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Multi-spacecraft observations of Solar Energetic Particles (SEPs) show that SEPs related to a
single solar eruption can be observed over a wide range of heliolongitudes. The SEP anisotropy
observations suggest that interplanetary transport significantly contributes to this spreading of
SEPs across the mean Parker Spiral field. However, the current transport models that describe the
cross-field propagation as diffusion using the Fokker-Planck (FP) equation with a simple cross-
field diffusion term, cannot reproduce the extent of SEP events without unrealistically large cross-
field diffusion coefficients. Laitinen et al (2013) noted that the initial, non-diffusive propagation
of charged particles along turbulently meandering field-lines provides a key to explaining the wide
SEP events. Particles that initially propagate along meandering field-lines spread fast across the
mean field. Thus, the resulting SEP event extent can be expected to be wider than predicted by the
FP description. In this work, we implement field-line meandering into a FP modelling framework
for the Parker Spiral geometry. We use an SDE approach to propagate particles along field-lines
that meander across the Parker Spiral field, and compare our new model with the traditional
FP approach. The particle and field-line diffusion coefficients are calculated using a turbulence
model that is consistent with a parallel mean free path of 0.3 AU for 10 MeV protons at 1 AU.
We find that our new model results in a wide longitudinal extent of SEP events, with σ = 33◦ for
the longitudinal peak intensity distribution, consistent with SEP observations, while for the same
turbulence parameters the traditional modelling only gives σ = 10◦. Our results show that field-
line meandering must be taken into account when modelling SEP propagation in interplanetary
space. We discuss the effect of turbulence strength on the extent of SEP events.
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1. Introduction

Solar Energetic Particles (SEPs) are accelerated during solar eruptions up to relativistic ener-
gies, and propagate in the interplanetary medium to be observed by in situ instruments near Earth.
The acceleration mechanisms of the SEPs, and their connection to other solar eruption manifesta-
tions, remain an unsolved question. To find an answer to this question, we must be able to interpret
the in-situ observations of the Solar Energetic Particles, typically by spacecraft at 1 AU.

In the interplanetary space, the SEP propagation is guided by the interplanetary magnetic field,
shaped as a Parker spiral which is superposed by turbulent fluctuations. The particles scatter off the
turbulent fluctuations, which impedes their propagation along the field lines. On the other hand, the
turbulence causes the field lines to meander, and the particles following the meandering fields prop-
agate across the mean field line direction. The effect of the turbulence on the particles is typically
modelled as diffusion, as described by the Fokker-Planck equation [1, 2], with field-aligned prop-
agation modelled as pitch-angle diffusion [2], and the cross-field propagation as diffusion due to
meandering of the field-lines [3]. Observations of galactic cosmic rays [4, 5] and full-orbit particle
simulations [6] support this description, and suggest for the ratio of the cross-field and field-aligned
diffusion coefficients, κ⊥/κ‖ ∼ 0.001−0.01 for typical turbulence in the interplanetary space near
Earth [7, 8, 9].

However, recent multi-spacecraft observations suggest fast access of SEPs to wide range of
heliographic longitudes, across the mean Parker spiral field, up to 180◦ from the eruption location
[10, 11]. To reproduce these observations using the diffusion approach, much larger diffusion
coefficient ratios, of order κ⊥/κ‖ ∼ 0.1−1 are needed [12, 13, 10, 14].

Recently, Laitinen et al [15] showed, using cartesian geometry, that the diffusion approach
cannot reproduce the early evolution of SEP cross-field propagation. Instead, the SEPs propagate
along the meandering field-lines deterministically until they decouple sufficiently to relax to diffu-
sive behaviour. They introduced a model of SEP propagation, where the particles propagate and
diffuse from turbulently meandering field-lines instead of the large-scale fields, and showed this
model, FP+FLRW, to better describe the propagation of full-orbit simulated particles.

Following this work, Laitinen et al presented a FP+FLRW model for SEP propagation in
Parker Spiral geometry, and showed how it can provide the observed rapid access of SEPs to wide
range of longitudes [9]. In this report, we extend their work and show first results of the effect of
interplanetary turbulence strength on the SEP event evolution.

2. Models

The traditional approach, the FP model, is based on solving for the distribution function f
using the Fokker-Planck equation [16, 17, 18]

∂ f
∂ t

+(µvb+Vsw) ·∇ f +
v

2L
(1−µ

2)
∂ f
∂ µ

+
[

µ(1−µ2)
2

(∇ ·Vsw−3bb : ∇Vsw)
]

∂ f
∂ µ

=
∂

∂ µ

(
Dµµ

∂ f
∂ µ

)
+∇ · κ̂∇ f , (2.1)

with v and µ the particle’s velocity and pitch-angle cosine, Vsw and b the solar wind velocity and
a unit vector along the local mean magnetic field, respectively, and L =−B/(∂B/∂ s) the focusing
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length of the particles, with s the arc-length along the field-line and B the magnetic field. The pitch-
angle diffusion coefficient Dµµ is given by the quasi-linear theory (QLT) [2], and the cross-field
diffusion coefficient κ⊥, embedded in κ̂ , by the non-linear guiding centre theory (NLGC) [3].

The Eq. (2.1) is solved using stochastic differential equations (SDEs) [19], based on the code
described in [20]. The particles are propagated in a Parker spiral field, with its magnitude B given
as

B(r) = B0

(r0

r

)2
√

r2 +a2

r2
0 +a2 , (2.2)

where B0 = 5 nT is the magnetic field at heliocentric distance r0 = 1 AU, and a = Vsw/(Ω� sinθ),
where Vsw = 400 km/s, Ω� = 2.8631 ·10−6 rad/s is the solar rotation rate and θ the co-latitude.

In the FP+FLRW model, the particles are propagated along field lines that random-walk across
the Parker Spiral field. The meandering is described as field-line diffusion, and solved using SDEs,
with the displacement dr⊥ across the Parker field direction is solved with

dr⊥ =
√

2DFLdr‖W⊥, (2.3)

where dr‖ is the advance along the field, and W⊥ a Gaussian random number with zero mean and
unit variance. The field-line diffusion coefficient DFL is calculated as given in [21].

In addition to propagating along the meandering field-lines, the particles propagate diffusively
across the meandering field and diffuse in pitch angle as in the FP model, with the QLT and NLGC
diffusion coefficients Dµµ and κ⊥. Such a model has been found to reproduce the early propagation
of full-orbit simulated charged particles in turbulent magnetic fields [15].

The parameters for the FP and FP+FLRW models are calculated using a heliospheric turbu-
lence model that consists of slab and 2D components [22],

S(k)≡ S(k,r0) = S⊥(k⊥)δ (k‖)+S‖(k‖)δ (k⊥), (2.4)

where k‖ and k⊥= |k⊥| are magnitudes of wave number, and the spectra S‖(k‖) and S⊥(k⊥) are bro-
ken power laws with Kolmogorov spectra above breakpoint scale L = 0.007 AU, and constant and
∝ 1/k⊥, respectively at larger scales up to the largest scale L0(r) = r. The spectra are normalised
by using the parallel scattering mean free path at 1 AU, λ‖,1AU ≡ λ‖(r = 1AU) as a parameter. In
addition, we use the energy ratio 20% : 80% between slab and 2D components [8].

The turbulence spectra are evolved in space according to the WKB approximation [23, 24],
with wave refraction, changes in the wave geometry and the modulus of k neglected for simplicity.
Using a constant radial solar wind velocity Vsw,r0 and electron density ne(r) = ne0 r2

0/r2, we find

S‖,⊥(k‖,⊥,r) = S‖,⊥(k‖,⊥,r0)
(r0

r

)3
(

Vsw,r0 + vA0

Vsw,r0 + r0
r vA0

)2

, (2.5)

where subscript 0 denotes the values at reference distance r0, and vA is the Alfvén velocity. We use
Vsw,r0 = 400 km/s and va,r0 = 30 km/s to represent the values at r0 = 1 AU. Further details of the
models are given in [9].

The ratio of the FP diffusion coefficients, κ⊥/κ‖, is shown in the left panel of Figure 1 for
three different cases of interplanetary turbulence, as characterised by λ‖,1AU =0.1 0.3 and 1 AU
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Figure 1: FP diffusion coefficient ratio (left panel) and the ratio of the DFL, scaled with velocity, to κ‖, for
10 MeV SEP protons and different turbulence strengths parametrised by λ‖,1AU.
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Figure 2: 10 MeV SEP intensity, in arbitrary units, in ecliptic plane 2 hours after impulsive injection at
(r,φ ,θ) = (1r�,0,π/2), for the FP model (left panel) and the FP+FLRW model (right panel), respectively,
with λ‖,1AU = 0.3AU. The red curve depicts 1 AU radial distance, and the thick black spiral curve the Parker
field connected to the injection location.

for a 10 MeV proton [25]. As can be seen, a decreasing parallel mean free path, due to stronger
turbulence, results in larger cross-field diffusion coefficient, and as a result the ratio κ⊥/κ‖ varies
between 0.002 and 0.03 at 1 AU.

To depict the efficiency of the field line meandering in spreading the SEPs, we also show the
cross-field diffusion coefficient for particles that beam along the meandering field line, giving the
effective cross-field spreading in time as κ⊥,FLRW = vDFL. As can be seen in Figure 1, right panel,
the diffusion coefficient ratio for such a cross-field diffusion coefficient exceeds the FP ratio by 1-2
orders of magnitude. This is in line with the findings of [15].

3. Results and Discussion

To compare the traditional FP model and the new FP+FLRW model we show in Fig. 2 the
longitudinal extent of an SEP event at the equator 2 hours after 10 MeV protons are released
impulsively from a point source at the solar surface at zero latitude. For the case presented, the
turbulence is parametrised with λ‖,1AU=0.3 AU. As can be seen, two hours after the injection the
difference between the FP model (left panel) and the FP+FLRW model (right panel) is large: in
the FP model, the particles have spread diffusively only to a narrow cone of 60◦ at 1 AU, whereas
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Figure 3: 10 MeV SEP intensity, as in Fig. 2, with left panel for FP+FLRW with λ‖,1AU =0.1 AU, and right
panel for FP+FLRW with λ‖,1AU = 1 AU.

the meandering of the field-lines across the mean Parker field 160◦ for similar intensity range. This
case was analysed in further detail in [9], who showed that the FP+FLRW could explain not only
the wide longitudinal extent of the observed SEP events, but also the observed fast access of SEPs
to a wide range of longitudes. The extent of an SEP event simulated using the FP+FLRW method,
as described by the longitudinal distribution of peak intensities, was fitted with a Gaussian with
σ = 33◦, consistent with the observed range of σ = 30◦−50◦ [26, 27, 28, 29, 11]. The FP model
resulted in a considerably narrower event, with σ = 10◦.

In this report, we show preliminary results of the effect of the level of turbulence to the SEP
event evolution and extent. We keep the spectral shape and its radial evolution, as well as the
energy ratio between the slab and 2D component as in [9]. However, we vary the turbulence
amplitudes by varying λ‖,1AU, which is used to normalise the turbulence amplitudes, by setting it
to values representing the observed strong and weak scattering conditions with λ‖,1AU=0.1 AU and
λ‖,1AU=1 AU, respectively [25]. The extent of 10 MeV protons 2 hours after injection for these two
cases is shown in Fig. 3.

As expected, the radial extent of the event depends strongly on the parallel mean free path,
with the first particles having propagated to much larger distance in the case of λ‖,1AU=1 AU (right
panel), compared to the stronger scattering presented in the left panel. As a consequence, after
2 hours, the protons have spread to a wider longitudinal area at 1 AU distance from the Sun for the
λ‖,1AU=1 AU case, as compared to the λ‖,1AU=0.1 AU case.

At later times, however, the λ‖,1AU=0.1 AU case results in a wider event than the λ‖,1AU=1 AU
case. Our preliminary results suggest that the peak longitudinal width is considerably larger for
the λ‖,1AU=0.1 AU case, as compared with the λ‖,1AU=0.3 AU case, but still within the observational
range, whereas for λ‖,1AU=1 AU it remains below the σ = 30◦−50◦ range. Thus, our results suggest
that the observed widths of the SEP events can be explained by the varying solar wind turbulence
environment.

4. Conclusions

As shown by recent analysis of multi-spacecraft -observed SEP events [10, 14], the fast access
of SEPS to a wide range of longitudes cannot be explained using the current framework of SEP
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transport modelling and our knowledge of the solar wind turbulence [7, 3]. We have presented
results of the recently introduced model that incorporates field-line meandering, necessary to de-
scribe the initial cross-field spreading of SEPs [15], and showed that it is capable of describing
these events (see also [9]). Our preliminary results show that the different levels of interplanetary
turbulence can explain the variations observed in the extent of SEP events [26, 27, 28, 29, 11].
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