variability of energetic particle production at CME-driven shocks.

The EUHFORIA simulation presented in this study did not contain HCS nor
CMEs. cMEs can occur frequently during solar maximum. As CMEs typically drive a
compression or shock wave, it is to be expected that they will also affect the suprather-
mal particle population. In addition, when a CME takes over a CIR or a preceding
CME, a collapsing magnetic trap will form in a similar fashion as the formation of MIR
discussed in this paper. Therefore we expect CME-CME and CME-CIR interactions
will also play a role in producing seed populations. We leave it for a future study to
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investigate the evolution of the suprathermal particle population in such solar wind
conditions in more detail.

5 Open Research

No input data is used in this simulation work. All simulation result data that
lead to the figures produced in this paper are archived in a public dateset on Zenodo.
The doi is https://doi.org/10.5281/zenodo.7672340.
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