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ABSTRACT

Context. The intensity profiles of iron and oxygen in Solar Energetictiele (SEP) events often displayfidirences that result in a
decreasing H© ratio over time. The physical mechanisms behind this bebaware not fully understood, but these observational
signhatures provide important tests of physical modellifigres.

Aims. In this paper we study the propagation of iron and oxygen $B® uising a 3D model of propagation which includes tfiect

of guiding centre drift in a Parker spiral magnetic field. Veide time intensity profiles for a variety of observer lacas and study
the temporal evolution of the e ratio.

Methods. We use a 3D full orbit test particle model which includes w&r@tg. The configuration of the interplanetary magnetildfie
is a unipolar Parker spiral. Particles are released iret@atusly from a compact region at two solar radii and alloteqafopagate in
3D.

Results. Both Fe and O experience significant transport across thaetiagield due to gradient and curvature drifts. We find that
Fe ions drift more than O ions due to their larger mass-togeghaatio, so that an observer that is not magnetically watihected

to the source region will observe Fe arriving before O, fatipkes within the same range in energy per nucleon. As dtrdsuthe
majority of observer locations, the fratio displays a decrease in time.

Conclusions. We conclude that propagatioiffects associated with drifts produce a decay over time of 8@ Fatio, qualitatively
reproducing that observed in SEP event profiles.

Key words. solar energetic particles — drift — heavy ions

1. Introduction events. In this interpretation, ions are assumed to be diedet
magnetic field line onto which they are injected: as a result,
While protons and electrons are the main species in Solar Ergingle spatial variable, the distance travelled along tagmetic
getic Particle (SEP) events, often detected in the integi&ry field line, is thought to be sficient to describe propagation, so
medium following flares and coronal mass ejections (CMEshat the modelling is spatially 1D. A larger mean free pattanse
ions with mass numbek>1 are also present. Heavy ion observahat Fe ions arrive first at the spacecraft, so that their rariso
tions display a wealth of signatures that can be used to théer enhanced at the start of the event. A recent 1D focusseiwans
properties of the acceleration and propagation processiesja model including a mean free path proportional tyd)*/® was
on the particles before they reach an observer at 1 AU. shown to reproduce the observed heavy ion ratio time variati

One of the observational signatures that is often emplhside several SEP events (Mason et al. 2012).
is the temporal evolution of the K@ ratio: this ratio has been
shown, by many observers, to decay over time over the daratjo
of an SEP event (Scholer et al. 1978; Mason et al. 2006, 20 '?
Zelina et al. 2015). For an example of typical time profile§ef €
and O intensities and e ratio, see Figures 1 and 2 of Maso

Other authors have suggested that the temporal characteris
s of FgO are a signature of the acceleration process. Cane
al. (2003) proposed that the highy®Geratio values at the be-
rginning of an SEP event are due to a flare-accelerated SEP com-
ponent, while later, lower values are due to SEPs acceterate

etal. (2006). In many, so-called gradual, events, thoumhetas- : -
sociated with acceleration at CME-driven interplanetéigcks, by the CME-driven shock. A model of acceleration at a CME-
q{_lven shock in the presence of self-generated waves peadduc

D o avasa ey on prfles i a vttty of eporelbehaviours i
’ to those observed in the 20th April 1998 event (Ng et al. 1999)

values near or below the typical average value for gradiaitsy

(Tylka et al. 2013). Mason et al. (2006) showed that when Fe intensity profiles at
Several diferent explanations for the observed@alecay 273 keV nucleon! and 12 MeV nucleornt are compared with O

over time have been put forward. In the first reports of tfieat, profiles in channels with average energy per nucleon dobbte t

it was proposed that it results from the rigidity dependeafce of Fe, the diferences between Fe and O profiles, and therefore

the scattering mean free path(Scholer et al. 1978), wherebythe decay in time of the 7@ ratio, disappeared. They concluded

Are>Ao due to the larger mass-to-charge ratiyg, of Fe in SEP that F¢O decays are a result of interplanetary transptigats
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Fig. 1. Fe (magenta line) and O @reen line) intensities versus time for the energy range 10-30 MeVeurtt at various 1 AU locations relative
to the magnetic field line connected to the centre of the figraegion at the Sun. Labels in each panel give the obssraegular position as
[Ad1au, Ad1au], WhereAgay is the heliographic longitude a4y the heliographic latitude relative to the position of thekeaspiral field line
through to the centre of the injection region. Haeel AU. The same number of Fe and O ions were injected.
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Fig. 2. Fg/O ratio versus time for the energy range 10-30 MeV nucledor the same 1 AU locations and parameters as in Figure 1. €@ F
ratio is calculated only for time intervals during which east 10 Fe ions and 10 O ions were detected.

and cannot be explained by rigidity-dependent accelerati@ experience transport perpendicular to the magnetic fie&ltdu

release from the source region. drifts associated with the gradient and curvature of th&d?ar
An analysis of SEP measurements at Ulysses and Wigiiral magnetic field (Marsh et al. 2013; Dalla et al. 2013)-P

(Tylka et al. 2013) showed that a qualitatively similar desge tially ionised heavy ions drift significantly more than poos (at

in the F¢O ratio can be detected at widely separated locatioti®® Same energy per nucleon) due to their largey. Here, for

in interplanetary space. The authors concluded that therebd the first time, we derive the 3D propagation of Fe and O pop-

behaviour is the result of propagatioffieets. ulations and study the F@ ratio at 1 AU as measured by sev-
In this paper, we study the propagation of partially ionise®f@l observers at locations of varying magnetic connectidhe

iron and oxygen SEP ions in a simplified model of the interplaifiection region. Some initial results related to this wovkre

etary magnetic field by solving their trajectories by meaha o Presented by Dalla et al. (2015b).

test particle code. Here all three spatial variables asgrret in

the description, making the modelling spatially 3D. Theref 5 giulations

unlike traditional 1D models, we allow for the possibilityatt
particles leave the field line on which they were initialljeicted. Simulations are carried out by means of a 3D full-orbit test p

Our previous work has shown that, within a 3D model, particlgicle code, which integrates charged particle trajectattieough
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Fig. 4. FgO ratio versus time for the energy range 10-30 MeV nucleéor the same 1 AU parameters as in Figure 2 and mean freelp@i
AU.

Within our simulations, a low level of scattering is intro-

10°F [0,0] + [20,0] 5 duced, with a mean free path=1 AU. The value ofa is the
W \ 0.1 AU { ] same for the dferent species, thus any rigidity dependence of
—~ 1o N\ T AU the mean free path is neglected in our simulation. We do this
< 10 \ ] /\ 1 deliberately to isolate theffiects of drifts from those that would
e \ be caused by a rigidity-dependent mean-free path. No sicafte
=107 i T A 1 across the magnetic field is present in our model.

Fe and O ion trajectories are integrated up to a final time

10" ¢ 1y E
- ‘“T“‘; ‘ ‘ ‘ ‘ [ tr=100 hrs. Drifts due to the gradient and curvature of the Rarke
o 20 40 60 80 O spiral magnetic field cause a significant fraction of pagscl
: ‘ ‘ ‘ : : to propagate outside the flux tube delimited by the corners of
10° [0,—-10] 3 the injection region, experiencing transport perpendictd the
- 1 1 magnetic field (Marsh et al. 2013; Dalla et al. 2015a). Beeaus
> of their larger mass-to-charge ratic\{@Q)re=1.6 (A/Q)o), and
T 0%t + RN 1 consequently larger drift velocity at the same energy per nu
s / ™ cleon, Fe ions move across the field moffeceently than O ions.
- 10 H / My i Scatter plots showing the locations of Fe and O ions at thé fina
o'k ﬂ% 1 A time were presented by Dalla et al. (2015b).
10° f [ Figure 1 shows profiles of Fe and O counts versus time for

o 20 20 80 80 o 20 20 o =0 the energy range 10-30 MeV nuclednfor several 1 AU ob-
t (hr) t (hr) servers. Labels in each panel specify the observer’s anigatz
tion at 1 AU from the Sun a\p1au, Ad1au], WhereAgiay is the
Fig. 3. Fe intensities versus time far=0.1 AU (green) and A=1 AU  heliographic longitude ands;»y the heliographic latitude rela-
(blue), for the energy range 10-30 MeV nucledror four representa- tive to the position of the Parker spiral field line througtttie
tive 1 AU observer locations. centre of the injection region at the Sun. Therefore [0,0t&0
sponds to an observer’s location directly connected to ¢éinére
a unipolar (outward pointing) Parker spiral interplangtaiag- of the injection region, and the other panels corresponess |
netic field (IMF) (Marsh et al. 2013). Injection is instanémus Well connected observers. Panels to the right of [0,0] spoed
and from a compact region of angular extefx6°, located at 0 observers at the_ same latitude and more Western longitude
r=2 Rgin. The heliographic longitude and latitude of the centdk-€- the source region is more Eastern relative to the obsgr
of the injection region arg=0° and§=20, respectively. and panels below them show observers at latitudes furthiin so
We inject the same numb@i=1C° of Fe and O ions. The The collecting area for each profile is’tA.0.
measured charge states of Fe SEPs can vary within a rejativel Figure 1 shows that significant heavy ion intensities are de-
wide range of values, depending on the event. In the simutaeted by observers that are not directly connected to flee-in
tions presented here we chose a charge state forQk@e15, tion region (see all panels apart from [0,0]). Hence, heawy i
while for oxygenQo=7, consistent with typical SEP measuregropagation is taking place in 3D and not only along magnetic
charge states (Luhn et al. 1985). This gives mass-to-chrargefield lines, as is conventionally assumed. At the majorityof
tios (A/Q)re=3.7 and A/Q)o=2.3. The injection spectrum of well connected observers, Fe arrives earlier than O duesto it
the heavy ions has a power law shape in energy per nucledn, viétrger drift velocity at the same energy per nucleon. Fetalisds
spectral index=1.1, in the range 10-400 MeV nuclednOther to peak earlier. One can see that moving from left to righhan t
parameters of the runs are the same as in Marsh et al. (2013}op row of Figure 1, peak intensities tend to decrease, whég
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increase going from left to right in the bottom row, corresgo particle model that naturally describes thigeets of drifts on
ing to latitudes below that of the injection region. This belour heavy ions. Fe and O were injected from a compact region at
results from drift in latitude which is downwards for the poi the Sun and propagated through a Parker spiral magnetidgrfield
lar outward-pointing magnetic field used here (Marsh et@l3® the presence of a low level of scattering. The ions were fagec
Dalla et al. 2013). with charge state®r.=15 andQp=7, resulting in significantly
Figure 2 shows the time evolution of the/Beratio for the different mass-to-charge ratios.
same locations and energy ranges as in Figure 1. Here we carOur results show that, for the same energy per nucleon range,
see that, at the majority of locations, the/®eatio displays a Fe ions experience more drift than O. Both species are able to
decrease over time early in the event. It should be noted the&ch an observer not directly connected to the injectigiore
since the same number of Fe and O ions are followed in daut Fe arrives and peaks first.
simulation, the injection F© ratio is 1. In many cases, towards Consequently, the F® ratio from our simulations decays
the end of the event, the k2 ratio displays an increase ovelwover time, in a way that qualitatively matches the behavauir
time. This is due to the fact that the overall longitudinalez® served in SEP events (see e.g. Zelina et al. (2015)). Whije Fi
of the flux tubes filled with O ions is smaller than for the cabe a@res 1 and 2 focus on the energy range 10-30 MeV nuclgon
Fe, due to smaller drift, resulting in a faster decay of O cared the same qualitative behaviour is observed in all SEP energy
with Fe. ranges within our simulation. We also show that the choskreva
An important question is whether the overall qualitative b@f the scattering mean free path in the simulations doesigot s
haviour shown in Figures 1 and 2 for a mean free pati nificantly afect the observed trends, since drift is only weakly
AU will change for diferent scattering conditions. Marsh et aldependent on the scattering conditions (Marsh et al. 2013).
(2013) analysed proton drift across the magnetic fieldifed.3, We conclude that propagatiorffects caused by drift are a
1 and 10 AU, and showed that drift behaviour is very similar ipossible cause of the observed temporal behaviour of tf@ Fe
the three situations and therefore only weakly dependetiti@n ratio. Within the drift scenario, ffierences in the profiles of
scattering conditions. To study théfect of a diterent choice Fe and O are due to the 3D transport of these ions across the
of mean free path on our results, we performed simulationshgnetic field, while in 1D models incorporating a rigidity-
Fe and O propagation for=0.1 AU for the same ionic parame-dependent mean-free path, they are causedfigrdinces in the
ters considered earlier. Figure 3 shows tffe@ of varying the amount of scattering experienced while propagating aldweg t
mean free path on the 1 AU intensity profiles of Fe ions onlfield lines (Scholer et al. 1978; Mason et al. 2012). Oveiall,
for four representative observer locations, where thergliees SEP events, both rigidity-dependent mean-free paths aiftd dr
are for1=0.1 AU and the blue ones far=1 AU. Here, one can effects may combine to produce the observed decays /@,Fe
see that for the well connected observer (the location atdi though our simulations show that, for an observer not weilco
as [0,0]), decreasing the mean free path produces a stratg gnected to the particle source, the driffiezts are dominant.
itative change in the intensity profile. The time of peak msiigy The intensity profiles shown in Figure 1 are shaped not only
is delayed and the slope of the decay phase becomes less sigefhe drift-dominated transport across the magnetic field,
as is well known from 1D transport modelling. For the not welllso by deceleration taking place in the interplanetaryiorad
connected observers, the change ihas a less pronounced ef-As discussed by Dalla et al. (2015a), drift-induced deedien
fect on the overall shape of the profile and the maifiedence is present alongside adiabatic deceleration.
observed is the fact that the peak intensity is largerifed.1 Mason et al. (2006) presented SEP observations showing
AU, since particles remain close to the Sun for a longer time athat, while Fe and O intensity profiles in the same energy per n
have more time to drift across the field. The slope of the decéigon range are ratherfiirent from each other, resulting in de-
phase varies withl less than for the well-connected case, anghying F¢O, the profiles become almost indistinguishable when
the time of peak intensity and start time of the eventfet AU O data with average energy per nucleon double that of the Fe
are in some cases later than fer0.1 AU, the opposite of what channel are used in the comparison. In the latter case, the pr
would be predicted by a 1D transport model. This is becauiie of FeO becomes flat. The authors interpreted this behaviour
in a 3D model, at locations other than [0,0], the time vamiati as resulting from the rigidity dependence of the mean frek pa
of intensities results from the combination of drift, cation, along the magnetic field.
deceleration and scattering along the field line. The O Bitgn  The observation could, however, also be explained as result
profiles, not shown here, have a dependence on the value ofiiftefrom drift processes: drift velocities are proportibtwmthe
mean-free path similar to that shown in Figure 3. productmyyVv?/q (Dalla et al. 2013), whenay, is the rest mass,
In Figure 4 we present a plot of the/Eeratio for1=0.1 AU:  the relativistic factor andthe particle speed. For non-relativistic
here one can see that the qualitative trend of decreasit®, Feyarticles, drift velocities are proportional A&E/Q , whereE is
for observers not well connected in the initial phase of &  kinetic energy per nucleon. Therefore, for O ions, havingdo
is very similar to that in Figure 2, where=1 AU. This shows A/Q than Fe, a larger value d is required for the drift ve-
that within our 3D model the early temporal evolution of @&t |ocity to be comparable to that of Fe, so as to reach a not well
observers away from the well connected field line is not §fpn connected observer in similar times. It should be noteddtitit
affected by the scattering conditions, because it is domirtatedvelocities in the Parker spiral field have a dependence oR pos
drift effects. The increase in @ seen late in the eventin severajion within the heliosphere (Dalla et al. 2013), and pagticbf
cases fori=1 AU is no longer present for some of the observefifferent energies propagatefeirently to a fixed radial distance
locations for1=0.1 AU, due to the fact that both O and Fe fill rom the Sun. Therefore it is not possible to immediatelygeal
wider longitudinal region. late the value of the energy per nucleon of O that will resuilt i
similar drift-dominated transport to an observer, and Yaiksie
is not simply related toA/Q)re/(A/Q)o (parameter that, in our
simulations, is 1.6).
In Section 2 we analysed the 3D propagation of SEP Fe and O To investigate whether our simulations support the above
ions through interplanetary space by means of a full orlsit tequalitative explanation and compare with the observatimins

3. Discussion
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Fig. 5. SEP intensities versus time for Fe in the energy range 10-80 Micleon® (magenta ling) and O in the range 30-50 MeV nucledn
(blue line) for the same observer locations as in Figure 1.

10.0 ¢ ki
.0
- ey
o 10 i |1 W
N
©
[ J |
[0,0] [10,0] [20,0]
0 20 40 60 8 0 20 40 60 80 0 20 40 60 80
10.0 ¢ ki
.0 1
B \
- '\"'Lﬂ it Wty AT
g 1.0 Hu«q;‘. € ! I ‘l ‘Y“\Ev
o
i
[0,—10] [10,-10] [20,-10] [30,-10]

0.1

0 20 40 60 80 O 20 40 6O 80 O 20 40 60 80 O 20 40 60 80
t (hr) t (hr) t (hr) t (hr)

Fig. 6. Fg/O ratio versus time obtained by considering Fe in the eneagge 10-30 MeV nuclechand O in the range 30-50 MeV nuclednas
in Figure 5.

Mason et al. (2006), in Figure 5 we consider Fe profiles for the- Significant drift is experienced by Fe and O ions away from
range 10-30 MeV nucleoh and O profiles in the range 30-50 the flux tube in which they were initially injected.

nucleon, at double the average energy. While there are some Drift-associated propagation and deceleration resultde-a
differences in the absolute values of the intensities, one can ob cay over time of the F® ratio at a not well connected ob-
serve, by comparison with Figure 1, that th&elience in arrival server, in typical SEP energy ranges.

time between Fe and O is no longer present. When the corre-The observation that the @ decay is no longer present
sponding F£O ratio is calculated, as shown in Figure 6, a decay when O at double the average energy than that of Fe is con-
in F&O is no Ionger visible, as was the case in the observations sidered, is reproduced by our simulations, Showing thdtt dri
of Mason et al. (2006). Whether or not a completely flat profile ajone is s#iicient to explain the féect.

is seen is dependent on the location of the observer.

We conclude that driftffects causing significant propagation
across the magnetic field can qualitatively explain the olase
tions of decaying H©® (Scholer et al. 1978; Mason et al. 20086,
2012; Zelina et al. 2015) and the disappearance of the decay-
Our simulations of SEP Fe and O propagation within iag behaviour when higher energy O is considered (Mason et al
Parker spiral magnetic field in the presence of weak rigidit006). Therefore, here, we propose drift as a possible neshime
independent scattering have shown the following: anism that accounts for the observed features @Ewer time,

4. Conclusions
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alternatively to current models that explain them in term$D
rigidity-dependent propagation.

Our model contains a number of simplifications, which will
need to be relaxed in future work to obtain a more realisfic re
resentation of SEP events. It will be necessary to move away
from the simple unipolar IMF configuration and include twe op
posite polarities separated by a wavy heliospheric cusieaét.

In addition, a model of field line meandering will need to be
introduced (Laitinen et al. 2016), which most likely will &
the dfect of enlarging the range of heliolongitudes and helielati
tudes over which significant intensities are detected ardrérg
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 viseali
the qualitative behaviour of the f ratio in the clearest way.

In reality, it is likely that Fe will be injected into the intglane-
tary medium with a range of charge states, although theittlés |
observational information available on the charge profiltha
acceleration site. In a related paper (Dalla et al. 2016) wad-a
ysed the propagation of Fe ions injected with a range of eharg
states and demonstrated that drift processes result inengyen
distribution of charge states at 1 AU that increases withrggne
as observed in many SEP events. Therefore, a single meohanis
drift, is able to explain both the time decay in/Beand the en-
ergy dependence of charge states at 1 AU, two key features of
heavy ion SEP observations.
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