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Interplanetary coronal mass ejections (ICMEs) cause decreases, so-called Forbush decreases, in
the cosmic ray (CR) intensities. FDs are seen as up to 25% decreases in neutron monitor counts at
Earth, lasting up to over a week. An ICME is thought to cause a FD through two mechanisms: by
enhancing diffusion in the ICME shock wave sheath; and by preventing the CRs from penetrating
the magnetic flux rope embedded in the ICME. CR propagation during a FD is usually modelled
as enhanced diffusion either within the whole ICME or within the embedded flux rope. However,
a question that is so far unanswered is how the CRs can reach the isolated flux rope field lines from
the open, external interplanetary field lines. We study the propagation of CRs from external field
into a flux rope by employing full-orbit particle simulations with scattering. The interface between
the internal and external field lines is modelled analytically. We find that the CRs can access the
flux rope rapidly through x-point region, where the external magnetic field partially cancels the
magnetic field of the flux rope. The access is rapid compared to diffusive radial propagation of
CRs within the rope. We find that CR propagation within the flux rope can be modelled using
diffusion models, without need to separately model the access to the isolated field lines, provided
that the bounds of the diffusion area are taken as that of the isolated field lines instead of the
region with smoothly rotating magnetic field. Thus, to evaluate the role of a flux rope in FDs, the
extent of the region where the rope magnetic fields are not connected to the external field must be

analysed.
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1. Introduction

Cosmic ray (CR) propagation in the heliosphere is guided by the interplanetary magnetic field,
which is typically of Parker spiral shape. During solar eruptions, magnetic clouds that form the
core of the interplanetary coronal mass ejections (ICMEs) propagate through the interplanetary
medium, and their magnetic structure and enhanced turbulence affect the propagation of both the
Solar Energetic Particles (SEPs) and the cosmic rays that have their origin outside of the heliosphere.

In this study, we investigate how the magnetic clouds affect the propagation of CRs. The effect
is often seen in Earth-based neutron monitors as a intensity decrease of up to 25%, the so-called
Forbush Decrease (FD) [1-4]. The decrease can take up to over a week, typically with decay lasting
for hours, after which recovery for up to over a week. The slow component often is accompanied
with a faster, one-day symmetric decay-recovery component[5]. The faster component is attributed
to the magnetic flux rope-like structure that presents a barrier for the CRs that would have to
propagate across the mean field direction to reach the axis of the flux rope [3, 5].

The effect of the flux rope on the CR intensities is typically modelled as diffusion, with the
diffusion coefficient fitted from observations to be of order Kydgia ~ 10'° — 10! cm? /s (e.g. [6, 7]).
These studies model the propagation of particles as diffusion from the surface of the fluxrope
towards its axis to fill the rope. However so far the magnetic connection from the external magnetic
field to the isolated flux rope magnetic field lines has not been investigated. Thus, it has not been
clear whether there is a need to have an additional step to model before the propagation of CRs
inside the flux rope begins.

In this study, we investigate this issue by simulating CR propagation using full-orbit particle
simulations. We model the flux rope, and its connection to the external magnetic field, using an
analytical model, and evaluate the propagation of CRs from the external field lines to the isolated
magnetic fields of the flux rope. In order to ascertain the the validity of the diffusion-based models,
we compare the full-orbit simulation results with a solution of radial diffusion equation.

It should be noted that we only investigate the effect of access of particles to the isolated
magnetic field lines. To that end, our flux rope model is a simple Gold-Hoyle[8] cylindrical flux
rope embedded in a constant magnetic field, with no changes in the size or internal magnetic field
as a function of time included. With this approach, we can isolate the effects related to the magnetic
connection between the external and the isolated internal magnetic fields on the CR propagation
into the flux rope.

We present the models in Section2, give our results in Section 3, and discuss their significance,
drawing conclusions in Section 4. Further details of the study, and further discussion, can be found
in [9].

2. Models

The flux rope in our study is modelled using the force-free Gold-Hoyle model[8] which in
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Figure 1: 3D projection of the flux rope magnetic field, with r, = 32rg, t, = 115 and B, = 5By. The red
curves show the field lines that are isolated from the open field (blue curves).

where B, gives the axial field, and b parametrises the azimuthal winding of the field around the
axis. We limit he flux rope with a modulating function

f(s)=2s>-3s2+1 2)

which goes from 1 to O as the variable s goes from O to 1, and has a vanishing derivative at 0 and
1, and define the flux rope field as

Bgu(r) r<rp
Br: f(r;brb)BGH rp, <r<rp+tp (3)
0 r>rp+tp,

where rp, is the rope radius r, and 5 the thickness of a sheath region around the flux rope. This
modulation ensures that the extent of the flux rope is finite, as implied by observations[10]

The magnetic flux rope is embedded in an external magnetic field, which we take as constant
By. Thus, the total magnetic field in our simulations will be

B =B, + By. 4)

We simulate the CR propagation using full-orbit test particle simulation code[11]. The CRs
are scattered with velocity isotropisation events as a Poisson process characterised by scattering
time 7o = Ag./v. The parallel scattering mean free path Ay is kept constant in the simulations,
likewise the velocity v is constant.

In addition to the full-orbit simulations, we model solve the CR propagation into a flux rope
using a 1D radial diffusion equation for density n(r, t)

on(r,t 10 on
((% ) = ;Er Kradial(r)g- )
where the diffusion coefficient is given as [9, 12]
2
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Figure 2: A sample of particle paths in the field configuration shown in Figure 1. The flux rope radius
rp = 32rg is shown by the blue circle, and the isolated field region with the red dashed oval. The parallel
scattering mean free path is 0.3 AU.

The diffusion equation is solved using the Crank-Nicolson scheme, with initial conditions given as
constant density at the outer boundary of the cylinder, and the cylinder initially empty. Further
details on the scheme can be found in [9].

3. Results

We used the full orbit particle simulations to investigate particle access to the flux rope structure
for various energies and scattering parameters. The flux rope parameters are fixed to rp, = 32rg,
tp = lrg, B, = 5By, and By = 5 nT. To demonstrate the different types of particle orbits, we show
sample tracks of particles in Figure 2. The thick blue solid curve shows the outer boundary of the
flux rope, and the solid red curve the region of the flux rope that is not connected to the external
field lines. The particle orbits can be divided to three categories: those that do not enter the blue
circle but are reflected from the stronger magnetic field, those that pass through the blue circle
and exit from the other side, and those that enter the isolated flux rope field lines, to be trapped,
and propagating further within the structure. The third category is responsible of filling the flux
rope. As can be seen, the particles entering the flux rope do so preferentially close to the magnetic
x-point, or x-line, at around x = —32rq, y = 0, with higher energy particles having wider range of
locations to access the flux rope.

Figure 3 demonstrates how the particles gradually have access towards the flux rope axis,
for 200 MeV protons within 3.44 days. Initially the flux rope is empty, but as it starts to fill,
with the combined effect of penetrating through the weak magnetic field area near the x-point,
the particles quickly isotropise along the magnetic field lines within the flux rope. As a result, the
density equicontours are ordered as the magnetic field equipotential surfaces, which are asymmetric
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Figure 3: Density contours of 200 MeV protons inside and around the modelled flux rope (15 = 0.lau).
The red dashed curve shows the region of isolated field lines,and the solid blue line curve the extent of the
rope.
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Figure 4: Density of 200 MeV protons across a flux rope obtained from the full-orbit simulations (solid
curves) and the radial diffusion solution (dashed curves) 3 days after injection.

with respect to the flux rope axis. Further analysis with different particle energies and transport
parameters are shown in [9].

We next investigated whether the access of CRs to the isolated magnetic field lines of the flux
rope constistute a significant hindrance that would need to be taken into account when modelling
FDs. To do that, we compared the full-orbit simulation results with a simple diffusion model with
radial diffusion of particle density into the flux rope, as given by Equation (5). The diffusion
coeflicient was selected to be consistent with the full-orbit simulations with the use of Equation (6),
and the flux rope radius was set to be the extent of the isolated flux rope region as depicted in
Figure 3 by the red dashed curve, at x = 0.

We show the result of the comparison in Figure 4, for different scattering mean free paths,
for protons of 200 MeV, 3 days after injection. The full-orbit density profiles are obtained at the
x = O-plane, and are shown with the solid curves. The dashed curves show the corresponding result
for the radial diffusion solution. As can be seen, the two approaches give almost exactly the same
result, with the small differences likely to be caused by the full-orbit model being 2.5-dimensional
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and the diffusion model 1-dimensional. Further comparisons are shown in [9].

4. Discussion and Conclusions

In this study, we investigated in detail how cosmic rays can access the isolated magnetic field
lines of a flux rope from the external field lines. We used a simple analytical flux rope model
embedded in an external magnetic field, which resulted in a configuration where the magnetic
connection to the isolated fields is facilitated only through an x-point, or x-line. For approaches
with infinitesimal particle Larmor radius, or guiding centre approximations, this access point would
be singular. However, with finite Larmor radius, higher-energy particles have larger practical area
where they can penetrate into the isolated field lines (Figure 2. Once inside the flux rope, the
particles can diffuse inwards to the inner magnetic field lines, as they scatter in velocity space,
which results in random walk of their gyrocentres.

The question is then whether the access through the vicinity of the x-point is fast enough so
that we could justify using the diffusion approach for modelling Forbush decreases within the flux
rope. Our simulation results suggest that this is indeed the case.

Our result is dependent on the turbulence conditions, particularly in the region near the x-point
that separates the external and internal magnetic field. We have not modelled the strongly turbulent
sheath region (e.g. [13]). However, the diffusion coefficients are proportional to the turbulence
strength relative to the mean magnetic field, which does not change significantly from the solar wind
to the sheath[13], implying that the significance of the sheath region may be small. Within the flux
rope the relative turbulence strength is weaker, but still can contribute to random-walk of field lines.
However, as shown by [14], the random-walk of field lines tends to follow the 2D equipotential
contours and hence are not likely to enhance the propagation of the CRs towards across the flux
rope fields, towards the flux rope axis.

Our simple model was kept simple in purpose, to exclude effects due to, e.g. external curvature
of the flux rope (e.g. [15]) that result in drifts that affect particle motion, and changes in the flux rope
size and magnetic field (e.g. [7]), which will also affect the particle energies[16]. Incorporating
these effects into the full-orbit modelling in the future will inform us about the finite Larmor radius
consequences that may need to be taken into account when using simple models.
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