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ABSTRACT

Context. The intensity profiles of iron and oxygen in Solar Energetic Particle (SEP) events often display differences that result in a
decreasing Fe/O ratio over time. The physical mechanisms behind this behaviour are not fully understood, but these observational
signatures provide important tests of physical modelling efforts.
Aims. In this paper we study the propagation of iron and oxygen SEP ions using a 3D model of propagation which includes the effect
of guiding centre drift in a Parker spiral magnetic field. We derive time intensity profiles for a variety of observer locations and study
the temporal evolution of the Fe/O ratio.
Methods. We use a 3D full orbit test particle model which includes scattering. The configuration of the interplanetary magnetic field
is a unipolar Parker spiral. Particles are released instantaneously from a compact region at two solar radii and allowedto propagate in
3D.
Results. Both Fe and O experience significant transport across the magnetic field due to gradient and curvature drifts. We find that
Fe ions drift more than O ions due to their larger mass-to-charge ratio, so that an observer that is not magnetically well connected
to the source region will observe Fe arriving before O, for particles within the same range in energy per nucleon. As a result, for the
majority of observer locations, the Fe/O ratio displays a decrease in time.
Conclusions. We conclude that propagation effects associated with drifts produce a decay over time of the Fe/O ratio, qualitatively
reproducing that observed in SEP event profiles.
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1. Introduction

While protons and electrons are the main species in Solar Ener-
getic Particle (SEP) events, often detected in the interplanetary
medium following flares and coronal mass ejections (CMEs),
ions with mass numberA>1 are also present. Heavy ion observa-
tions display a wealth of signatures that can be used to inferthe
properties of the acceleration and propagation processes acting
on the particles before they reach an observer at 1 AU.

One of the observational signatures that is often emphasised
is the temporal evolution of the Fe/O ratio: this ratio has been
shown, by many observers, to decay over time over the duration
of an SEP event (Scholer et al. 1978; Mason et al. 2006, 2012;
Zelina et al. 2015). For an example of typical time profiles ofFe
and O intensities and Fe/O ratio, see Figures 1 and 2 of Mason
et al. (2006). In many, so-called gradual, events, thought to be as-
sociated with acceleration at CME-driven interplanetary shocks,
the Fe/O ratio at the beginning of the event can have values con-
sidered typical of flare-associated events, and decay over time to
values near or below the typical average value for gradual events
(Tylka et al. 2013).

Several different explanations for the observed Fe/O decay
over time have been put forward. In the first reports of the effect,
it was proposed that it results from the rigidity dependenceof
the scattering mean free pathλ (Scholer et al. 1978), whereby
λFe>λO due to the larger mass-to-charge ratio,m/q, of Fe in SEP

events. In this interpretation, ions are assumed to be tied to the
magnetic field line onto which they are injected: as a result,a
single spatial variable, the distance travelled along the magnetic
field line, is thought to be sufficient to describe propagation, so
that the modelling is spatially 1D. A larger mean free path means
that Fe ions arrive first at the spacecraft, so that their number is
enhanced at the start of the event. A recent 1D focussed transport
model including a mean free path proportional to (m/q)1/3 was
shown to reproduce the observed heavy ion ratio time variations
in several SEP events (Mason et al. 2012).

Other authors have suggested that the temporal characteris-
tics of Fe/O are a signature of the acceleration process. Cane
et al. (2003) proposed that the high Fe/O ratio values at the be-
ginning of an SEP event are due to a flare-accelerated SEP com-
ponent, while later, lower values are due to SEPs accelerated
by the CME-driven shock. A model of acceleration at a CME-
driven shock in the presence of self-generated waves produced
heavy ion profiles with a variety of temporal behaviours, similar
to those observed in the 20th April 1998 event (Ng et al. 1999).

Mason et al. (2006) showed that when Fe intensity profiles at
273 keV nucleon−1 and 12 MeV nucleon−1 are compared with O
profiles in channels with average energy per nucleon double that
of Fe, the differences between Fe and O profiles, and therefore
the decay in time of the Fe/O ratio, disappeared. They concluded
that Fe/O decays are a result of interplanetary transport effects
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Fig. 1. Fe (magenta line) and O (green line) intensities versus time for the energy range 10–30 MeV nucleon−1 at various 1 AU locations relative
to the magnetic field line connected to the centre of the injection region at the Sun. Labels in each panel give the observer’s angular position as
[∆φ1AU ,∆δ1AU ], where∆φ1AU is the heliographic longitude and∆δ1AU the heliographic latitude relative to the position of the Parker spiral field line
through to the centre of the injection region. Hereλ=1 AU. The same number of Fe and O ions were injected.

Fig. 2. Fe/O ratio versus time for the energy range 10–30 MeV nucleon−1 for the same 1 AU locations and parameters as in Figure 1. The Fe/O
ratio is calculated only for time intervals during which at least 10 Fe ions and 10 O ions were detected.

and cannot be explained by rigidity-dependent acceleration and
release from the source region.

An analysis of SEP measurements at Ulysses and Wind
(Tylka et al. 2013) showed that a qualitatively similar decrease
in the Fe/O ratio can be detected at widely separated locations
in interplanetary space. The authors concluded that the observed
behaviour is the result of propagation effects.

In this paper, we study the propagation of partially ionised
iron and oxygen SEP ions in a simplified model of the interplan-
etary magnetic field by solving their trajectories by means of a
test particle code. Here all three spatial variables are retained in
the description, making the modelling spatially 3D. Therefore,
unlike traditional 1D models, we allow for the possibility that
particles leave the field line on which they were initially injected.
Our previous work has shown that, within a 3D model, particles

experience transport perpendicular to the magnetic field due to
drifts associated with the gradient and curvature of the Parker
spiral magnetic field (Marsh et al. 2013; Dalla et al. 2013). Par-
tially ionised heavy ions drift significantly more than protons (at
the same energy per nucleon) due to their largerm/q. Here, for
the first time, we derive the 3D propagation of Fe and O pop-
ulations and study the Fe/O ratio at 1 AU as measured by sev-
eral observers at locations of varying magnetic connectionto the
injection region. Some initial results related to this workwere
presented by Dalla et al. (2015b).

2. Simulations

Simulations are carried out by means of a 3D full-orbit test par-
ticle code, which integrates charged particle trajectories through
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Fig. 4. Fe/O ratio versus time for the energy range 10–30 MeV nucleon−1 for the same 1 AU parameters as in Figure 2 and mean free pathλ=0.1
AU.

Fig. 3. Fe intensities versus time forλ=0.1 AU (green) andλ=1 AU
(blue), for the energy range 10–30 MeV nucleon−1 for four representa-
tive 1 AU observer locations.

a unipolar (outward pointing) Parker spiral interplanetary mag-
netic field (IMF) (Marsh et al. 2013). Injection is instantaneous
and from a compact region of angular extent 6◦×6◦, located at
r=2 Rsun. The heliographic longitude and latitude of the center
of the injection region areφ=0◦ andδ=20◦, respectively.

We inject the same numberN=106 of Fe and O ions. The
measured charge states of Fe SEPs can vary within a relatively
wide range of values, depending on the event. In the simula-
tions presented here we chose a charge state for ironQFe=15,
while for oxygenQO=7, consistent with typical SEP measured
charge states (Luhn et al. 1985). This gives mass-to-chargera-
tios (A/Q)Fe=3.7 and (A/Q)O=2.3. The injection spectrum of
the heavy ions has a power law shape in energy per nucleon, with
spectral indexγ=1.1, in the range 10–400 MeV nucleon−1. Other
parameters of the runs are the same as in Marsh et al. (2013).

Within our simulations, a low level of scattering is intro-
duced, with a mean free pathλ=1 AU. The value ofλ is the
same for the different species, thus any rigidity dependence of
the mean free path is neglected in our simulation. We do this
deliberately to isolate the effects of drifts from those that would
be caused by a rigidity-dependent mean-free path. No scattering
across the magnetic field is present in our model.

Fe and O ion trajectories are integrated up to a final time
t f=100 hrs. Drifts due to the gradient and curvature of the Parker
spiral magnetic field cause a significant fraction of particles
to propagate outside the flux tube delimited by the corners of
the injection region, experiencing transport perpendicular to the
magnetic field (Marsh et al. 2013; Dalla et al. 2015a). Because
of their larger mass-to-charge ratio ((A/Q)Fe=1.6 (A/Q)O), and
consequently larger drift velocity at the same energy per nu-
cleon, Fe ions move across the field more efficiently than O ions.
Scatter plots showing the locations of Fe and O ions at the final
time were presented by Dalla et al. (2015b).

Figure 1 shows profiles of Fe and O counts versus time for
the energy range 10–30 MeV nucleon−1, for several 1 AU ob-
servers. Labels in each panel specify the observer’s angular loca-
tion at 1 AU from the Sun as [∆φ1AU ,∆δ1AU ], where∆φ1AU is the
heliographic longitude and∆δ1AU the heliographic latitude rela-
tive to the position of the Parker spiral field line through tothe
centre of the injection region at the Sun. Therefore [0,0] corre-
sponds to an observer’s location directly connected to the centre
of the injection region, and the other panels correspond to less
well connected observers. Panels to the right of [0,0] correspond
to observers at the same latitude and more Western longitudes
(i.e. the source region is more Eastern relative to the observer),
and panels below them show observers at latitudes further south.
The collecting area for each profile is 10◦×10◦.

Figure 1 shows that significant heavy ion intensities are de-
tected by observers that are not directly connected to the injec-
tion region (see all panels apart from [0,0]). Hence, heavy ion
propagation is taking place in 3D and not only along magnetic
field lines, as is conventionally assumed. At the majority ofnot
well connected observers, Fe arrives earlier than O due to its
larger drift velocity at the same energy per nucleon. Fe alsotends
to peak earlier. One can see that moving from left to right in the
top row of Figure 1, peak intensities tend to decrease, whilethey
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increase going from left to right in the bottom row, correspond-
ing to latitudes below that of the injection region. This behaviour
results from drift in latitude which is downwards for the unipo-
lar outward-pointing magnetic field used here (Marsh et al. 2013;
Dalla et al. 2013).

Figure 2 shows the time evolution of the Fe/O ratio for the
same locations and energy ranges as in Figure 1. Here we can
see that, at the majority of locations, the Fe/O ratio displays a
decrease over time early in the event. It should be noted that
since the same number of Fe and O ions are followed in our
simulation, the injection Fe/O ratio is 1. In many cases, towards
the end of the event, the Fe/O ratio displays an increase over
time. This is due to the fact that the overall longitudinal extent
of the flux tubes filled with O ions is smaller than for the case of
Fe, due to smaller drift, resulting in a faster decay of O compared
with Fe.

An important question is whether the overall qualitative be-
haviour shown in Figures 1 and 2 for a mean free pathλ=1
AU will change for different scattering conditions. Marsh et al.
(2013) analysed proton drift across the magnetic field forλ=0.3,
1 and 10 AU, and showed that drift behaviour is very similar in
the three situations and therefore only weakly dependent onthe
scattering conditions. To study the effect of a different choice
of mean free path on our results, we performed simulations of
Fe and O propagation forλ=0.1 AU for the same ionic parame-
ters considered earlier. Figure 3 shows the effect of varying the
mean free path on the 1 AU intensity profiles of Fe ions only,
for four representative observer locations, where the green lines
are forλ=0.1 AU and the blue ones forλ=1 AU. Here, one can
see that for the well connected observer (the location indicated
as [0,0]), decreasing the mean free path produces a strong qual-
itative change in the intensity profile. The time of peak intensity
is delayed and the slope of the decay phase becomes less steep,
as is well known from 1D transport modelling. For the not well
connected observers, the change inλ has a less pronounced ef-
fect on the overall shape of the profile and the main difference
observed is the fact that the peak intensity is larger forλ=0.1
AU, since particles remain close to the Sun for a longer time and
have more time to drift across the field. The slope of the decay
phase varies withλ less than for the well-connected case, and
the time of peak intensity and start time of the event forλ=1 AU
are in some cases later than forλ=0.1 AU, the opposite of what
would be predicted by a 1D transport model. This is because
in a 3D model, at locations other than [0,0], the time variation
of intensities results from the combination of drift, corotation,
deceleration and scattering along the field line. The O intensity
profiles, not shown here, have a dependence on the value of the
mean-free path similar to that shown in Figure 3.

In Figure 4 we present a plot of the Fe/O ratio forλ=0.1 AU:
here one can see that the qualitative trend of decreasing Fe/O,
for observers not well connected in the initial phase of the event,
is very similar to that in Figure 2, whereλ=1 AU. This shows
that within our 3D model the early temporal evolution of Fe/O at
observers away from the well connected field line is not strongly
affected by the scattering conditions, because it is dominatedby
drift effects. The increase in Fe/O seen late in the event in several
cases forλ=1 AU is no longer present for some of the observer
locations forλ=0.1 AU, due to the fact that both O and Fe fill a
wider longitudinal region.

3. Discussion

In Section 2 we analysed the 3D propagation of SEP Fe and O
ions through interplanetary space by means of a full orbit test

particle model that naturally describes the effects of drifts on
heavy ions. Fe and O were injected from a compact region at
the Sun and propagated through a Parker spiral magnetic fieldin
the presence of a low level of scattering. The ions were injected
with charge statesQFe=15 andQO=7, resulting in significantly
different mass-to-charge ratios.

Our results show that, for the same energy per nucleon range,
Fe ions experience more drift than O. Both species are able to
reach an observer not directly connected to the injection region,
but Fe arrives and peaks first.

Consequently, the Fe/O ratio from our simulations decays
over time, in a way that qualitatively matches the behaviourob-
served in SEP events (see e.g. Zelina et al. (2015)). While Fig-
ures 1 and 2 focus on the energy range 10–30 MeV nucleon−1,
the same qualitative behaviour is observed in all SEP energy
ranges within our simulation. We also show that the chosen value
of the scattering mean free path in the simulations does not sig-
nificantly affect the observed trends, since drift is only weakly
dependent on the scattering conditions (Marsh et al. 2013).

We conclude that propagation effects caused by drift are a
possible cause of the observed temporal behaviour of the Fe/O
ratio. Within the drift scenario, differences in the profiles of
Fe and O are due to the 3D transport of these ions across the
magnetic field, while in 1D models incorporating a rigidity-
dependent mean-free path, they are caused by differences in the
amount of scattering experienced while propagating along the
field lines (Scholer et al. 1978; Mason et al. 2012). Overall,in
SEP events, both rigidity-dependent mean-free paths and drift
effects may combine to produce the observed decays of Fe/O,
though our simulations show that, for an observer not well con-
nected to the particle source, the drift effects are dominant.

The intensity profiles shown in Figure 1 are shaped not only
by the drift-dominated transport across the magnetic field,but
also by deceleration taking place in the interplanetary medium.
As discussed by Dalla et al. (2015a), drift-induced deceleration
is present alongside adiabatic deceleration.

Mason et al. (2006) presented SEP observations showing
that, while Fe and O intensity profiles in the same energy per nu-
cleon range are rather different from each other, resulting in de-
caying Fe/O, the profiles become almost indistinguishable when
O data with average energy per nucleon double that of the Fe
channel are used in the comparison. In the latter case, the pro-
file of Fe/O becomes flat. The authors interpreted this behaviour
as resulting from the rigidity dependence of the mean free path
along the magnetic field.

The observation could, however, also be explained as result-
ing from drift processes: drift velocities are proportional to the
productm0γv2/q (Dalla et al. 2013), wherem0 is the rest mass,γ
the relativistic factor andv the particle speed. For non-relativistic
particles, drift velocities are proportional toAE/Q , whereE is
kinetic energy per nucleon. Therefore, for O ions, having lower
A/Q than Fe, a larger value ofE is required for the drift ve-
locity to be comparable to that of Fe, so as to reach a not well
connected observer in similar times. It should be noted thatdrift
velocities in the Parker spiral field have a dependence on posi-
tion within the heliosphere (Dalla et al. 2013), and particles of
different energies propagate differently to a fixed radial distance
from the Sun. Therefore it is not possible to immediately calcu-
late the value of the energy per nucleon of O that will result in
similar drift-dominated transport to an observer, and thisvalue
is not simply related to (A/Q)Fe/(A/Q)O (parameter that, in our
simulations, is 1.6).

To investigate whether our simulations support the above
qualitative explanation and compare with the observationsof
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Fig. 5. SEP intensities versus time for Fe in the energy range 10–30 MeV nucleon−1 (magenta line) and O in the range 30–50 MeV nucleon−1

(blue line) for the same observer locations as in Figure 1.

Fig. 6.Fe/O ratio versus time obtained by considering Fe in the energy range 10–30 MeV nucleon−1 and O in the range 30–50 MeV nucleon−1, as
in Figure 5.

Mason et al. (2006), in Figure 5 we consider Fe profiles for the
range 10–30 MeV nucleon−1 and O profiles in the range 30–50
nucleon−1, at double the average energy. While there are some
differences in the absolute values of the intensities, one can ob-
serve, by comparison with Figure 1, that the difference in arrival
time between Fe and O is no longer present. When the corre-
sponding Fe/O ratio is calculated, as shown in Figure 6, a decay
in Fe/O is no longer visible, as was the case in the observations
of Mason et al. (2006). Whether or not a completely flat profile
is seen is dependent on the location of the observer.

4. Conclusions

Our simulations of SEP Fe and O propagation within a
Parker spiral magnetic field in the presence of weak rigidity-
independent scattering have shown the following:

– Significant drift is experienced by Fe and O ions away from
the flux tube in which they were initially injected.

– Drift-associated propagation and deceleration result in ade-
cay over time of the Fe/O ratio at a not well connected ob-
server, in typical SEP energy ranges.

– The observation that the Fe/O decay is no longer present
when O at double the average energy than that of Fe is con-
sidered, is reproduced by our simulations, showing that drift
alone is sufficient to explain the effect.

We conclude that drift effects causing significant propagation
across the magnetic field can qualitatively explain the observa-
tions of decaying Fe/O (Scholer et al. 1978; Mason et al. 2006,
2012; Zelina et al. 2015) and the disappearance of the decay-
ing behaviour when higher energy O is considered (Mason et al.
2006). Therefore, here, we propose drift as a possible new mech-
anism that accounts for the observed features of Fe/O over time,
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alternatively to current models that explain them in terms of 1D
rigidity-dependent propagation.

Our model contains a number of simplifications, which will
need to be relaxed in future work to obtain a more realistic rep-
resentation of SEP events. It will be necessary to move away
from the simple unipolar IMF configuration and include two op-
posite polarities separated by a wavy heliospheric currentsheet.
In addition, a model of field line meandering will need to be
introduced (Laitinen et al. 2016), which most likely will have
the effect of enlarging the range of heliolongitudes and heliolati-
tudes over which significant intensities are detected and ensuring
earlier arrival times.

A simplification introduced in our simulations is the choice
of a single charge state for each of the heavy ion species con-
sidered. We judged that this assumption allows us to visualise
the qualitative behaviour of the Fe/O ratio in the clearest way.
In reality, it is likely that Fe will be injected into the interplane-
tary medium with a range of charge states, although there is little
observational information available on the charge profile at the
acceleration site. In a related paper (Dalla et al. 2016) we anal-
ysed the propagation of Fe ions injected with a range of charge
states and demonstrated that drift processes result in an energy
distribution of charge states at 1 AU that increases with energy,
as observed in many SEP events. Therefore, a single mechanism,
drift, is able to explain both the time decay in Fe/O and the en-
ergy dependence of charge states at 1 AU, two key features of
heavy ion SEP observations.
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