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Abstract

This Letter presents a model calculation of solar energetic particle (SEP) transport to test the sensitivity of the
distribution of escaped SEPs in interplanetary space and dependence upon the details of the magnetic field structure
in the corona. It is applied to a circumsolar event on 2011 November 3, in which SEPs are observed promptly after
the solar event eruption by three spacecraft (the twin Solar TErrestrial RElations Observatories (STEREO-A and
STEREO-B) and ACE) separated by more than 100° in longitude from each other. The corona magnetic field
reconstructed from photosphseric field measurements using the PFSS method changes substantially before and
after the solar eruption, especially around the active region. The locations of open field regions, separatrix surfaces
including the heliospheric current sheet, and footpoints of magnetic field lines connected to the spacecraft location
have shifted substantially. We inject 100 keV energetic electrons on the open field lines at 1.5 Rs within the size of
observed coronal mass ejections (CMEs) and follow their propagation in the corona and the interplanetary space.
We find that with a perpendicular diffusion due to field line random walk equal to 10% of the supergranular
diffusion rate, the overall distribution of escaped SEPs does not change much even though the region of open field
lines from SEPs has changed. The result suggests that detailed small-scale coronal magnetic field structures and the
exact magnetic field connection are not crucially important for observing SEPs in the interplanetary space.
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1. Introduction

The longitudinally widely distributed solar energetic particle
(SEP) events have been reported and studied for both their
impulsive events (e.g., Wibberenz 2006; Dresing et al. 2012;
Wiedenbeck et al. 2013) and their gradual events (e.g., Lario
et al. 2013; Dröge et al. 2014; Lario et al. 2014; Richardson
et al. 2014; Gómez-Herrero et al. 2015; Qin & Wang 2015;
Lario et al. 2016; Zhao et al. 2016; Lario et al. 2017a, 2017b).
Extended source injection, sympathetic eruptions, complex
open-closed magnetic field lines in the corona, non-standard
interplanetary parker magnetic fields, and cross-field diffusion
in the corona and interplanetary space are all potential physical
processes that have been proposed to account for this variety
of characteristics (see Gómez-Herrero et al. 2015; Lario
et al. 2017a, 2017b, and the reference therein).

When the widely spread SEP events are observed simulta-
neously by more than one spacecraft, a prompt onset and a large
anti-sunward pitch angle anisotropy are considered to be the
characteristics of a direct magnetic connection between the
spacecraft and the SEP source on the Sun. A slow onset with no
or small anisotropy is characteristic of particles reaching the
spacecraft location by cross-field diffusion in interplanetary space.
A delay in the particles’ release time has often been interpreted as
the time taken for the edge of the coronal mass ejection (CME;
or EUV waves) to reach the footpoints that are magnetically
connected to the spacecraft (e.g., Rouillard et al. 2012; Prise
et al. 2014; Lario et al. 2017a, 2017b). Whether or not the CME
edge (or EUV wave) reaches the magnetic footpoints of spacecraft
at SEP release time often serves as a criterion to determine
whether the particles are associated with the CME or whether
SEPs can be observed (Park et al. 2013; Miteva et al. 2014; Prise
et al. 2014; Lario et al. 2017a, 2017b). This criterion depends
strongly upon the results of the different magnetic field models
used to trace direct field line connection. The magnetic footpoints

of a spacecraft calculated using those different coronal magnetic
field models may differ. For example, Lario et al. (2017a) reported
a difference of 36° in longitude between the PFSS/GONG and
WSA/ENLIL models and a difference of 88° in latitude between
the PFSS/HMI and WSA/ENLIL models. In other words,
coronal magnetic field models can vary substantially even though
they are reconstructed from the same source of photospheric
magnetic field measurements. The PFSS is simple and its
associated data are readily available. It works well in reproducing
the open fields from the corona holes (e.g., Levine et al. 1977;
Nitta & Derosa 2008), but it sometimes fails to reproduce some of
the open field lines around the active regions. Possible reasons for
this include the invalidity of the current-free assumption,
especially in the active region, the lack of consideration of
plasma dynamics in the corona, and the non-simultaneous
captured synoptic magnetogram measurements. The synoptic
magnetogram obtained by Global Oscillation Network Group/
Global Oscillation Network Group (NSO/GONG) and Helio-
seismic and Magnetic Imager/Solar Dynamics Observatory
(HMI/SDO) is only up-to-date in a certain longitudinal range
around the central meridian (Riley et al. 2006; Nitta &
Derosa 2008; Schrijver & Title 2011). In addition, the accuracy
of the photospheric magnetogram measurements can affect the
result of reconstructed coronal magnetic field. Hence, the exact
locations of magnetic footpoints of the spacecraft are model
dependent and contain quite a large uncertainty. This situation is
particularly true if the field line traces through a region of weak
magnetic field where the field structure is sensitive to the field
models and data input. If we assume that SEPs mainly propagate
along magnetic field lines, we will see that the observation of
SEPs depends upon magnetic field structures down to quite small
scales in the corona. This scenario is different from the dropout
features in the impulsive SEP events (discussed by Giacalone
et al. 2000; Mazur et al. 2000; Chollet & Giacalone 2008;
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Wang et al. 2014) because of the lack of field line meandering and
the limited source regions.

In this Letter, we examine the impact of the different
reconstructed coronal magnetic fields on the transport and
longitudinal spread of energetic particles. PFSS coronal
magnetic fields obtained from observed magnetograms at two
times, one before and one after the eruption, are used to
calculate SEP propagation in the corona. Notice that the
magnetic field configuration during the eruption processes can
be substantially different from either the before- or after-
eruption configuration. The two magnetograms used in this
Letter may not necessarily bracket the truth in the eruption
phase. We use the before- and after-eruption configurations just
to show the effects of the exact magnetic field map. We inject
particles on open field lines on a CME shock of observed size.
In this Letter, we assume the injection profiles to be uniform in
space and focus on the transport process. The radial distribution
of energetic particles can be substantially different in the
combined diffusive shock acceleration and magnetic island
acceleration process downstream of the shock (e.g., Zank
et al. 2015; Khabarova et al. 2016). This could affect the
injection radial distance in our simulations, but it will not
change the latitude and longitude injection profile. We use
focused transport equations to calculate the distribution of
SEPs that have escaped to the interplanetary space, and
investigate how different reconstructed magnetic field models
affect the escaped SEP distribution in scenarios with and
without particle perpendicular diffusion.

2. Model Setup

The circumsolar SEP event that occurred on 2011 November
3 was observed simultaneously by both near-earth spacecraft
and the twin Solar TErrestrial RElations Observatories
(STEREO-A and STEREO-B) located around 1 au. At the onset
of the SEP, STEREO-A and STEREO-B have a longitudinal
separation of 105° and 102° with respect to Earth. This event
has been thoroughly studied in many articles (Park et al. 2013;
Prise et al. 2014; Richardson et al. 2014; Gómez-Herrero
et al. 2015; Lario et al. 2017b). There are debates on the
sources of this SEP event for different spacecraft. Park et al.
(2013) suggested three distinct sources for STEREO-A, Earth,
and STEREO-B observations for electron enhancements, while
for protons, STEREO-A and Earth share the same source, and
STEREO-B has a different source. Prise et al. (2014) found the
edge of the CME was not able to reach the footpoint of the
WIND spacecraft at Earth at SEP release time. Therefore, they
argued that a different source is necessary for what is observed
at WIND comparing to STEREO-A and B. Both Richardson
et al. (2014) and Gómez-Herrero et al. (2015) claimed a single
source, which is possibly centered around N10E50 from the
point of view of STEREO-B, because of the absence of
concurrent solar events in solar images, radio observations,
X-rays, and other observations. In this Letter, we adopt their
scenario of an SEP source with the common origin.

We use the corona transport code developed by Zhang &
Zhao (2017) to model the transport of SEP electrons in the
corona and the interplanetary medium. The coronal magnetic
fields are obtained by applying the PFSS method to the
synoptic magnetograms obtained from the NSO/GONG
website (https://gong.nso.edu/data/magmap/archive.html).
Maps at two times, 17:54 UT (before the onset) and 23:54
UT (after the onset) are used. The PFSS coronal magnetic field

model covers the region between 1 Rs to 2.5 Rs. Beyond that,
we use a Parker model of heliospheric magnetic field with an
empirical solar wind speed profile (Leblanc et al. 1998) and an
inner boundary condition matching the PFSS model. We
uniformly inject particles on open field lines at 1.5 Rs within
80° the size of the CME shock centered at the solar flare, and
solve stochastic differential equations corresponding to the
focused transport equation to follow their motion in the corona
and interplanetary medium. The effect of the magnetic
fluctuations on SEP propagation is treated as particle pitch
angle scattering and perpendicular diffusion. The radial mean
free path is set to be 5 Rs within 20 Rs and 20 Rs beyond 20 Rs.
We assume a rate of 10% supergranular diffusion for the field
line random walk to drive the particles’ perpendicular diffusion
(Zhang & Zhao 2017). In Zhang & Zhao (2017), a 10% times
of the supergranular motion is found to be sufficient to explain
the widely spread SEP event that occurred on 2010 February 7.
Panel (a) in Figures 1 and 2 plot the open fields on the

photosphere calculated using the synoptic map obtained from
NSO/GONG website. The heliocentric Earth equatorial

Figure 1. Loci of open field lines calculated from the synoptic map obtained
from NSO/GONG at time 17:54 UT. Panel (a) plots the anti-sunward (green
dots) and sunward (red dots) open fields at 1 Rs, and panel (b) plots the open
fields at 1.5 Rs. The orange diamond marks the flare location. The black curve
illustrates the current sheet. The magnetic footpoints on the 2.5 Rs are indicated
by the cross symbols, and the solid circles are the footpoints on the
photosphere. STEREO-A is plotted in red, ACE is plotted in black, and
STEREO-B is plotted in blue. The open fields enclosed in the dashed curves in
panel (b) are the injection locations of energetic electrons. The footpoints of the
particle injection locations on 2.5 Rs are plotted in panel (c).
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(HEEQ) coordinate system is used. The x-axis is the longitude
that is shifted by +60° and the y-axis is the colatitude. The time
of the GONG map used in Figure 1 is before the eruption, and
in Figure 2 it is after the eruption. The red and green dots
marked the sunward and anti-sunward open fields. The flare
location is marked by an orange diamond. The current sheet on
the solar wind source surface 2.5 Rs is plotted as a black curve,
which divides the surface into same-polarity groups. Compar-
ing Figures 1 and 2, the current sheet structure changes
substantially after the eruption, especially around the flare
location.

Similar to Lario et al. (2017a), we calculate the magnetic
footpoints that magnetically connect the three spacecraft
located at ∼1 au. We first trace the magnetic field line from
the spacecraft locations to 2.5 Rs, by assuming a nominal
parker spiral and an asymptotic 1 au solar wind speed of
267 km s−1 for STEREO-A, 346 km s−1 for ACE, and
321 km s−1 for STEREO-B. The solar wind speeds adopted
from Gómez-Herrero et al. (2015) are the one-hour averaged
speed measured in situ at the spacecraft locations. The
magnetic footpoints on the solar wind source surface 2.5 Rs

are indicated by the cross symbols in Figure 1. STEREO-A is
plotted in red, ACE in black, and STEREO-B in blue. From 2.5
Rs to 1 Rs, we trace the magnetic fields using the PFSS model.

The calculated footpoints on the photosphere are indicated by
the solid circles. The colored curves connecting the crosses and
the solid circles are the projections of the magnetic fields from
2.5 Rs to 1 Rs. The locations of magnetic footpoints calculated
above are also summarized in Table 1. The 1 au locations of the
spacecraft are shown in columns 2–4. The co-latitude and
longitude (HEEQ + 60) of footpoints on the 2.5 Rs source
surface are shown in columns 5–6. The footpoints on the
photosphere are shown in columns 7–8 for 17:54 UT and 9–10
for 23:54 UT. For STEREO-B and ACE, the calculated
footpoints on the photosphere for the two different times do
not differ much from each other. However, for STEREO-A, the
trace from 2.5 Rs to 1 Rs is affected to a large extent by the
change of the magnetogram map. Before the eruption, at 17:54
UT, STEREO-A was connected to the southern hemisphere
with an anti-sunward polarity. After the eruption, at 23:54 UT,
STEREO-A was connected to the northern hemisphere with a
sunward polarity. The co-latitudes change by 51°.49 and the
longitudes change by 14°.6. Because it is not a matter of which
of the magnetic field configuration should be used in the
calculation of SEP propagation, we will analyze the effects of
both of the coronal magnetic fields.
For simplicity, we inject 100 keV electrons uniformly and

isotropically on the open field lines at one radial distance of
1.5 Rs within the coverage of the CME, which is represented by
a circle of 80° in radius centered at the solar flare site (blue
dashed curve in panels (b) and (c)). This size of the CME is
smaller than the reported observation of the fully expanded
CME diameter of 216° by Gómez-Herrero et al. (2015). We use
a smaller CME width because a CME of 160° in diameter is
wide enough to explain the features of SEP spread observed in
this event. Other injections at radial distances between 1 Rs and
2.5 Rs tells the same qualitative story, so we will not repeat this
information here. The anti-sunward (green dots) and sunward
(red dots) open fields at 1.5 Rs are plotted in middle panels (b)
of Figures 1 and 2, and their footpoints connected to the 2.5 Rs

solar wind source surface are plotted in panel (c). The particle
injection locations in the two cases are substantially different
because open field lines have shifted between the two time
intervals. In Figure 1 panel (b), the particle injection locations
distribute equally to the east and west of the current sheet,
while in Figure 2 panel (b), the injection locations are
concentrated to the west of the current sheet with the sunward
open fields. In the bottom panel, we show the regions of open
field lines at the 2.5 Rs solar wind source surface that are filled
with SEPs injected at 1.5 Rs. As the heliospheric magnetic field
becomes radial at 2.5 Rs, these open field regions are also the
regions where SEPs are supposed to escape into the heliosphere
if all of the particles follow magnetic field lines. The open field
regions in the bottom panel of Figures 1 and 2 have changed
during the course of the solar eruption. After the eruption in
Figure 2, there are more injections on the sunward fields close
to the north pole and the source region (panel (b)). There are
very few particles injected in the anti-sunward open fields, with
only a few located close to the south pole. Therefore, without
particle perpendicular transport, we expect that SEPs come out
and populate the heliosphere differently between two time
intervals. This could cause a dilemma as to which coronal
magnetic field configuration we should choose in modeling
SEP transport.

Figure 2. Open field and particle injection locations calculated form the
synoptic map obtained from NSO/GONG at time 23:54 UT. The legends and
labels are the same as Figure 1.
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3. Results and Discussion

SEP transport is not just about following field lines.
Magnetic field turbulence can scatter particles in pitch angle,
causing them to move back and forth and spend more time
inside the solar corona. Similarly, turbulence may appear as the
random walk of field lines that are not described in the
magnetic field model on a global scale. Even if particles follow
strictly along magnetic field lines, we will see particles
transported across the averaged magnetic field represented by
the field model. The motion of particle and evolution of particle
distribution function is governed by the focused transport
equation with perpendicular diffusion driven by the random
walk of field lines. Figure 3 shows the footpoint distribution of
particles escaping to the interplanetary space on the solar wind
source surface (2.5 Rs). The magnetic footpoints of spacecraft
on 2.5 Rs are indicated by the letters A, E, and B for STEREO-
A, ACE, and STEREO-B, respectively. Flare location is
indicated by the letter F. The white curve indicates the current
sheet. The distribution map and contours are plotted in the log
scale at two times, one at t=3 minutes and one at t=
36 minutes after particle injection. The left column ((a) and (c))
show the results in the 17:54 UT background magnetic field

configuration, and the right column ((b) and (d)) shows the
results in the 23:54 UT background. At t=3 minutes, particles
are mostly confined in the injection locations. In both panels (a)
and (b), particles reach the footpoint locations of STEREO-A
and STEREO-B, but not ACE. The footpoints of STEREO-B are
on the edge of the distribution map, and the density in
STEREO-B is much lower than that of STEREO-A, meaning
that particles barely reach the footpoint of STEREO-B. At
t=36 minutes, particles reach the footpoints of all the
spacecraft. The SEP release times that have been estimated
by Gómez-Herrero et al. (2015) using the velocity dispersion of
particle onset time are 22:21±2 minutes for STEREO-A,
22:47±15 minutes for Earth, and 22:55±4 minutes for
STEREO-B. Our results are consistent with results in Gómez-
Herrero et al. (2015) that within ∼35 minutes, all spacecraft
detect an onset. The density level at ACE is lower than that at
STEREO-B, which is also consistent with the observations.
Surprisingly, despite the differences in the small detailed
structures of the coronal magnetic field that result in very
different distributions of open field lines, the differences in
the overall patterns of the escaped SEP distribution at
t=36 minutes are not significant in the two cases. We also

Table 1
Spacecraft Footpoints

Spacecraft 1 au 2.5 Rs 1 Rs (17:54 UT) 1 Rs (23:54 UT)

r (au) co-Lat Lon co-Lat Lon co-Lat Lon co-Lat Lon

STEREO-A 0.97 96.97 165.31 96.97 247.32 119.41 250.11 67.92 235.51
ACE 0.99 85.88 60.00 85.88 124.81 81.02 137.06 80.97 140.06
STEREO-B 1.09 85.22 317.07 85.22 33.78 72.82 6.26 73.47 9.47

Note. Spacecraft footpoints for STEREO-A, ACE, and STEREO-B. Columns 2–4 show the spacecraft location around 1 au. Columns 5–6 show the footpoints on the
solar wind source surface (2.5 Rs) that magnetically connect the spacecraft. Columns 7–10 show the footpoints on the photosphere (1 Rs) that are obtained by tracing
magnetic fields from 2.5 Rs to 1 Rs using PFSS model at different times. Columns 7–8 are at 17:54 UT and columns 9–10 are at 23:54 UT. Lon and co-Lat are the
longitudes (HEEQ + 60°) and co-latitudes in the unit of degrees.

Figure 3. Footpoint distribution of SEPs escaped to the interplanetary space on the solar wind source surface (2.5 Rs) at t=3 minutes and t=36 minutes. The
magnetic footpoints of spacecraft on 2.5 Rs are indicated by the letter A, E, and B for STEREO-A, ACE, and STEREO-B, respectively. Flare location is indicated by the
letter F. The white curve is the current sheet.
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examine the footpoint distribution if the perpendicular diffu-
sion is only 5% of the supergranular diffusion rate, and find
that it takes a little bit longer for the particles to reach the
footpoints of both STEREO-B and ACE. This calculation
essentially tells us that the overall distribution of SEP escape is
mainly controlled by large-scale coronal magnetic field.
Whether SEPs can appear at a spacecraft is not affected by
the change of small-scale coronal magnetic field that may occur
during a solar eruption.

The distribution of escaped SEPs does change slightly in the
two cases. Figure 4 plots the density near the equator for the
two cases. The x-axis is the HEEQ longitude + 60° and y-axis
is the density (in arbitrary units). The 17:54 UT case is plotted
in the solid and the 23:54 UT case is plotted in the dashed.
Notwithstanding the small variations, the two curves track each
other. The footpoint longitudes of STEREO-A, ACE, and
STEREO-B at 2.5 Rs are indicated by the arrows in the plot.
Because the footpoints also differ in latitude, we summarize the
density values (in arbitrary units) in the two cases as follows:
for STEREO-A, the density in the 17:54 UT case is 1.40E–3,
2.3 times of the value in the 23:54 UT case, 0.61E–3; for ACE,
the density in the 17:54 UT case is 3.22E–5, 0.63 times of the
value in the 23:54 UT case, 5.08E–5; for STEREO-B, the
density in the 17:54 case is 2.00E–4, 1.16 times of the value in
the 23:54 UT case, 1.73E–4. In the two cases, the density ratios
between different spacecraft are quite consistent with the
observations at 1 au.

4. Conclusion

In this Letter, we examine the transport of SEPs in two
different configurations of coronal magnetic fields as a result of
solar eruption. The two coronal magnetic fields are recon-
structed by applying the PFSS model to the synoptic
magnetogram maps obtained before and after the eruption.
The footpoints that magnetically connect to the spacecraft
located at 1 au changes substantially for STEREO-A. The
particle injection distribution on open field lines at 1.5 Rs

within the size of the observed CME in the two cases are
different. Our model calculations of the distribution of the
footpoints of the escaping energetic electrons on the source
surface (2.5 Rs) show only small variations as long as there is a
particle perpendicular diffusion from a random walk of field
lines faster than 10% of the supergranular diffusion rate. The

calculated SEP distribution in the interplanetary space match
quite well with observations by ACE and STEREO. It
demonstrates that the small-scale magnetic field configurations
are not that crucially important in controlling the overall SEP
releasing pattern from the corona.
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