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Abstract –Gradual solar energetic particle (SEP) events are generally attributed to the particle acceleration
in shock waves driven by coronal mass ejections (CMEs). Space-weather effects of such events are impor-
tant, so there has been continuous effort to develop models able to forecast their various characteristics.
Here we present the first version of a new such model with the primary goal to address energetic storm
particle (ESP) events. The model, PARASOL, is built upon the PArticle Radiation Asset Directed at
Interplanetary Space Exploration (PARADISE) test-particle simulation model of SEP transport, but
includes a semi-analytical description of an inner (i.e., near the shock) part of the foreshock region. The
semi-analytical foreshock description is constructed using simulations with the SOLar Particle Acceleration
in Coronal Shocks (SOLPACS) model, which simulates proton acceleration self-consistently coupled with
Alfvén wave generation upstream of the shock, and subsequent fitting of the simulation results with
suitable analytical functions. PARASOL requires input of solar wind and shock magnetohydrodynamic
(MHD) parameters. We evaluate the performance of PARASOL by simulating the 12 July 2012 SEP event,
using the EUropean Heliospheric FORecasting Information Asset (EUHFORIA) MHD simulation of the
solar wind and CME in this event. The PARASOL simulation has reproduced the observed ESP event
(E [ 5 MeV) in the close vicinity of the shock within one order of magnitude in intensity.
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1 Introduction

Solar energetic particle (SEP) events constitute one of the
significant aspects of space weather (Baker, 2005; Vainio
et al., 2009). Of particular importance are gradual SEP events,
which are associated with shock waves driven by coronal mass
ejections (CMEs) (e.g., Reames, 1999), as they provide the
highest proton intensities and fluences at MeV energies (Desai
& Giacalone, 2016). Substantial effort has been addressed
worldwide to develop forecasting methods of such SEP events,
using empirical and physics-based modeling approaches (a
recent review by Whitman et al., 2023, and references therein).
The latter approach includes modeling of particle acceleration at
shock waves. These simulations are computationally demanding
if done self-consistently, i.e., if the effect of the turbulence
amplification by accelerated particles is included. This high
computational cost currently prevents such models from being
directly used in an operational SEP forecasting framework.
Consequently, alternative models have been developed, which

approximate the particle acceleration processes through semi-
analytical treatments.

An example of such model is the improved Particle
Acceleration and Transport in the Heliosphere (iPATH; e.g.,
Hu et al., 2017). This model includes a particle acceleration
module that, at each time step in the simulation, relies on
steady-state analytical solutions for diffusive shock acceleration
(DSA; e.g., Drury, 1983) at the shock wave to inject SEPs into
the simulation. The utilized DSA solution relies on the local
shock properties, which are obtained from a magnetohydrody-
namic (MHD) simulation of a CME. The injected particles
diffuse within an onion-shell model situated behind the CME-
driven shock. Those particles that succeed in escaping upstream
of the shock are tracked by iPATH’s transport module, which
solves the focused transport equation (FTE; e.g., van den Berg
et al., 2020) under the assumption of a uniform Parker solar
wind configuration. Over the years, different versions of the
iPATH model have been successfully employed to model
several SEP events (see e.g., Li et al., 2021; Ding et al.,
2022, for some recent examples).

A semi-analytical model of the foreshock region of an
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Vainio et al. (2014). Its primary objective was to provide a rapid
self-consistent characterization of the foreshock region, includ-
ing particle intensities and mean free paths across a range of par-
ticle energies. This model is built upon a steady-state DSA
theory given by Bell (1978), which accounts for self-generated
Alfvén waves upstream of the shock, and the Coronal Shock
Acceleration (CSA) simulation model (Vainio & Laitinen,
2007; Battarbee et al., 2013) capable of simulating coupled ion
acceleration and Alfvén wave generation in a time-dependent
manner in a spatially varying solar wind plasma. CSA simula-
tions agree with Bell’s theory near the shock upon reaching
the steady state (Vainio & Laitinen, 2007; Afanasiev et al.,
2015). Therefore, the semi-analytical foreshock model employs,
as an analytical framework, Bell’s theory with some modifica-
tions to account for the finite time span of the acceleration pro-
cess and extent of the foreshock region. The self-consistent CSA
simulations were fit to the obtained analytical framework in
order to calibrate its parameters. The model provides a descrip-
tion of the foreshock region in terms of the energetic particle
intensity distribution and the pitch-angle scattering mean free
path as functions of energy and distance from the shock (along
a magnetic field line), provided that the energy spectrum cutoff
energy, the ambient plasma, and the MHD shock parameters are
given.

In this paper, we introduce a new particle acceleration and
transport model called PARASOL, which is based on the SOLar
Particle Acceleration in Coronal Shocks (SOLPACS) model sim-
ulating proton acceleration at shocks, coupled with Alfvén wave
generation (Afanasiev et al., 2015), and the PArticle Radiation
Asset Directed at Interplanetary Space Exploration (PARADISE)

model simulating three-dimensional (3-D) particle transport
through the solar wind (Wijsen, 2020). SOLPACS treats the
wave-particle interactions more accurately than CSA by using
the full resonance condition of pitch-angle scattering, and has
been recently successfully validated against energetic storm par-
ticle (ESP) event observations at 1 au (Afanasiev et al., 2023).
PARADISE tracks the evolution of energetic particle distribu-
tions through solar wind configurations generated by the time-
dependent 3-D MHD model known as the EUropean Helio-
spheric FORecasting Information Asset (EUHFORIA; Pomoell
& Poedts, 2018). Moreover, EUHFORIA can be used to simulate
the propagation of CMEs through the solar wind. When suffi-
ciently fast, such a CME will drive a shock wave whose proper-
ties serve as input to the PARASOL model.

PARASOL includes a new semi-analytical foreshock model
because directly integrating SOLPACS with PARADISE would
result in a computationally heavy simulation model that is
hardly usable in the operational space-weather context. Our
approach to construct such a model is different from the
approach undertaken in Vainio et al. (2014). This is because
Bell’s theory can not be used in full since SOLPACS simula-
tions give an inverse (compared to Bell’s theory and CSA)
dependence of the particle mean free path on energy (Afanasiev
et al., 2015), which results from the full resonance condition of
pitch-angle scattering utilized in the model. Furthermore,
SOLPACS is a local model as it performs simulations under
assumption of spatially constant ambient plasma and shock
parameters, so no focusing effects are included. As a result,
the semi-analytical model developed here describes only the
inner part of the foreshock (Fig. 1). While the inner foreshock

Figure 1. Diagram of the PARASOL model. The thin black line upstream of the shock schematically depicts the interface between the inner
foreshock modeled analytically based on self-consistent SOLPACS simulations and the outer foreshock simulated in PARADISE. It should be
noted that the actual shock-normal distance from the shock front to the model matching interface depends on the shock magnetic geometry (see
Sect. 2 for details).
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is characterized analytically, the outer foreshock is handled
numerically by means of simulations with the PARADISE
model, which propagates the accelerated SEP distributions
through the EUHFORIA-generated solar wind. Figure 2 pre-
sents a flow chart of PARASOL indicating the input required
by the constituting models. It should be noted in this connection
that PARASOL can be used not only with EUHFORIA, but
with any other model that can provide the necessary bulk
plasma and shock parameters.

This paper is structured as follows. In Section 2, we outline
the derivation of the semi-analytical model and its integration
with PARADISE. In Section 3, we present the results of
EUHFORIA + PARASOL simulations of an SEP event that
was observed in-situ in July 2012. In Section 4, we discuss in
detail some deviations of the simulation results from observa-
tions, as well as further potential developments of the model.
Finally, in Section 5, we provide our conclusions.

2 Model development

2.1 General consideration

In SEP transport equations that do not address the particle
acceleration process at the shock explicitly, the energetic parti-
cle emission from the shock is usually described by the source
term, which represents the resulting accelerated particle popula-
tion at the shock (e.g., Lario et al., 1998). Assuming the shock
to be an MHD discontinuity, the source term can be given as

Sðx; p; tÞ ¼ Qðp; tÞSshðx; tÞ ð1Þ
where Q(p, t) is the particle emission rate as a function of the
particle momentum p and time t, and Ssh(x, t) describes the
3-D shock surface at time t. For instance, introducing helio-
centric spherical coordinates, the latter function can be given
as Ssh(r, h, /, t) = d(r � rsh(h, /, t))/(4pr

2 sinh), where rsh is
the radial coordinate of the shock surface at the co-latitude h
and the longitude /, and d stands for the Dirac’s delta func-
tion (this particular form of Ssh assumes that the shock front
can intersect a given line drawn from the origin (/ = const.,
h = const.) only at one point at a given time).

The diffusive acceleration of particles at the shock can be
described by the 1-D steady-state Parker equation (Drury,
1983):
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where f is the isotropic part of the phase-space distribution
function of particles, u is the scattering-center speed with
respect to the shock and j = j(z, p) is the spatial diffusion
coefficient, both measured along the z direction normal to
the shock (z < 0 in the upstream). It is further assumed that
seed particles are injected into the acceleration process at a
rate q (per unit area of the shock and unit time) at a momen-
tum pinj. The resulting distribution function at the shock fsh = f
(z = 0) is then equal to

fshðpÞ ¼ 3
4p

q
�up3inj

p
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 !�r

; ð3Þ

where Du = u1 – u2, r = 3u1/Du, and u1 and u2 refer to the
shock-normal scattering-center speeds upstream and down-
stream of the shock, respectively.

Equation (2) can be reformulated to include instead of the
seed-particle source term the particle emission term describing
the resulting spectrum of accelerated particles:
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ð5Þ

and fsh(p) is given by equation (3).
We employ equation (5) to model the particle emission rate

at the shock in PARADISE, taking into account that the trans-
port equation solved in PARADISE is formulated in terms of
the particle differential intensity j = p2f (Wijsen, 2020, also
see Sect. 2.3):
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Figure 2. Flow chart of PARASOL indicating the input required by the constituting models.
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where U1 is the normal component of the upstream bulk
plasma velocity in the de Hoffmann-Teller (HT) frame, r is
the conventional gas compression ratio of the shock,
rsc ¼ u1=u2 ¼ r 1�M�1

A

� �
is the scattering-center compres-

sion ratio of the shock, MA = U1/(VA coshBn) is the Alfvénic
Mach number of the shock as defined in the HT frame, hBn is
the shock-normal angle, and VA is the Alfvén speed in the
unshocked plasma. The above expression for the scattering-
center compression ratio, rsc, is obtained under the assumption
that upstream of the shock particles are scattered by parallel
forward (anti-sunward) propagating Alfvén waves (thus,
u1 = U1 � VA coshBn) and downstream of the shock particles
are scattered by turbulence frozen-in to the bulk plasma (e.g.,
Vainio et al., 2014). In equation (6) and below, we use the
subscript (P) to explicitly acknowledge quantities related to
PARADISE (and the subscript (S) to SOLPACS).

According to equation (6), the particle emission rate Q(P) is
determined by the particle intensity spectrum at the shock,
jðPÞsh ðpÞ. To obtain the particle intensity in the foreshock, we
need to specify the diffusion coefficient (or the scattering mean
free path) in the shock vicinity as a function of momentum (or
energy) and distance from the shock. We do this by making use
of self-consistent simulations of particle acceleration at shocks
performed with the SOLPACS code (Afanasiev et al., 2015,
2023, also see Sect. 2.2.1). SOLPACS provides accelerated pro-
ton distributions at various energies upstream of the shock,
along with their corresponding scattering mean free paths.
Due to the self-generated turbulence, the SOLPACS mean free
paths in a close vicinity of the shock can be several orders of
magnitude smaller than those (�0.1 au) typically used in
PARADISE simulations of particle transport in the interplane-
tary medium. The direct usage of such small mean free paths
would slow down a PARADISE simulation substantially. We
deal with this problem in the following way. We require that
the particle omnidirectional flux in PARADISE matches the
particle omnidirectional flux in SOLPACS only at a certain dis-
tance xM (along the magnetic field line) upstream of the shock:
jðPÞM ðpÞ ¼ jðSÞM ðpÞ. The PARADISE flux at the shock, jðPÞsh ðpÞ, is
then obtained by “demodulating” the SOLPACS flux at the
matching distance xM, jðSÞM ðpÞ, by using the solution of the
steady-state Parker equation:

jðPÞsh ðpÞ ¼ jðSÞM ðpÞ exp
Z xM

0

uk

jðP Þ
k ðx; pÞ

dx

( )
; ð7Þ

where x = �z/coshBn is the distance along the magnetic field
line with respect to the shock (x > 0 in the upstream region),
uk = u1/coshBn and

jðPÞ
k ðx; pÞ ¼ jðP Þ

cos2 hBn
¼ 1

3
vkðSÞ1 auðx;EÞ ð8Þ

is the spatial diffusion coefficient along the magnetic field,
determined by the parallel mean free path kðSÞ1 au and the particle
speed v (to simplify the notation we drop here and below
the subscript “k” in kðSÞk as in SOLPACS simulation the
cross-field diffusion is not considered). For the mean free path
in equation (8), we use an analytical function of distance and
energy E that we infer by fitting the mean free paths resulting
from SOLPACS simulations for the shock assumed to be
located at 1 au. In this way, we can expect PARASOL to
be able to predict ESP events measured at 1 au and, at the

same time, to be more computationally efficient while simu-
lating particle propagation in the vicinity of the shock (i.e.,
in the foreshock) when the shock is at distances <1 au.

The SOLPACS flux at the matching distance xM is obtained
via

jðSÞM ðpÞ ¼ jðSÞsh ðpÞ exp �
Z xM

0

uk

jðSÞ
k ðx; pÞ

dx

( )
; ð9Þ

with

jðSÞ
k ðx; pÞ ¼ 1

3
vkðSÞðx;EÞ; ð10Þ

and jðSÞsh ðpÞ is the particle flux at the shock as modeled by
SOLPACS.

One way to define the matching distance xM is to require the
residual modulation of the upstream particle flux as modeled in
SOLPACS to be small, that is:

M res ¼
Z x0

xM

uk

jðSÞ
k

dx << 1; ð11Þ

where x0 is the distance along the magnetic field line to the
point where the SOLPACS-modeled mean free path becomes
equal to the mean free path k0 used in PARADISE beyond the
foreshock (see Eq. (43)). This allows one to use the larger
mean free paths of PARADISE already at x > xM in
PARASOL, and at the same time to ensure that the escaping
particle flux is modeled correctly. As an approximation, we
calculate Mres assuming that x0 = xfeb, where xfeb is the dis-
tance along the magnetic field line from the shock to the free
escape boundary in the upstream, which is equal to the simu-
lation box size in SOLPACS (50 R� in all simulations in this
work). Checking the approximated Mres in our simulations
demonstrated that xM > 10 R� at energies at which particle
intensities and mean free paths in a close vicinity of the shock
(x [ 0.1 R�) are in a quasi-steady state. Moreover, xM is
energy-dependent. In this work, we shall treat xM as a free
parameter of the PARASOL model (and fix it to 10 R�).

To summarize this section, in order to construct an analyti-
cal model of the foreshock, we need to obtain analytical func-
tions for the particle intensity distribution j(S)(x, E) and mean
free path k(S)(x, E) in the upstream region (here and below we
use particle energy E instead of momentum p). As detailed in
the next section, we obtain those by fitting the mean free paths
resulting from SOLPACS simulations with analytical functions
that represent a modification of the mean free path function of
Bell’s theory. These fitting functions are then used to evaluate
equations (7) and (9). This, along with an analytical representa-
tion of the simulated intensity spectrum at the shock, jðSÞsh ðEÞ,
allows us to construct the foreshock model based solely on
fitting the mean free.

2.2 Fitting of SOLPACS simulation results

2.2.1 SOLPACS simulation runs

In the SOLPACS simulation model (Afanasiev et al., 2015,
2023), protons and Alfvén waves are traced in a spatially 1-D
simulation box (along the magnetic field line) between the
shock front and the free-escape boundary placed in the upstream
region. The ambient plasma and the magnetic field are assumed
homogeneous in the simulation box, and the shock velocity is

A. Afanasiev et al.: J. Space Weather Space Clim. 2025, 15, 3

Page 4 of 18



taken to be constant in a given simulation. The equations solved
by SOLPACS can be given in the following form:

@f
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þ vlþ 1�MAð ÞV A½ � @f
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¼ @
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@l
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ð12Þ
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þ 1�MAð ÞV A
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¼ C I ; ð13Þ
where equations (12) and (13) describe the evolution of the
gyro-averaged distribution function f(x, v, l, t) of particles
and the evolution of the wave intensity I(x, k, t), correspond-
ingly. Here t is time, x is the spatial coordinate measured
along the magnetic field line from the shock toward upstream,
v and l are the particle speed and the pitch-angle cosine as
measured in the rest frame of Alfvén waves, and k is the
wavenumber. In equation (12), the second term on the left-
hand side describes particle streaming and convection, and
the right-hand side term provides the pitch-angle scattering
of particles. In equation (13), the second term on the left-hand
side describes the wave advection toward the shock, and the
term on the right-hand side describes the wave growth. The
coefficients Dll and C are the quasi-linear pitch-angle diffu-
sion coefficient and the wave growth rate, correspondingly:

Dll lð Þ ¼ p
2
X0

krj jI krð Þ
cB2 1� l2

� � ð14Þ

C kð Þ ¼ p
2

X0

nV A

Z
d3p v 1� l2

� �
kj jd k � krð Þ @f

@l
; ð15Þ

where B is the mean magnetic field magnitude, n is the plasma
density, X0 = eB/mp is the (non-relativistic) proton cyclotron
frequency (e is the electron charge, mp is the proton mass),
c is the relativistic Lorentz-factor, kr is the resonant wavenum-
ber given by the quasi-linear resonance condition

kr ¼ X0

cvl
; ð16Þ

and I(kr) is the wave intensity at the resonant wavenumber. In
equation (15), d(k � kr) is the Dirac delta-function of its argu-
ment, and the integration is performed over the particle
momentum space.

The input parameter list of the SOLPACS model consists of
five main parameters: the Alfvén speed VA and density n of the
ambient plasma, the Alfvénic Mach number of the shock MA,
the shock-normal angle hBn and the particle injection efficiency
of the shock �inj (Afanasiev et al., 2023).

In this study, we used fourteen SOLPACS simulation runs.
The parameter values in each run are given in Table 1. The scal-
ing property of the SOLPACS equations, a1/2�inj = const., where
a is the density factor (see Appendix A for details), allows us to
narrow down the parameter space. To emphasize this feature,
instead of the plasma density n in Table 1, we provide the
density factor a, which is related to the density via n = anref,
where nref is the reference value of 5 cm�3.

2.2.2 Fitting particle mean free paths and deriving particle
intensity distributions

As outlined above, our approach consists of fitting the
simulated mean free paths and applying the steady-state solution

of the Parker equation (e.g., Eq. (9)) to calculate the particle
intensity distribution in the upstream region of the shock.

We found that the following function fits well the simulated
mean free paths:

kðSÞðx;EÞ ¼ KðEÞX kðx;EÞ; ð17Þ
where

KðEÞ ¼ K
E
Einj

� �bk

exp
E
Eb

� �dk
" #

ð18Þ

gives the mean free path at the shock as a function of energy
E, and K, bk, Eb and dk are the fitting parameters, and

X kðx;EÞ ¼ 1þ x
�x

� �qh i1
q ð19Þ

characterizes the spatial extent of the foreshock, and Dx(E)
and q(E) are fitting parameters, which are functions of energy.
Figure 3 shows example of the fits.

Equation (18) represents a modification of the energy
dependence of the Bell’s mean free path at the shock (see
Appendix B). We see that the applied fitting function K(E)
describes well the lower-energy part of the mean free path at
the shock, which corresponds to the quasi-steady-state power-
law part of the particle energy spectrum at the shock. In turn,
equation (19) presents a modification of the spatial dependence
of the Bell’s mean free path. The introduced parameter q < 1
reflects the pitch-angle dependence in the quasi-linear resonance
condition of particle scattering. Interestingly, at x � Dx the
mean free path is a linear function of x, identical to Bell’s
theory.

Using equations (17) and (19), the particle intensity spec-
trum at the matching point xM in SOLPACS can be calculated
as

jðSÞM ¼ jðSÞsh exp � 3V AðMA � 1Þ
v

Z xM

0

dx

kðSÞ
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¼ jðSÞsh exp � 3V AðMA � 1Þ
vK 2F 1

1
q
;
1
q
; 1þ 1

q
;� xM

�x

� �q
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xM

� 	
;

where 2F1 [�] is the hypergeometric function (e.g., Abramowitz
& Stegun, 1964). The particle spectrum at the shock to be used
in PARADISE is

jðPÞsh ¼ jðSÞM exp
3V AðMA � 1Þ

v

Z xM

0

dx

kðPÞ

� 	
; ð20Þ

where

kðPÞ ¼ kðSÞ1 au ¼ K0 1þ x
�x0

� �q0

 � 1

q0

; ð21Þ

the subscript “0” indicates that a quantity corresponds to the
shock at 1 au. Substituting, we get

jðPÞsh ¼

jðSÞM exp
3V AðMA � 1Þ

vK0
2F 1

1
q0

;
1
q0

; 1þ 1
q0

;� xM
�x0

� �q0

 �

xM

� 	
:

ð22Þ
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2.2.3 Particle energy spectrum at the shock

The particle energy spectrum at the shock simulated in
SOLPACS can be reproduced by using the following functional
form (Afanasiev et al., 2015):

jðSÞsh ðEÞ ¼ J
E
Einj

� ��b

exp � E
Ec

� �d
" #

; ð23Þ

where the particle injection energy Einj, the amplitude factor J,
and the cutoff (i.e., roll-over) energy Ec are parameterized as
follows:

Einj ¼ 1
2
mpM2

AV
2
A 3� 2rmag

r

� �
1� lcð Þ þ ainjlc


 �2
; ð24Þ

where lc ¼ 1� r�1
mag

� �1=2
is the critical value of the pitch-

angle cosine, rmag is the magnetic compression ratio of the
shock, ainj = 4 is the correction factor,

J ¼ bþ 1

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8mpEinj

p �injnp; ð25Þ

Ec ¼ 8:25 � 10�2 Ec;th

Eref

� �0:86

½MeV�; ð26Þ

where

Ec;th ¼ Einj 1þ 2 bk þ
1
2

� �
M2

A

rscðrsc � 1Þ
r2

V A

vinj

V A�t
K


 �1=ðbkþ1
2Þ
;

ð27Þ
and Eref = 1 MeV.

Equation (24) is obtained by an ad-hoc modification of the
expression for the injection momentum, pinj = 2mpMAVA
(1 � rmagr

�1), used by Vainio et al. (2014), whereas
Equation (25) is derived in the same manner as equation (29)
in Vainio et al. (2014).

Equation (26) is obtained by using an approach similar to
Vainio et al. (2014). Namely, we first integrate the analytical
expression for the particle acceleration rate (Drury, 1983) over
time, assuming a purely power-law dependence for the mean
free path at the shock, i.e., KðEÞ ¼ KðE=EinjÞbk (cf. Eq. (15)
in Vainio et al., 2014). This results in equation (27). Then we
fit the simulated energy spectra, using equation (23) as a fitting
function with ~J (¼ JEb

inj), b, Ec and d treated as independent
fitting parameters. Finally, we compare the theoretical values
of the cutoff energy Ec,th with the fitted ones and fit a power-
law function to the resulting dependence (see the left panel of
Fig. 4), which results in equation (26).

In equation (27), Dt is time equivalent to the simulation time
in SOLPACS. We note, however, that when these equations are
implemented in PARADISE, it becomes a free parameter that
has to be constrained based on test simulations. The right panel
of Figure 4 shows, as an example, a simulated particle energy
spectrum at the shock and the reproduced spectrum obtained
based on equations (23)–(27).

2.2.4 Obtaining semi-analytical functions for the
parameters of the mean free path fitting function

To obtain analytical representations for the fitting
parameters K, bk, Eb and dk of the function K(E) given by

equation (18), we studied their evolution with time in several
simulation runs. The parameter values were obtained by fitting
the energy dependence of the mean free path at the shock at the
output times. Figure 5 shows the typical temporal evolution of
the parameters in a SOLPACS simulation. One can see that all
parameters but one, dk, exhibit clear systematic changes during
a simulation.

Clearly, the evolution of the amplitude factor K and the
power-law index bk is due to the contribution of particles being
accelerated to progressively higher energies, which then generate
waves that resonate with lower-energy particles. Figure 5 shows
that, if a simulation runs long enough, the temporal evolution of
these parameters slows down. This is expected because there are
progressively smaller number of higher-energy particles, modi-
fying the mean free paths of lower-energy particles. Therefore,
as the first step, we neglect this temporal evolution at later times
and treat these parameters as constants. Specifically, for bk we
take a value of 0.2. This value is motivated by our earlier finding
that the spectrum of self-generated Alfvén waves in SOLPACS
simulations approaches asymptotically the k�2 form as a func-
tion of wavenumber k (Afanasiev et al., 2015). Taking into
account that in the quasi-linear theory the energy dependence
of the mean free path is given as k(E) / E1 � q/2, where
q (>0) is the power-law index of the wave spectrum, we con-
clude that the power-law-like part of the energy dependence
of the mean free path at the shock should be weak, at least
weaker than for the initial k�3/2 spectrum, i.e., /E1/4 (cf.
Fig. 7 in Afanasiev et al., 2015).

Based on Bell’s theory (see Eqs. (B2) and (B4) in Appendix
B), one would expect the amplitude factor K to scale with
VA(�injX0)

�1, where X0 is the proton cyclotron frequency. We
verified this using the full set of simulation runs and found that
this relationship holds true (Fig. 6). Fitting the dependence with
a linear function gives:

K ¼ 0:22
V A

�injX0
: ð28Þ

Regarding the parameter dk, we fix it at 1.4. It should be noted
that dk in fact varies at least with �inj (see, e.g., Fig. 7 in

Table 1. Parameters of the SOLPACS simulation runs. The first
column gives the run number, the second the Alfvénic Mach number,
the third the Alfvén speed, the forth the shock-normal angle, the fifth
the density factor a (see text for details), the sixth the injection
efficiency, and the seventh the parameter

ffiffiffi
a

p
�inj.

Run MA MA (km/s) hBn (�) a �einj a1/2�inj

1 2.5 100 0 100 10�4 10�3

2 5 100 0 100 10�4 10�3

3 5 100 30 100 10�4 10�3

4 5 100 60 100 10�4 10�3

5 10 100 30 100 10�4 10�3

6 10 100 30 100 5 � 10�5 5 � 10�4

7 10 100 30 100 5 � 10�4 5 � 10�3

8 10 100 30 25 5 � 10�5 2.5 � 10�4

9 10 100 30 25 5 � 10�4 2.5 � 10�3

10 10 50 0 25 10�4 5 � 10�4

11 10 100 30 1 10�3 1 � 10�3

12 10 20 0 1 10�3 1 � 10�3

13 10 20 30 1 10�3 1 � 10�3

14 10 100 30 100 10�3 1 � 10�2
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Figure 4. Left panel: Cutoff energy obtained in Runs 1–7 versus the cutoff energy calculated based on equation (27). The red line is a power-
law fit given by equation (26). Right panel: Example of the simulated particle spectrum at the shock (blue line) and the reproduced spectrum
based on the analytical model (orange line). The case presented is run 14.

Figure 3. Examples of the fits of the spatial (left panel) and energy (right panel) dependencies of the mean free path in the simulation run 6.
The former is obtained at E = 5.27 MeV. The crosses indicate points that were not considered during the fitting process.

Figure 5. Example of temporal evolution of the parameters of the fitting function K(E) in a SOLPACS simulation. The plots show each
parameter versus a simulation snapshot number. The case presented is run 13.
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Afanasiev et al., 2015). We will leave this for a detailed inves-
tigation in a future study.

The spatial dependence of the mean free path in the
upstream region is fitted using equation (19), in which Dx and
q are fitting parameters. These parameters are energy-depen-
dent. We found that the following functions provide good fits
for the obtained Dx and q as functions of energy:

�xðEÞ ¼ C1 exp
E

�E1

� �a1

; ð29Þ

where C1, DE1, and a1 are fitting parameters, and

qðEÞ ¼ C2 exp
E

�E2

� �a2

; ð30Þ

where C2, DE2, and a2 are fitting parameters as well. For the
two sets of fitting parameters, we have obtained the following
representations:

C1 ¼ 0:35
MA

�injxref

V A

X0

� �0:71

½R��; ð31Þ

a1 ¼ 0:83� 0:02
Eb

Eref
; ð32Þ

�E1 ¼ 1:64
Eb

Eref

� �1:07

½MeV�; ð33Þ

C2 ¼ 0:66; ð34Þ

a2 ¼ 0:47; ð35Þ

�E2 ¼ 9:45
Eb

Eref

� �0:82

½MeV�; ð36Þ

where xref = 1 R� and Eref = 1 MeV are the reference values.
The idea underlying the derivation of equations (31)–(36)

for the fitting parameters of Dx(E) and q(E) is to make them
related to the plasma and shock parameters (and to the
model input parameters). To obtain equation (31) for the fitting

parameter C1, which characterizes the foreshock spatial extent
Dx, we used Bell’s theory as a starting point since the mean free
path at E � Ec is in a quasi-steady state by the end of all the
SOLPACS simulations used in this work. In Bell’s theory,
C1 / VA/(r�injX0) (see Appendix B). This scaling, however,
does not work well with the values of C1 obtained from fitting
Dx(E) in different SOLPACS simulations. We found that
including the Alfveńic Mach number into the Bell’s scaling
organizes the fitted values of C1 into a monotonic dependence
that is quite close to a linear dependence (Fig. 7, left panel).

It is more difficult to find a suitable combination of plasma
and shock parameters for C2 in Eq. (30) that would organize its
values into a monotonic dependence, because q does not exist in
Bell’s theory. Figure 8 (left panel) shows, as an example, the
values of C2 versus coshBn/(�injaMA). The values, however, vary
only within �20% of their average. Therefore, for C2, we take
its average over all the simulations performed in this work.

The parameters DE1, a1 and DE2 were found to scale with
the roll-over energy Eb of K(E) (Figs. 7 and 8, central and right
panels). We used power-law functions to fit DE1 and DE2 versus
Eb and a linear function to fit a1 versus Eb. The parameter a2
was found to be approximately the same in all the simulation
runs (Fig. 8, central panel).

2.3 Implementation in PARADISE

The PARADISE model solves the focused transport equa-
tion (e.g., van den Berg et al., 2020), that is,

@j
@t

þr � dx
dt

j
� �

þ @

@l
dl
dt

j
� �

þ @

@p
dp
dt

j
� �

¼ @

@l
Dll

@j
@l

� �
þ S;

ð37Þ
with

dx
dt

¼ Vsw þ lvb̂; ð38Þ

dl
dt

¼ 1� l2

2
vr � b̂þ lr � Vsw � 3lb̂b̂ : rVsw � 2

v
b̂ � dVsw

dt

� �
;

ð39Þ

dp
dt

¼ 1� 3l2

2
ðb̂b̂ : rVswÞ � 1� l2

2
r � Vsw � l

v
b̂ � dVsw

dt

� �
p;

ð40Þ
where j denotes the differential particle intensity, b̂ the unit
vector in the magnetic field direction, and Vsw is the solar
wind velocity vector. These two vector fields are taken from
simulations preformed with the time-dependent MHD model
EUHFORIA (Pomoell & Poedts, 2018). The source function
S is nonzero exclusively at the shock surface, as defined in
equation (1). The value of S in each point of the shock is
obtained by substituting equations (22) and (6). Moreover,
for the PARADISE simulations presented in this work, we
only incorporate a pitch-angle diffusion process, as described
by Dll in equation (37), while excluding perpendicular diffu-
sion (e.g., Wijsen et al., 2019) and guiding center drifts (e.g.,
Wijsen et al., 2020). The impact of these processes on the
PARASOL simulations will be explored in future
investigations.

Figure 6. Fit to the amplitude factor K of the mean free path K at the
shock versus VA/(�injX0).
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PARADISE uses the results of quasi-linear theory (QLT;
Jokipii, 1966) to prescribe the following pitch-angle diffusion
coefficient (see Agueda & Vainio, 2013; Wijsen et al., 2019):

Dll ¼ D0
jlj

1þ jlj þ �

� �
1� l2
� �

; ð41Þ

where l denotes the cosine of the pitch-angle, � = 0.048 is a
parameter bridging the resonance gap at l = 0 (e.g., Klimas &
Sandri, 1971). The parameter D0 is determined by prescribing
the particles’ parallel mean free path k||, which relates to Dll

through (Hasselmann & Wibberenz, 1970)

kk ¼ 3v
8

Z 1

�1

1� l2ð Þ2
Dll

dl: ð42Þ

Upstream of the shock wave, we choose the parallel mean free
path

kk ¼ min k0; kðP Þ
h i

; ð43Þ
where k(P) is defined in equation (21), and
k0 ¼ ð0:1 auÞ R=Rrefð Þ2�q0 . Here, q0 = 5/3 represents the spec-
tral index of a Kolmogorov turbulence spectrum, and R is the
particle rigidity, with Rref set at 43 MV, which corresponds to
the rigidity of a 1 MeV proton.

Downstream of the shock, we choose the parallel mean free
path as

kk ¼ min k0;K0e �d=d0ð Þ
 �
; ð44Þ

where d represents the distance from the shock wave, and we set
d0 = 1 R�. To summarize, equations (43) and (44) provide the
particles with a constant parallel mean free path k0 when they
are located far from the shock. As a particle approaches the
shock from the upstream side, it enters a foreshock region where
the parallel mean free path, now given by k(P), gradually de-
creases based on the fittings to the SOLPACS simulations.
On the downstream side of the shock, k|| exhibits an exponential
increase towards k0.

3 The SEP event of July 12, 2012

3.1 Observations

To evaluate the performance of our new model, PARASOL,
we conducted simulations of an SEP event observed in situ.
Since our solar wind model, EUHFORIA, only starts at 21.5
Rs, this paper will primarily focus on the energetic storm particle
(ESP) component of the SEP event. Specifically, we simulated
the SEP event associated with a halo CME that occurred on July
12, 2012, and was observed in situ by near-Earth spacecraft.
This CME originated from NOAA Active Region 11520,
located near the center of the solar disk at the time of the
eruption.

Figure 8. Fits to the parameters of the energy dependence of the foreshock spatial parameter q.

Figure 7. Fits to the parameters of the energy dependence of the foreshock spatial scale Dx.
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In Figure 9, panel (1a) displays proton intensities in various
ion energy channels, as recorded by the Low-Energy Magnetic
Spectrometer (LEMS120) of the Electron, Proton, and Alpha
Monitor (EPAM; Gold et al., 1998) aboard the Advanced Com-
position Explorer (ACE) spacecraft. The panel also includes
energy channels from the Solar Energetic Particle Environment
Modelling Project (SEPEM) reference data set (RDS) version
2.0 (Jiggens et al., 2018). The figure illustrates that this SEP
event was characterized by an energetic storm particle (ESP)
event, which commenced on July 14, 2012, and lasted for
approximately a day. The particle intensity peak in the low
energy channels coincides with the arrival of the CME-driven
shock at Earth, as indicated by the solid line in the figure.

Figure 9a, panel 1b, displays the interplanetary magnetic
field (IMF) magnitude measured by the Magnetic Field Investi-
gation (MFI) on Wind (Lepping et al., 1995), while panels (1c)
and (1d) show, respectively, the solar wind speed and proton
number density, as measured by the Solar Wind Experiment
(SWE) on Wind (Ogilvie et al., 1995). The shock arrival is
clearly evident as a sudden jump in all the solar wind variables
at 17:26 UT on July 14.

3.2 EUHFORIA simulation

The CME responsible for this SEP event was previously
simulated using the linear force-free spheromak model within
EUHFORIA, with parameters derived from remote-sensing

observations (Scolini et al., 2019). Additionally, the ESP event
was recently modeled by Wijsen et al. (2022) using the
PARADISE and EUHFORIA model. In this study, we will uti-
lize the same EUHFORIA simulation as presented in Wijsen
et al. (2022) to describe the solar wind conditions and the prop-
agation of the CME. For an in-depth analysis of the CME and
SEP event, as well as the EUHFORIA simulation, we refer to
these two papers. To recap the essential parameters, the sphero-
mak CME was introduced into the simulation on July 12, 2012,
at 19:24 UT, originating from the inner boundary of EUHFOR-
IA’s computational domain, positioned at a heliocentric distance
of 0.1 au (21.5 Rs). The CME was directed towards Earth and
the insertion speed and radius of the spheromak were assumed
to be 763 km s�1 and 16.8 R�, respectively. A snapshot of the
EUHFORIA simulation can be seen in Figure 3g of Wijsen
et al. (2022).

3.3 PARASOL simulation

The PARASOL model comprises three free parameters: the
particle injection efficiency �inj, the timescale Dt, and the match-
ing distance xm. As an illustrative example, we present a PARA-
SOL simulation with �inj = 5	 10�4, Dt = 10 h, and xm = 10 Rs.
A comprehensive parametric investigation into the impact of
these three parameters will be detailed in a forthcoming study.

The omnidirectional time-intensity profiles, as modeled by
PARASOL, are presented in panels 2a and 3a of Figure 9 for

Figure 9. Comparison of observed and simulated proton intensities and solar wind plasma parameters for the 12 July 2012 SEP event. The
panels correspond to (a) omnidirectional particle intensities, (b) IMF magnitude, (c) solar wind speed and (d) number density. The left figure
displays in-situ observational data obtained from the ACE and WIND spacecraft (refer to the text for further details). In contrast, the central and
right figures showcase simulation results for Earth’s position and the W25 observer. The vertical lines indicate the arrival of the observed and
simulated shock waves at the corresponding observers.
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Earth’s location and 25� west of Earth, referred to as the W25
observer, respectively. Panels 2b–2d and 3b–3d display the time
profiles of the EUHFORIA solar wind at the locations of these
two spacecraft. Observing panel 2a, we note that PARASOL
simulates an ESP event. Similar to the observations, the inten-
sity profiles of the lower energy channels peak at the arrival
of the modeled CME-driven shock. Moreover, when comparing
panels 1a and 2a, it becomes evident that PARASOL slightly
underestimates the peak intensity levels in the lowest energy
channels and overestimates the intensities in the highest energy
channels. In other words, the modeled energy spectrum appears
to be harder than the observed one. This is illustrated in
Figure 10a, where the observed and simulated energy spectra
at Earth are shown in blue and orange, respectively. The figure
highlights that, although PARASOL underestimates intensity at
lower energies, the observed and simulated spectra exhibit
similar slopes.

Figure 9 also shows that the onset of the SEP event is not
accurately reproduced. This discrepancy is a consequence of
the spheromak CME not being wide enough to adequately
capture the shock wings and the IMF being significantly more
radial than the modeled IMF, as elaborated in Wijsen et al.
(2022). Consequently, in the simulation Earth establishes a
magnetic connection with the shock only on July 13, around
22:00 UT. In contrast, the observed onset of the SEP event sug-
gests that Earth likely had a direct magnetic field connection to
the shock wave shortly after the CME eruption on July 12,
around 17:00 UT.

Due to its more westward position relative to Earth, the
W25 observer establishes a magnetic connection to the Earth-
directed CME soon after it is inserted into the EUHFORIA
simulation at 0.1 au. As a result, the modelled onset of the
SEP event for the W25 observer is closer to the observed
one. It is still slightly delayed, however, since the computational
domain of EUHFORIA, and hence PARASOL, does not
include the solar corona.

Figure 10a displays the energy spectrum for the W25
observer at the time of the (simulated) shock arrival. At lower
energies, the spectrum closely resembles that of the simulated
Earth observer, while at higher energies, the spectrum softens,
similar to the observed energy spectrum.

As previously mentioned, the intensities in different energy
channels are sensitive to the choice of the injection efficiency
parameter, �inj. This sensitivity is demonstrated in Figure 11,
which showcases the particle intensities for the W25 observer
in a PARASOL simulation with �inj = 10�4. A direct compar-
ison between Figure 11 and panel 3a of Figure 9 reveals that
a reduced �inj results in lower particle intensities across all
energy channels and a less pronounced ESP event.

To address this sensitivity and determine the optimal value
for �inj, a future study will involve modeling several different
SEP events. This approach will help quantify the most suitable

Figure 10. Energy spectra of observed and simulated proton intensities for the 12 July 2012 ESP event. Panel (a) presents the energy spectrum
at the shock arrival, while panel (b) displays it eight hours before the shock arrival. Solid lines represent simulated intensities, with the orange
line indicating Earth and the green line representing the W25 observer. Dashed lines correspond to in-situ data from ACE and SEPEM, as also
depicted in panel 1a of Figure 9.

Figure 11. Modeled omnidirectional particle intensities for the W25
observer in a PARASOL simulation with �inj = 10�4.
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choice for the injection efficiency parameter. In the remainder of
this section, we will focus our analysis on the PARASOL sim-
ulation with �inj =5 	 10�4.

Figure 12 shows the omnidirectional proton intensities for
two different energy channels within the plane of constant lati-
tude encompassing Earth, 27 h after the insertion of the CME in
the simulation domain. Figure 12 offers valuable insights into
the spatial distribution of proton intensities resulting from the
shock’s interaction with the surrounding solar wind. In compar-
ing the two panels, we observe that low-energy particles are
more tightly confined near the CME than high-energy particles,
due to their lower speed (relative to the CME) and their smaller
mean free path in the foreshock region, as further discussed in
the next section. Furthermore, the right panel reveals that the
highest intensities in the high-energy range are concentrated at
the CME’s center and west flank, whereas in the low-energy
range (left panel), the highest intensities are concentrated along
the CME’s east flank.

These energy-dependent variations of the SEP intensities
along the shock surface can be better understood by examining
the properties of the shock, as illustrated in Figure 13,
which corresponds to the same date and time as the intensity
snapshots in Figure 12. Figures 13a and 13b depict the shock
angle hBn and the Alfvenic Mach number MA, respectively.
One key observation is that the eastern flank of the CME exhi-
bits quasi-parallel shock geometry (hBn < 45�), while the center
and the western flank of the CME display quasi-perpendicular
shock geometry (hBn > 45�). This spatial variation in the shock
geometry is a direct consequence of the spiral geometry of the
upstream IMF. Additionally, the Alfvenic Mach number MA
reaches its maximum value at the center and the western flank
of the CME shock. This is attributed partly to the shock being
quasi-perpendicular in these regions (recall that MA is measured
in the HT-frame) and partly due to variations in the non-uniform
upstream density and solar wind speed (not shown in the
figure).

These spatial variations translate into different levels of
particle emission and energy spectra in the PARASOL model
at the shock wave. To illustrate this, we present the intensity

parameter J and the cutoff energy Ec in Figures 13c and 13d.
As indicated in equation (23), J represents the energy-
independent part of the particle intensity at the shock wave.
Figure 13c clearly illustrates that the highest values for J are
concentrated in the east flank of the shock wave. However,
the same eastern flank exhibits relatively lower values for the
cutoff energy Ec, compared to the nose and the west flank of
the CME (see Fig. 13d).

In summary, the varying shock conditions along the shock
surface explain why the eastern shock flank generates the high-
est intensities in the low-energy channels, while the west flank
produces the highest intensities in the high-energy channels.
The intricate interplay of shock geometry, Alfvenic Mach
number, and upstream conditions plays thus a pivotal role in
shaping the energy-dependent patterns in the distribution of
proton intensities.

4 Discussion

A test PARASOL simulation of the July 12, 2012 SEP
event using the EUHFORIA MHD simulation of the solar wind
and the CME have reproduced the observed ESP event
(E [ 5 MeV) in the close vicinity of the shock reasonably well
(within one order of magnitude in intensity). The overestimated
intensities at higher energies are due to an overestimated cutoff
energy at 1 au in the simulation, which is governed by equation
(27) and largely results from the assumed Dt = 10 h. It should be
noted that this parameter is not necessarily constant and can be a
function of heliocentric distance.

In the particle acceleration model where the shock upstream
turbulence is self-generated, one of the possibilities is that the
cutoff energy is ultimately governed by the flux of protons
injected into the acceleration process. In this case, a decrease
in the plasma density in the interplanetary medium should lead
to a decrease in the injected proton flux (assuming that �inj does
not change much). This should lower the cutoff energy while
the shock propagates further away from the Sun, if the maxi-
mum cutoff energy was achieved when the shock was in the

Figure 12. The modeled omnidirectional proton intensities within the plane of constant latitude encompassing Earth, 27 h after the insertion of
the CME in the simulation domain. The left panel displays proton intensities within the 310–580 keV range, while the right panel presents data
for the 15–31 MeV range. The white line denotes the position of the CME-driven shock wave. Earth and the W25 observer are marked by green
and blue dots, respectively, and their magnetic connectivity to the shock wave is also illustrated.
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corona. In this case, to constrain the parameter Dt as a function
of distance from the Sun one needs to use a SOLPACS simula-
tion in a global setup, i.e., taking into consideration heliospheric
variations of the solar wind plasma density and the magnetic
field. Another option (perhaps more applicable for strong
shocks) is that the cutoff energy is controlled by the particle
escape from the foreshock due to magnetic focusing (Vainio
et al., 2014). In this case, it can be shown that Dt does not enter
the equations determining the cutoff energy. This will be
addressed in a future study.

As we mentioned above, the ESP event under consideration
was modeled earlier by Wijsen et al. (2022), in which
PARADISE was used not only to propagate but also to acceler-
ate particles (50 keV seed protons) at the EUHFORIA-modeled
CME shock. The study employed in-situ observations of the
ESP event to estimate the spatial variation of the mean free path
in the foreshock region. In contrast, the new PARASOL model
does not rely on SEP observations for the event, making it more
suitable for forecasting purposes.

The energy spectrum at the shock in Wijsen et al. (2022)
showed a strong agreement with observations up to 1 MeV.

However, above 1 MeV, the spectrum was too soft. The authors
attributed this softening to low SEP acceleration efficiency at
the modeled MHD shock as a result of the finite resolution of
the MHD simulation leading to an overly thick shock. With
PARASOL, instead of modeling particle acceleration with
PARADISE, we inject an accelerated particle population based
on MHD shock properties and the SOLPACS-based model.
This approach circumvents the issue of shock thickness due
to finite resolution, but makes the cutoff energy to depend on
a free parameter (Dt) of the model.

A striking discrepancy between the observed and simulated
time-intensity profiles in Figure 9, not related to the
EUHFORIA simulation of the solar wind and CME, can be seen
in the low energy channels (up to �0.5 MeV) before the shock
arrival. The observed time-intensity profiles at these energies
nearly overlap, which corresponds to a nearly flat energy spec-
trum of particles, starting from some distance from the shock in
the upstream region. This feature is further illustrated in
Figure 10b, which shows the energy spectra eight hours before
the shock arrival, at the onset of the ESP event. Here, the
observed energy spectrum is particularly hard (nearly constant)

Figure 13. The CME-driven shock, observed 27 h after its introduction into the simulation domain, is depicted. The shock surface is color-
coded to represent various parameters: the shock obliquity hBn (a); the Mach Alfvén numberMA (b); the intensity J and defined in equation (23)
(c); and the cutoff energy Ec, as defined in equation (26) (d). Green and blue dots indicate Earth and the W25 observer, respectively, and their
magnetic connections to the shock wave are also illustrated. The white lines on the shock indicate the location of the solar equatorial plane and
the meridional slice containing Earth.
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below 1 MeV. In contrast, in the simulations, intensities at low
energies decrease rapidly with an increasing distance from the
shock in the upstream region, resulting in an “inverted” energy
spectrum (in which intensity increases with energy) at a given
location in the upstream region. The formation of such a spec-
trum in the PARASOL simulation stems from the SOLPACS
self-consistent simulations. Namely, in SOLPACS, higher-
energy protons are able to generate Alfvén waves in the
upstream region at frequencies resonant with lower-energy
protons, thus leading to a decrease of the scattering mean free
path at the lower energies. This leads to an increasingly efficient
trapping of lower-energy protons close to the shock, and may
result (depending on how efficiently the waves are produced)
in an “inverted” energy spectrum of protons in the upstream
region.

Overlapping particle intensities upstream of ESP events is
not uncommon, as recently pointed out by Lario et al. (2018).
However, the mechanism is responsible for such flat, rather than
inverted, energy spectrum at low-energy particle intensities is
currently not understood, but some ideas have been proposed.
Those include a balance between the particle acceleration at
the shock and adiabatic cooling (Prinsloo et al., 2019) and a
velocity filter mechanism (Perri et al., 2023), which suggests
that the lower the particle energy, the smaller the fraction of
such particles that can escape from the shock, assuming an iso-
tropic distribution of particles. Clearly, the inverted spectrum
situation obtained in our simulations is a result of too efficient
trapping of particles near the shock due to too small mean free
paths of low-energy particles. If the mean free paths at low ener-
gies were larger, the intensities of particles at those energies
would be larger (the “inverted” part of the spectrum would be
flatter). Importantly, the mean free path in SOLPACS (and
PARASOL) is an increasing function of particle energy.

Earlier, Wijsen et al. (2022) calculated the mean free paths
in this ESP event from the observed particle intensities and
found that they increase with energy only in a close vicinity
of the shock ([1.7 R� along the normal to the shock), where
the intensities are not overlapped, but further away, where the
intensities become overlapped, the energy dependence of the
mean free path turns over. Moreover, the mean free paths at
the lowest energies further away from the shock are substan-
tially (about one order of magnitude) larger than close to the
shock.

The rigidity dependence of the mean free path in the quasi-
linear theory is determined by the power-law index q of the
turbulence spectrum I(k), k / P2�q (e.g., Bieber et al., 1994).
In SOLPACS, the spectrum of self-generated Alfvén waves is
characterized by power-law indices q [ 2, which explains
the resulting energy dependence of the mean free path. How-
ever, a steeper turbulence spectrum (q > 2) would result in an
opposite energy dependence of the mean free path (the mean
free path decreases with particle energy). One candidate pro-
cess, not accounted for in the SOLPACS model, that can pro-
duce such a steeper spectrum at the high end of the MHD
frequency range is the Alfvén wave damping on thermal protons
(e.g., Berezhko & Taneev, 2016). The spectrum steepening,
however, produces a resonance gap (Smith et al., 1990) and
makes it more difficult for particles to scatter across the pitch
angle of 90�, which should lead toward reduction of the particle
acceleration efficiency at the shock. The effect of resonance
broadening is usually invoked to deal with this problem, which

allows a particle to interact not only with the wave spectral com-
ponent strictly determined by the quasi-linear resonance condi-
tion (e.g., Vainio, 2003), but with spectral components from a
wider range of wavenumbers (see, e.g., Bieber et al., 1994;
Ng & Reames, 1995, and references therein).

Ng & Reames (1995) proposed a theory where the reso-
nance broadening was attributed to large-amplitude medium-
scale fluctuations of the magnetic field, non-resonant with the
particles at the considered energies. Bearing that theory in mind,
we hypothesize that the resonance broadening can be very effi-
cient close to the shock (stronger large-amplitude magnetic field
variations), so that it allows large pitch-angle particles to interact
with lower-frequency components of the self-generated Alfvén
wave spectrum not affected significantly by the damping
process. It can be shown that this can lead to a mean free path
increasing with energy. Further away from the shock, the
resonance broadening becomes less efficient, so the effect of a
steeper spectrum due to the wave damping becomes more
important, thus leading to the opposite dependence of the mean
free path on energy. Also, one can expect in this case that the
mean free path values, especially at lower energies, should be
larger in magnitude further away from the shock than close to
the shock. This scenario qualitatively agrees with the theory
of Ng & Reames (1995, see their Fig. 9).

It is also interesting to note that in some events where the
presence of the flat spectrum was reported, the spectra are in fact
slightly inverted than flat (see, e.g., Fig. 4 in Ng et al., 2012).
Besides, the significantly inverted particle spectrum in a gradual
SEP event has been recently reported by Lario et al. (2021) and
Ding et al. (2024). In the latter work, such a spectrum was
attributed to the presence of a pre-existing enhanced turbulence
in the ambient solar wind.

It would be interesting to test the described scenario of
the formation of overlapped intensities (nearly flat spectra) in
the shock upstream region. This can be done by including the
effect of Alfvén wave damping on thermal protons to the
SOLPACS model and considering the resonance broadening
as decreasing with the distance from the shock (towards
upstream). A successful reproduction of this phenomenon in
SOLPACS simulation would allow us to fine-tune our semi-
analytical model of the inner foreshock in order to model
(and eventually predict) this behavior of particle intensities at
lower energies.

5 Conclusions and outlook

In this paper, we introduced a new physics-based simulation
model, PARASOL, for simulating proton acceleration in a
CME-driven shock and their transport in the interplanetary med-
ium. PARASOL combines a semi-analytical model of the inner
foreshock region, derived from self-consistent simulations of
particle acceleration using the SOLPACS model, with the
test-particle simulation model, PARADISE, which handles par-
ticle transport in the outer foreshock and the ambient solar wind,
where wave growth is not significant. PARASOL requires a
MHD model of the solar wind and the shock in order to obtain
the necessary plasma and shock parameters. In particular, the
semi-analytical model of the foreshock requires the ambient
plasma density, n, the Alfvén speed, VA, the shock-normal
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angle, hBn, all at the shock location, and the Alfvénic Mach
number (in the HT frame) MA of the shock. For a test
PARASOL simulation, we used a EUHFORIA simulation of
the CME associated in July 12, 2012 SEP event.

To constrain better the free parameters of PARASOL, the
focus of a future modeling study should be on ESP events
having the so-called classic component, i.e., a slow increase
of the particle intensity starting a few hours before the shock
arrival (Lario et al., 2003; Giacalone, 2012). Such a rise of
intensity is consistent with the presence of the foreshock.

The ongoing development of PARASOL aims to create an
efficient simulation model for operational SEP forecasting that
also provides an accurate description of the physical processes
involved in particle acceleration, particularly Alfvén wave
growth upstream of the shock. The first version of the model
presented here focuses mainly on the ESP component of an
SEP event. Currently, the entire simulation chain takes around
1500 CPU hours. On a supercomputer, this allows us to produce
a forecast within roughly 2 h, which is adequate for predicting
an ESP event in a timely manner. However, there are several
potential optimizations that could significantly reduce both the
computational and prediction times. For instance, EUHFORIA
and PARASOL are currently run sequentially, but they could
be executed in parallel to save time. Additionally, in the simu-
lations presented here, particles were injected along the entire
shock wave, which adds considerable computational cost. In a
near-Earth forecasting scenario, it would be sufficient to inject
particles only in the vicinity of a shock location that is magnet-
ically connected to Earth, thus reducing the necessary CPU
hours drastically.

To address a full SEP event, such as capturing the event
onset, an MHD model of the propagating shock in the corona
is required. We are working on such a simulation framework
by combining EUHFORIA with the recently developed coronal
model COolfluid COroNal UnsTructured (COCONUT) (Perri
et al., 2022), which can perform self-consistent flux-rope simu-
lations (see e.g., Linan et al., 2023). This integrated approach
promises to enhance the accuracy and reliability of SEP event
predictions significantly.

Acknowledgements

This research has received funding from the European Union’s
Horizon 2020 research and innovation programme under grant
agreements No 870405 (EUHFORIA 2.0). A.A. and R.V. also
acknowledge funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No
101004159 (SERPENTINE) and from the Finnish Centre of Excellence
in Research of Sustainable Space (FORESAIL) funded by the Research
Council of Finland (grant no. 352847). This study has been performed
in the framework of the European Union’s Horizon 2020 research and
innovation programme (EU/H2020) under the Marie Skłodowska-Curie
grant agreement No. 955620 (SWATNet). N.W. acknowledges funding
from the Research Foundation – Flanders (FWO – Vlaanderen, fellow-
ship no. 1184319N) and the KU Leuven project 3E241013. Computa-
tional resources and services used in this work were provided by the
Finnish IT Center for Science (CSC) and the FGCI project (Finland)
and by the VSC (Flemish Supercomputer Centre), funded by the
FWO and the Flemish Government-Department EWI. The editor
thanks two anonymous reviewers for their assistance in evaluating this
paper.

References

Abramowitz A, Stegun I. 1964. Handbook of mathematical functions
with formulas, graphs, and mathematical tables, Dover, New
York.

Afanasiev A, Battarbee M, Vainio R. 2015. Self-consistent Monte
Carlo simulations of proton acceleration in coronal shocks: Effect
of anisotropic pitch-angle scattering of particles. A&A 584: A81.
https://doi.org/10.1051/0004-6361/201526750.

Afanasiev A, Vainio R, Trotta D, Nyberg S, Talebpour Sheshvan N,
Hietala H, Dresing N. 2023. Self-consistent modeling of the
energetic storm particle event of November 10, 2012. A&A 679:
A111. https://doi.org/10.1051/0004-6361/202346220.

Agueda N, Vainio N. 2013. On the parametrization of the energetic-
particle pitch-angle diffusion coefficient. J Space Weather Space
Clim 3(27): A10. https://doi.org/10.1051/swsc/2013034.

Baker DN. 2005. Specifying and forecasting SpaceWeather threats to
human technology. In: Effects of SpaceWeather on technology
infrastructure, Daglis IA (Ed.), Springer, Netherlands, Dordrecht,
pp. 1–25. ISBN 978-1-4020-2754-3.

Battarbee M, Vainio R, Laitinen T, Hietala H. 2013. Injection of
thermal and suprathermal seed particles into coronal shocks of
varying obliquity. A&A 558: A110. https://doi.org/10.1051/0004-
6361/201321348.

Bell AR. 1978. The acceleration of cosmic rays in shock fronts – I.
Mon Not R Astron Soc 182: 147–156. https://doi.org/10.1093/
mnras/182.2.147.

Berezhko EG, Taneev SN. 2016. Particle acceleration and Alfvén
wave generation by an interplanetary shock. Astron Lett 42(2):
126–135. https://doi.org/10.1134/S1063773716010011.

Bieber JW, Matthaeus WH, Smith CW, Wanner W, Kallenrode M-B,
Wibberenz G. 1994. Proton and electron mean free paths: the
Palmer consensus revisited. Astrophys J 420: 294. https://doi.org/
10.1086/173559.

Desai M, Giacalone J. 2016. Large gradual solar energetic particle
events. Living Rev Sol Phys 13(1): 3. https://doi.org/10.1007/
s41116-016-0002-5.

Ding Z, Li G, Mason G, Poedts S, Kouloumvakos A, Ho G, Wijsen
N, Wimmer-Schweingruber RF, Rodríguez-Pacheco J. 2024.
Modelling two energetic storm particle events observed by solar
orbiter using the combined EUHFORIA and iPATH models. A&A
681: A92. https://doi.org/10.1051/0004-6361/202347506.

Ding Z, Wijsen N, Li G, Poedts S. 2022. Modeling the 2020
November 29 solar energetic particle event using EUHFORIA and
iPATH models. A&A 668: A71. https://doi.org/10.1051/0004-
6361/202244732.

Drury LO. 1983. An introduction to the theory of diffusive shock
acceleration of energetic particles in tenuous plasmas. Rep Prog
Phys 46(8): 973–1027. https://doi.org/10.1088/0034-4885/46/8/002.

Giacalone J. 2012. Energetic charged particles associated with strong
interplanetary shocks. Astrophys J 761(1): 28. https://doi.org/
10.1088/0004-637X/761/1/28.

Gold RE, Krimigis SM, Hawkins SE III, Haggerty DK, Lohr DA,
Fiore E, Armstrong TP, Holland G, Lanzerotti LJ. 1998. Electron,
proton, and alpha monitor on the advanced composition explorer
spacecraft. Space Sci Rev 86: 541–562. https://doi.org/10.1023/
A:1005088115759.

Hasselmann K, Wibberenz G. 1970. A note on the parallel diffusion
coefficient. Astrophys J 162: 1049. https://doi.org/10.1086/
150736.

Hu J, Li G, Ao X, Zank GP, Verkhoglyadova O. 2017. Modeling
particle acceleration and transport at a 2-D CME-driven shock. J
Geophys Res 122(11): 10938–10963. https://doi.org/10.1002/
2017JA024077.

A. Afanasiev et al.: J. Space Weather Space Clim. 2025, 15, 3

Page 15 of 18

https://doi.org/10.1051/0004-6361/201526750
https://doi.org/10.1051/0004-6361/202346220
https://doi.org/10.1051/swsc/2013034
https://doi.org/10.1051/0004-6361/201321348
https://doi.org/10.1051/0004-6361/201321348
https://doi.org/10.1093/mnras/182.2.147
https://doi.org/10.1093/mnras/182.2.147
https://doi.org/10.1134/S1063773716010011
https://doi.org/10.1086/173559
https://doi.org/10.1086/173559
https://doi.org/10.1007/s41116-016-0002-5
https://doi.org/10.1007/s41116-016-0002-5
https://doi.org/10.1051/0004-6361/202347506
https://doi.org/10.1051/0004-6361/202244732
https://doi.org/10.1051/0004-6361/202244732
https://doi.org/10.1088/0034-4885/46/8/002
https://doi.org/10.1088/0004-637X/761/1/28
https://doi.org/10.1088/0004-637X/761/1/28
https://doi.org/10.1023/A:1005088115759
https://doi.org/10.1023/A:1005088115759
https://doi.org/10.1086/150736
https://doi.org/10.1086/150736
https://doi.org/10.1002/2017JA024077
https://doi.org/10.1002/2017JA024077


Jiggens P, Heynderickx D, Sandberg I, Truscott P, Raukunen O,
Vainio R. 2018. Updated model of the solar energetic proton
environment in space. J Space Weather Space Clim 8: A31.
https://doi.org/10.1051/swsc/2018010.

Jokipii JR. 1966. Cosmic-ray propagation. I. Charged particles in a
random magnetic field. Astrophys J 146: 480. https://doi.org/
10.1086/148912.

Klimas AJ, Sandri G. 1971. Foundation of the theory of cosmic-ray
transport in random magnetic fields. Astrophys J 169: 41.
https://doi.org/10.1086/151116.

Lario D, Berger L, Wilson III LB, Decker RB, Haggerty DK,
Roelof EC, Wimmer-Schweingruber RF, Giacalone J. 2018. Flat
proton spectra in large solar energetic particle events. J Phys Conf
Ser 1100: 012014. https://doi.org/10.1088/1742-6596/1100/1/
012014.

Lario D, Ho GC, Decker RB, Roelof EC, Desai MI, Smith CW.
2003. ACE observations of energetic particles associated with
transient interplanetary shocks. AIP Conf Proc 679: 640–643.
https://doi.org/10.1063/1.1618676.

Lario D, Richardson IG, Palmerio E, Lugaz N, Bale SD, et al. 2021.
Comparative analysis of the 2020 November 29 solar energetic
particle event observed by parker solar probe. Astrophys J 920(2):
123. https://doi.org/10.3847/1538-4357/ac157f.

Lario D, Sanahuja B, Heras AM. 1998. Energetic particle events:
efficiency of interplanetary shocks as 50 keV < E < 100 MeV
proton accelerators. Astrophys J 509: 415–434. https://doi.org/
10.1086/306461.

Lepping RP, Ac~una MH, Burlaga LF, Farrell WM, Slavin JA, et al.
1995. The wind magnetic field investigation. Space Sci Rev
71(1–4): 207–229. https://doi.org/10.1007/BF00751330.

Li G, Jin M, Ding Z, Bruno A, de Nolfo GA, Randol BM, Mays L,
Ryan J, Lario D. 2021. Modeling the 2012 May 17 solar energetic
particle event using the AWSoM and iPATH models. Astrophys J
919(2): 146. https://doi.org/10.3847/1538-4357/ac0db9.

Linan L, Regnault F, Perri B, Brchnelova M, Kuzma B, Lani A,
Poedts S, Schmieder B. 2023. Self-consistent propagation of flux
ropes in realistic coronal simulations. A&A 675: A101. https://doi.
org/10.1051/0004-6361/202346235.

Ng CK, Reames DV. 1995. Pitch angle diffusion coefficient in an
extended quasi-linear theory. Astrophys J 453: 890. https://doi.org/
10.1086/176449.

Ng CK, Reames DV, Tylka AJ. 2012. Solar energetic particles:
shock acceleration and transport through self-amplified waves. AIP
Conf Proc 1436: 212–218. https://doi.org/10.1063/1.4723610.

Ogilvie KW, Chornay DJ, Fritzenreiter RJ, Hunsaker F, Keller J,
et al. 1995. SWE, A comprehensive plasma instrument for the
wind spacecraft. Space Sci Rev 71(1–4): 55–77. https://doi.org/
10.1007/BF00751326.

Perri B, Leitner P, Brchnelova M, Baratashvili T, Kuźma B, Zhang F,
Lani A, Poedts S. 2022. COCONUT, a novel fast-converging
MHD model for solar corona simulations: I. Benchmarking and
optimization of polytropic solutions. Astrophys J 936(1): 19.
https://doi.org/10.3847/1538-4357/ac7237, https://ui.adsabs.harvard.
edu/abs/2022ApJ...936...19P.

Pomoell J, Poedts S. 2018. EUHFORIA: European heliospheric
forecasting information asset. J Space Weather Space Clim 8(27):
A35. https://doi.org/10.1051/swsc/2018020.

Prinsloo PL, Strauss RD, le Roux JA. 2019. Acceleration of solar
wind particles by traveling interplanetary shocks. Astrophys J
878(2): 144. https://doi.org/10.3847/1538-4357/ab211b.

Reames DV. 1999. Particle acceleration at the Sun and in the
heliosphere. Space Sci Rev 90: 413–491. https://doi.org/10.1023/
A:1005105831781.

Scolini C, Rodriguez L, Mierla M, Pomoell J, Poedts S. 2019.
Observation-based modelling of magnetised coronal mass ejec-
tions with EUHFORIA. A&A 626: A122. https://doi.org/10.1051/
0004-6361/201935053.

Smith CW, Bieber JW, Matthaeus WH. 1990. Cosmic-ray pitch-
angle scattering in isotropic turbulence. II. Sensitive dependence
on the dissipation range spectrum. Astrophys J 363: 283.
https://doi.org/10.1086/169340.

Vainio R. 2003. On the generation of Alfvén waves by solar
energetic particles. A&A 406: 735–740. https://doi.org/10.1051/
0004-6361: 20030822.

Vainio R, Desorgher L, Heynderickx D, Storini M, Flückiger E, et al.
2009. Dynamics of the earth’s particle radiation environment.
Space Sci Rev 147(3–4): 187–231. https://doi.org/10.1007/s11214-
009-9496-7.

Vainio R, Laitinen T. 2007. Monte Carlo simulations of coronal
diffusive shock acceleration in self-generated turbulence. Astro-
phys J 658(1): 622–630. https://doi.org/10.1086/510284.

Vainio R, Pönni A, Battarbee M, Koskinen HEJ, Afanasiev A,
Laitinen T. 2014. A semi-analytical foreshock model for energetic
storm particle events inside 1 AU. J Space Weather Space Clim 4:
A08. https://doi.org/10.1051/swsc/2014005.

van den Berg J, Strauss DT, Effenberger F. 2020. A primer on
focused solar energetic particle transport. Space Sci Rev 216(8):
146. https://doi.org/10.1007/s11214-020-00771-x.

Whitman K, Egeland R, Richardson IG, Allison C, Quinn P, et al.
2023. Review of solar energetic particle prediction models. Adv
Space Res 72(12): 5161–5242. https://doi.org/10.1016/j.asr.2022.
08.006.

Wijsen N. 2020. PARADISE: a model for energetic particle transport
in the solar wind. PhD thesis, Katholieke University of Leuven,
Belgium. Available at https://ui.adsabs.harvard.edu/link_gateway/
2020PhDT.........8W/AUTHOR_PDF.

Wijsen N, Aran A, Pomoell J, Poedts S. 2019. Modelling three-
dimensional transport of solar energetic protons in a corotating
interaction region generated with EUHFORIA. A&A 622: A28.
https://doi.org/10.1051/0004-6361/201833958.

Wijsen N, Aran A, Sanahuja B, Pomoell J, Poedts S. 2020. The effect
of drifts on the decay phase of SEP events. A&A 634: A82.
https://doi.org/10.1051/0004-6361/201937026.

Wijsen N, Aran A, Scolini C, Lario D, Afanasiev A, Vainio R,
Sanahuja B, Pomoell J, Poedts S. 2022. Observation-based
modelling of the energetic storm particle event of 14 July 2012.
A&A 659: A187. https://doi.org/10.1051/0004-6361/202142698.

Cite this article as: Afanasiev A, Wijsen N & Vainio R. 2025. Towards advanced forecasting of solar energetic particle events with the PARASOL model.
J. Space Weather Space Clim. 15, 3. https://doi.org/10.1051/swsc/2024039.

A. Afanasiev et al.: J. Space Weather Space Clim. 2025, 15, 3

Page 16 of 18

https://doi.org/10.1051/swsc/2018010
https://doi.org/10.1086/148912
https://doi.org/10.1086/148912
https://doi.org/10.1086/151116
https://doi.org/10.1088/1742-6596/1100/1/012014
https://doi.org/10.1088/1742-6596/1100/1/012014
https://doi.org/10.1063/1.1618676
https://doi.org/10.3847/1538-4357/ac157f
https://doi.org/10.1086/306461
https://doi.org/10.1086/306461
https://doi.org/10.1007/BF00751330
https://doi.org/10.3847/1538-4357/ac0db9
https://doi.org/10.1051/0004-6361/202346235
https://doi.org/10.1051/0004-6361/202346235
https://doi.org/10.1086/176449
https://doi.org/10.1086/176449
https://doi.org/10.1063/1.4723610
https://doi.org/10.1007/BF00751326
https://doi.org/10.1007/BF00751326
https://doi.org/10.3847/1538-4357/ac7237
https://ui.adsabs.harvard.edu/abs/2022ApJ...936...19P
https://ui.adsabs.harvard.edu/abs/2022ApJ...936...19P
https://doi.org/10.1051/swsc/2018020
https://doi.org/10.3847/1538-4357/ab211b
https://doi.org/10.1023/A:1005105831781
https://doi.org/10.1023/A:1005105831781
https://doi.org/10.1051/0004-6361/201935053
https://doi.org/10.1051/0004-6361/201935053
https://doi.org/10.1086/169340
https://doi.org/10.1051/0004-6361:20030822
https://doi.org/10.1051/0004-6361:20030822
https://doi.org/10.1007/s11214-009-9496-7
https://doi.org/10.1007/s11214-009-9496-7
https://doi.org/10.1086/510284
https://doi.org/10.1051/swsc/2014005
https://doi.org/10.1007/s11214-020-00771-x
https://doi.org/10.1016/j.asr.2022.08.006
https://doi.org/10.1016/j.asr.2022.08.006
https://ui.adsabs.harvard.edu/link_gateway/2020PhDT.........8W/AUTHOR_PDF
https://ui.adsabs.harvard.edu/link_gateway/2020PhDT.........8W/AUTHOR_PDF
https://doi.org/10.1051/0004-6361/201833958
https://doi.org/10.1051/0004-6361/201937026
https://doi.org/10.1051/0004-6361/202142698
https://doi.org/10.1051/swsc/2024039


Appendix A

Scaling of SOLPACS equations

In equation (12), the particle distribution function f scales as �injn,
where �inj is the model parameter describing the efficiency of the shock
to inject low-energy particles to the acceleration process (for details,
see, e.g., Afanasiev et al., 2023). Taking this into account and using
a scaled wavenumber k* = k/B in equation (15), we infer that
C kð Þ ¼ C k
ð Þ / �inj

ffiffiffi
n

p
. Also, we note that C does not depend explic-

itly on B.
Furthermore, one can write for a power-law wave spectrum (or for

a portion of the wave spectrum approximated by a power law):

I kð Þ ¼ I0
k
k0

� ��q0

¼ I0
k


k
0

� ��q0

� I
 k
ð Þ: ðA1Þ

Therefore, using the scaled wavenumber k*, the pitch-angle diffusion
coefficient can be given as

Dll ¼ p
2
X


0

k
r
�� ��I
 k
r

� �
c

1� l2
� �

; ðA2Þ

where X

0 ¼ X0=B ¼ e=mp, so it does not depend on the magnetic

field magnitude. Thus, under any transformation of the plasma and

shock parameters such that the parameters MA, VA and �inj
ffiffiffi
n

p
are

constant, equations (12) and (13) are invariant. We also have to
require the constancy of hBn in order to have invariant boundary con-
ditions for particles at the shock. This transformation can also be
summarised as follows:

MA ¼ const:

V A ¼ const:

hBn ¼ const:

n ! an

�inj ! a�1=2�inj;

where a is a constant. Note that while the particle equation is invari-
ant, the distribution function of accelerated particle being propor-
tional to �injn scales under this transformation as a1/2.

We have performed test simulations to confirm the discovered scal-
ing property. Figure A1 shows an example of testing this transforma-
tion property for B = 0.335 G, n = 3.55 � 106 cm�3,
Vsh = 1500 km/s, hBn = 0, and a = 0.01. It can be seen that,
as expected, the wave spectrum as a function k/B is invariant,
and the particle intensity scales as a1/2 = 0.1 while the spectral
shape is preserved.

Figure A1. Comparison of the Alfvén wave spectra (the blue and red lines depict the opposite circular polarizations) in the vicinity of the
shock (top row) and the proton spectra at the shock (bottom row) resulting from two simulation runs to test the scaling property of the
SOLPACS equations.
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Appendix B

Bell’s theory

The 1D steady-state theory of particle acceleration in a parallel
shock accounting for self-generated Alfvén waves (Bell, 1978) can
be formulated as follows (see also Vainio et al., 2014; Afanasiev
et al., 2015):

f ðx; pÞ ¼ fs
x0

xþ x0
; ðB1Þ

kðx; vÞ ¼ Ck

v
ðxþ x0Þ; ðB2Þ

fsðpÞ ¼ Cf
p
pinj

 !�r

; ðB3Þ

x0ðpÞ ¼ Cx
p
pinj

 !r�3

; ðB4Þ

where f is the particle distribution function, k is the scattering mean
free path, v and p are the particle speed and momentum, r = 3rc/
(rc � 1) is the spectral index of the particle distribution function at
shock, rc ¼ rg 1�M�1

A

� �
is the scattering-centre compression ratio,

rg is the gas compression ratio of the shock, pinj is the effective injec-
tion momentum (see Afanasiev et al., 2015, for details), and

Ck ¼ 3 u1 � V Að Þ; Cf ¼ r�injn
4pp3inj

; Cx ¼ 2
p�injr

V A

X0
;

are the functions of the plasma and shock parameters, which are con-
stant in the context of local SOLPACS simulations.
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