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1. Introduction

In order to study particles acceleration and transport in the heliosphere, it is necessary to use
simultaneous observations of solar energetic particle (SEP) time profiles from multiple spacecraft,
which show great diversity in different interplanetary space locations [e.g., 1–4].

Previously, most of the numerical works of SEPs and their comparison with observations are
done with spacecraft separated in longitudinal and radial extents [e.g., 5–7]. However, there are
still some simulations and analyses with spacecraft observations at different latitudes [e.g., 8]. In
this paper, to focus on the latitudinal extent of SEPs transport in interplanetary space, we study two
gradual SEP events with electrons of energies > 53 keV observed by both the near-Earth spacecraft,
ACE, and the high-latitude one, Ulysses. We discuss the effects of transport processes and injection
source on the SEP intensities by comparing our simulation results with the multiple spacecraft
observations.

2. Observations

In this work, we select two gradual SEP events of 2000 June 10 and 2001 December 26,
which were both observed by the ACE/EPAM [9] and Ulysses/HISCALE [10] located at different
longitudes, latitudes, and radial distances.

For the gradual SEP event of 2000 June 10, the solar origin of the SEP event has been associated
with an intense M5.2 flare which started to increase at 16:40 UT and peaked at 17:02 UT in AR9026
at N22W38 (https://www.spaceweatherlive.com) and a 1008 km/s halo CME. For the event,
the ACE was in the ecliptic at 1 au, and Ulysses was about 3.37 au, latitude being S58, and longitude
being 87◦ to the east with respect to the Earth. The solar wind speeds observed by ACE and Ulysses
were 𝑉SW

𝐴𝐶𝐸 = 505 km s−1 and 𝑉SW
𝑈𝑙𝑦𝑠𝑠𝑒𝑠 = 475 km s−1, respectively.
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Figure 1: The left panels show the observation results of ACE (solid lines) and Ulysses (dashed lines) in
DE2DE4 energy channels, and the right panels shows the footpoints of ACE and Ulysses, as well as the flare,
on the solar surface.

In the left panels of Figure 1, from top to bottom, electron intensities measured in three
different energy channels of ACE and Ulysses are plotted with solid and dashed lines, respectively.
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The vertical line indicates the start time of flare with ∼8 minute light travel time from Sun to 1 au
reduced. In the left panels shows on the solar surface the footpoints of ACE and Ulysses, as well
as the flare, using the footpoint of ACE as the coordinate origin. Although the Ulysses footpoint is
far away from the center of the particle source, Figure 1 clearly shows that both spacecraft detected
particle intensity enhancements in the DE2–DE4 energy channels. For these energy channels, the
particle intensities observed by ACE increased dramatically shortly after the flare eruption, while
the intensities on Ulysses increased slowly. Besides, the electron peak intensity of ACE occurred
earlier than that of Ulysses. Moreover, the ACE peak intensities are about 2 order of magnitude of
the Ulysses in DE2–DE4 energy channels. Meanwhile, we can see that ACE flux had a faster decay
than Ulysses during the decay phase. It is suggested that the difference between the time-intensity
profiles of the two spacecraft can be attributed to the different locations of ACE and Ulysses with
respect to the particle source.

The gradual SEP event of 2001 December 26 was also observed by both ACE and Ulysses
spacecraft, with the solar origin associated with an intense M7.1 flare beginning at 04:32 UT and
peaking at 05:40 UT from AR9742 at N08W54, and a CME with plane-of-sky speeds above 1446
km/s and angular width larger than 212◦. In addition, Ulysses was about 2.54 au, latitude being
N69, and longitude being 39◦ to the west with respect to the Earth. The solar wind speeds observed
by ACE and Ulysses were 𝑉SW

𝐴𝐶𝐸 = 380 km s−1 and 𝑉SW
𝑈𝑙𝑦𝑠𝑠𝑒𝑠 = 575 km s−1, respectively.
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Figure 2: Same as Figure 1, except that it is for the event of 2001 December 26.

Figure 2 shows, using the same format as Figure 1, the time series of SEP fluxes and the
footpoint of each spacecraft. For this event, both spacecraft detected significant particle intensity
enhancements despite a large separation in longitude at Ulysses. It is also seen from Figure 2
that electron intensity started to increase immediately after the solar flare at ACE (solid lines), but
energetic particles did not increase immediately at Ulysses (dashed lines) until about one hour later
and the increase was gradual compared to ACE observation. The peak intensity at Ulysses was
much smaller and the occurrence of maximum intensity was several hours later than ACE.
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3. Models

We have modeled SEP interplanetary transport to ACE and Ulysses during the two selected
SEP events by numerically solving the three-dimensional focused transport equation ([11]). The
forcused transport equation of SEPs can be written as [11–13]

𝜕 𝑓

𝜕𝑡
= ∇ · ( ®𝜅⊥ · ∇ 𝑓 ) + 𝜕

𝜕𝜇

(
𝐷𝜇𝜇

𝜕 𝑓

𝜕𝜇

)
−

(
𝑣𝜇

®∧
𝑏 + ®𝑉SW

)
· ∇ 𝑓

+𝑝
[
1 − 𝜇2

2

(
∇ · ®𝑉SW −

®∧
𝑏

∧
𝑏 : ∇®𝑉SW

)
+ 𝜇2 ®∧

𝑏
∧
𝑏 : ∇®𝑉SW

]
𝜕 𝑓

𝜕𝑝

−1 − 𝜇2

2

[
− 𝑣

𝐿
+ 𝜇

(
∇ · ®𝑉SW − 3

®∧
𝑏

∧
𝑏 : ∇®𝑉SW

)]
𝜕 𝑓

𝜕𝜇
, (1)

where 𝑓 (®𝑥, 𝜇, 𝑝, 𝑡) is gyrophase-averaged distribution function, ®𝜅⊥ is the perpendicular diffusion

coefficient, 𝐷𝜇𝜇 is pitch angle diffusion coefficient,
®∧
𝑏 is a unit vector along the local magnetic field,

®𝑉SW is the solar wind velocity in the radial direction, and 𝐿 is the magnetic focusing length, with
𝐵0 being the magnitude of the background IMF set as the Parker field.

The source particles are injected at 𝑟 ≤ 0.05 au. Its boundary condition is chosen to have the
following form:

𝑄(𝑧 ≤ 0.05 au, 𝐸k, 𝜃, 𝜑, 𝑡) =
𝐶

𝑡

𝐸
−𝛾
k
𝑝2 exp

(
−𝜏𝑐

𝑡
− 𝑡

𝜏L

)
, (2)

where 𝐸𝑘 is the particle’s kinetic energy, 𝛾 = 3 is the spectral index of source particles, 𝜏𝑐 and 𝜏𝐿
(in units of days) are the rise and decay timescales of source injection profile, respectively.

Zhang [15] introduced the time-backward Markov stochastic process method to solve cosmic
ray transport equation, which was adopted by Qin et al. [13] to get the solution of SEPs transport
equation and compare with spacecraft observations. The details of this method can be found in
Zhang [15] and Qin et al. [13].

4. The SEP simulation results and comparison with observations

For the 2000 June 10 SEP event, to fit the simulations with the observations, we get the best fit
parameters shown in Table 1. In left panel of Figure 3 purple line shows the flare intensity observed
by GOES, and vertical lines show the onset and peak times of flare. The time interval between the
two vertical lines, i.e., the time from initial to peak time of the X-ray flare, Δ𝑇d, is 22 min. From this
panel we can see that the particle source onset and peak times were between the onset and the peak
times of the flare in all three energy channels. In the right panels of Figure 3 shows the electron
time-intensity profiles from observations and simulations. We use the geometrical mean energy as
the simulated energies, i.e., 74 keV, 134 keV, and 235 keV, for energy channels DE2, DE3, and DE4,
respectively. It can be seen from Figure 3 that the simulations successfully reproduce most features
of the observations in the energy channels of DE2–DE4.

Figure 4 is similar as Figure 3 except that it is for the SEP event of 2001 December 26. For
this event, to fit the simulations with the observations, we also get the best fit parameters shown in
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Figure 3: The left panels show the particle source profiles in DE2 DE4 and associated SXR flare, and the
right panels shows the comparison of the observations of electron intensities and the simulation results for
the event of 2000 June 10.
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Figure 4: Same as Figure 3, except that it is for the event of 2001 December 26.

Table 1. From the best fit parameters and the particle source model Equation (2) we also have the
time-intensity profiles of particle sources in different energy channels in left panel of Figure 4. It
is shown that Δ𝑇d equals to 68 min. It is also shown that the particle source onset and peak times
were between the onset and the peak times of the flare in DE2–DE4. In addition, the onset and peak
times of the particle source for higher energy particles are later than that for lower energy particles.
In right panels of Figure 4 is similar as Figure 3 to show the electron time-intensity profiles from
observations and simulations for the energy channels of DE2–DE4. It can be seen from Figure 4 that,
the simulations reproduce most features of the observations in the energy channels of DE2–DE4.
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Table 1: Best fit parameters for the simulations.

Event Date Channel 𝜏c 𝜏L Δ𝜃 𝐼max Δ𝑇1
(day) (day) (◦) (cm2 sr s MeV)−1 (min)

DE2 0.002 0.05 60 3.92 E+07 6.32
2000 Jun 10 DE3 0.002 0.05 53 1.61 E+07 10.64

DE4 0.002 0.05 53 3.47 E+06 14.96
DE2 0.02 0.05 55 1.45 E+08 20.08

2001 Dec 26 DE3 0.02 0.05 40 6.22 E+07 33.04
DE4 0.02 0.05 33 1.81 E+07 40.24
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Figure 5: From top to bottom: the maximum value of particle source intensity 𝐼max, the half width of particle
source Δ𝜃, and the time interval from the onset time of the flare to the peak time of the particle source,
Δ𝑇1, with different energy for the two SEP events. Solid circles connected by solid lines indicate the best fit
parameters, and the dashed lines indicate the modeling results.

5. Best fit parameters for particle source and the models

We study the best fit parameters for the particle source in Table 1 in the energy channels
DE2–DE4. It is shown that the particle source parameters 𝜏𝑐 and 𝜏𝐿 are the same in the same event,
but the peak values of the particle source intensity 𝐼max, the half width of particle source Δ𝜃, and
the time interval from the onset time of the flare to the peak time of the particle source Δ𝑇1 vary
with energy.

Figure 5 shows best fit parameters 𝐼max, Δ𝜃, and Δ𝑇1 as function of energy as solid circles in
top, middle, and bottom panels, respectively, for different events, where black and red color indicate
the events 2000 June 10 and 2001 December 26, respectively.

The top panel of Figure 5 shows that for both of the events 𝐼max decreases as the increasing
of energy 𝐸 . In addition, for the same energy channel, 𝐼max is higher in the 2001 December 26
event which has larger SXR peak intensity, 𝐹SXR, and the time interval from the SXR initial time
to the peak time, Δ𝑇d. One may assume that the total energy released by a flare is proportional to
the product of flare peak intensity and the rise time, i.e., 𝐹SXRΔ𝑇d. On the other hand, the number
of energetic electrons of the SEP released is assumed proportional to 𝐼max𝐸 , so the total energy of
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energetic electrons of the SEP released may be proportional to 𝐼max𝐸
2. Although it is assumed that

the energetic electrons in a gradual SEP event are accelerated by the coronal shock, the strength of
the flare can be used to indicate that of the solar event. Therefore, one may assume that the total
energy released by a flare is proportional to the energy released by the energetic electrons,

𝐼max =
𝐺𝐹SXRΔ𝑇d

𝐸2 , (3)

where 𝐺 is a constant to be determined. In top panel of Figure 5 the dashed lines show the model
results from Equation (3) with the best fit value 𝐺 = 2.07 × 10−3 (s sr)−1. It is shown that the
modeling results agree well with the best fit parameters.

The middle panel of Figure 5 shows that for both events the best fit parameter Δ𝜃 decreases
as the increasing of energy 𝐸 . The reason might be that it is more difficult to accelerate electrons
to higher energies. Furthermore, Δ𝜃 is smaller in event 2001 December 26 than that in event 2000
June 10.

The bottom panel of Figure 5 shows that for both events the best fit parameter Δ𝑇1 increases
as the increasing of energy 𝐸 . It is also shown that Δ𝑇1 is larger in the 2001 December 26 event
with stronger flare. It is assumed that to accelerate the particles to higher momentum, longer time
is needed, and that an event with longer rise time of flare Δ𝑇d can accelerate particles longer, or to
make Δ𝑇1 larger, so that we may suggest

Δ𝑇1 = 𝐻𝑝Δ𝑇d, (4)

where 𝐻 is a constant to be determined. In the bottom panel of Figure 5 dashed lines show the
modeling results from Equation (4) with the best fit value 𝐻 = 3.41 × 1011 (GeV/c)−1. It is shown
that the modeling results generally agree with the best fit parameters.

6. Summary and discussion

In this work, we study two SEP events of 2000 June 10 and 2001 December 26 which were
supposed to each originate from an intense coronal shock with a solar flare, to focus on the latitudinal
extent of SEPs. The SEPs were observed by both ACE in ecliptic and Ulysses in high latitude.
We do data analysis of the observational results from energy channels DE2, DE3, and DE4 of
the spacecraft. In addition, we do simulations by solving the three-dimensional focused transport
equation of SEPs, which includes many important transport mechanisms, such as particle streaming
along the field line, adiabatic cooling, magnetic focusing, and the diffusion perpendicular and
parallel to the background magnetic field.

With different energies we do simulations for the two SEP events, to obtain the SEPs time-
intensity profiles for different spacecraft. We try different fitting parameters to get simulation
results for the SEP events to compare with ACE and Ulysses observations, so we can get the best fit
parameters.

For the best fit parameters of the energetic particle source with the SEP events of 2000 June
10 and 2001 December 26, all the onset times and peak times of the particle source are between
the start and peak times of the flare. Moreover, it is found that the peak values of the particle
source intensity 𝐼max decreases as the increasing of energy, and increases with stronger solar flare.
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Accordingly, we have a model for the peak value of the source intensity 𝐼max proportional to 𝐹SXR,
Δ𝑇d, and 𝐸−2, which agrees well with the best fit parameters. In addition, we find that the best fit
half width of particle source Δ𝜃 decreases with the increasing of energy, the reason might be the
difficulty to accelerate electrons to higher energies. Furthermore, it is shown that the best fit time
interval from the onset time of the flare to the peak time of the particle source Δ𝑇1 increases as
the increasing of energy. We have a model for Δ𝑇1 proportional to momentum 𝑝 and Δ𝑇d, which
generally agree with the fitting results from simulations.
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