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ABSTRACT

We have modeled “gradual” solar energetic particle events through numerical simulations using a Stochastic
Differential Equation (SDE) method. We consider that energetic particle events are roughly divided into
two groups: (1) where the shock was driven by coronal mass ejections (CMEs) associated with large solar
flares, and (2) where they have no related solar events apart from the CMEs. (The detailed classification
of energetic particle events was discussed in our previous paper.) What we call “gradual” solar energetic
particle events belong to the former group. Particles with energies greater than 10 MeV are observed within
several hours after the occurrence of flares and CMEs in many gradual events. By applying the SDE method
coupled with particle splitting to diffusive acceleration, we found that an injection of high energy particles
is necessary for early enhancement of such a high-energy proton flux and that it should not be presumed
that the solar wind particles act as the seed population.

INTRODUCTION

Prediction of interplanetary shock wave passage is an important subject regarding space weather because
the shock waves cause geomagnetic disturbances and accelerate particles. The most well known classes of
solar particle events are impulsive events and gradual events (e.g., Reames, 1999). The particles classified
in the former events are thought to be accelerated in the impulsive flare process because of the observed
charge states of Fe. On the other hand, gradual solar energetic particle (SEP) events suggest that the origin
of the energetic ions is coronal material, and that the CME-driven shock waves play an important role in
the acceleration mechanism. In this paper, we study gradual SEP events and “SEPs” or “energetic particle
events” mentioned in the following indicate gradual SEP events.

There are many variations in particle-flux behavior in energetic particle events; shock accelerated particle
intensities mostly begin to rise in advance of shock passages with a duration ranging from several hours to
several days, on the other hand, there are some events in which no enhancement of particle fluxes occur
despite shock wave passages. The variance in the intensity flux of energetic protons has been studied by
several groups. Differences in the energy range of accelerated protons lead to different proton flux profiles.
For example, van Nes et al. (1984) studied proton energy spectra in the range of 35-1600 keV by surveying
75 interplanetary shocks, sub-divided shock events into four different groups, and analyzed the relation
between the effect of shock acceleration mechanisms (diffusive or drift) and the shock strength. Kallenrode
(1996) examined the intensity profiles of 5 MeV protons for 351 interplanetary shocks, divided them into
three groups, and compared the features of the particle events with those of the shocks. Cane et al. (1988)
and Reames et al. (1999) claimed that the intensity-time profiles of solar proton events (SEPs) depended on



the longitude of the source region on the Sun by studying the spatial distribution of typical events. Using
the assumption that the nose of the shock is the region where acceleration is strongest, they explained the
variation of the particle flux. However, this needs to be examined for consistency with regards to particle
acceleration theories.

In our previous paper (Den et al., 2001, hereafter called Paper 1), we studied 68 shock accelerated
energetic particle events with energies ranging from 47 keV to 4.75 MeV using particle data observed by the
Electron, Proton and Alpha Monitor (EPAM) onboard the ACE spacecraft, and these data were detected
from November 6, 1997 to July 10, 2000. We classified those events in four groups according to the flux
variance, the characteristic event duration, and the maximum energy of the accelerated particles as follows.
Type 1: duration time in advance of shock passage, which we call "the precursor time”, was about one
day and protons were not accelerated beyond 10 MeV. Type 2: solar energetic protons and interplanetary
shock accelerated protons were mixed and the source CMEs were accompanied by large X-ray flares, so the
associated shocks were strong ones and the maximum energy of accelerated particles was greater than 10
MeV. Type 3: the precursor time and total duration of the flux enhancement were very long, about 10 days.
Type 4: There was no evident enhancement of particle flux despite an interplanetary shock passage having
occurred. In Paper 1, we modeled typical events for Type 1 and 2 events through numerical simulations
and obtained preliminary results.

The well known acceleration mechanism of energetic particles associated with CME-driven shocks is the
first-order Fermi acceleration (Axford et al., 1977, Blandford and Ostriker, 1978, Krymskii, 1977) and
shock drift acceleration (Armstrong et al., 1977). However, there are few studies which show how these
theories could explain the actual observations made regarding energetic events. Lee and Ryan (1986) solved
analytically the time dependent cosmic ray transport equation by using some strong assumptions, (e.g.,
that the diffusion coefficient is self similar and proportional to 72, where r is radial distance), which are
not widely accepted. Zank et al. (2000) also studied shock acceleration, taking into account the dynamical
evolution of a spherical shock wave. Their approach was semi-analytical: hydrodynamical quantities such
as shock speed were calculated numerically, while the particle flux was obtained analytically through a
simplification of the transport equation. Li and Zank (2002) claimed that diffusive shock acceleration is
an overly simplistic mechanism for interplanetary shock waves because that theory assumes an infinitely
extended diffusive region. They used a Monte Carlo simulation method to solve the Boltzmann equation to
investigate the propagation of energetic particles when they escaped from the shock front.

In this paper, we extend Paper 1 and model a typical Type 2 event through numerical simulation. We
solve the cosmic ray transport equation numerically without making any assumptions concerning the equa-
tion. Our calculation method is a stochastic differential equation (SDE) method, a kind of Monte Carlo
simulation, coupled with particle splitting. We consider the possibility that the large X-ray flares that
accompanied almost every Type 2 particle event play an important role as an injection mechanism, and
perform simulations under the assumption that high energy particles act as seed populations.

We describe the observation of a typical energetic particle event in section 2, and discuss our modeling
method and simulation results in section 3, and conclude in section 4.

OBSERVATIONS

We used mainly the solar wind data and particle data observed by the SWEPAM, MAG, and EPAM
teams of the ACE and also used the solar wind data obtained by the CELIAS/MTOF PM on the SOHO
when there were data gaps in the ACE data. The GOES proton data provided useful information about
protons with energies greater than 10 MeV, which we used to confirm the maximum energy of accelerated
particles.

Here, we model the energetic particle event that occurred on 315 DOY, 2000. This was a typical Type
2 event because it was associated the M7.4 X-ray flare (Figure 1) and greater than 10 MeV protons were
detected (Figure 2). Energetic particles increased at almost the same time as the flare occurrence (Figure 3).
We considered the possibility that it would have been difficult for those particles to undergo diffusion process
because there was insufficient diffusive acceleration time, and that some of the particles were scattered and
propagated to the earth. Indeed, this should be confirmed through theoretical and numerical analyses that
takes into account the time evolution and the distance dependence of the solar wind parameters and the
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Fig. 1. X-ray flux observed by the GOES satel-
lite for the period 2000 Nov. 8 (313 DQY) to
10 (315 DOY). The M7.4 X-ray flare occurred at
23:28 UT on Nov. 8. The source region is re-
gion 9213(N10W77). This plot is provided on URL
http://sec.noaa.gov/ftpmenu/plots/xray.html.
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Fig. 3. Intensity-time profile of particles with en-
ergy channels, (pl 47-65 keV, p2 65-112 keV, p3
112-187 keV, p4 187-310 keV, p5 310-580 keV, p6
580-1060 keV, p7 1060-1910 keV and p8 1910-4750
keV), for the period Nov. 8 (313 DOY) to 12 (317
DOY). The shock wave passed on 315 DOY. These
data are ACE Level 2 Data, and were obtained from
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Fig. 2. MeV proton flux for the same period as
Figure 1. A rapid increase of the proton flux after the
flare can be seen, and the greater than 10 MeV event
began at 23:50 UT. This plot is provided on URL
http://sec.noaa.gov/ftpmenu/plots/proton.html.

shock structure.

NUMERICAL SIMULATION METHOD
AND RESULTS

We applied the SDE method coupled with
the particle splitting to simulations of diffusive
shock acceleration process. Numerical compu-
tations using SDEs are much easier than solving
the original the cosmic-ray transport equation,
because the SDEs are ordinary differential equa-
tions.

Assuming a spherically symmetric geometry,
the Fokker-Planck form of the cosmic-ray trans-
port equation is given by
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Here, we introduce the quantities u = In(p/mc)
and ¢ = 4mr?p3 f, where p is the proton momen-
tum, f is the distribution function for protons,
v, is the radial velocity of the background flow,

http: / /www.srl.caltech.edu/ACE /ASC /level2 /index.html. [ is the spatial diffusion coefficient, m, is the

proton mass, and c is the speed of light. Equation (1) is equivalent to following SDEs,

dr = (v, + 2K /r)dt + V2KdW, (2)
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Fig. 4. Evolution of energy spectrum for the event hits the surface u;, the particle is split into

on 2000 Nov 10 (315 DOY).
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Fig. 5. Simulated evolution of the energy spectrum  Fig. 6. Simulated evolution of the energy spectrum
for model A obtained by the particles around 1 AU. for model B obtained by the particles around 1 AU.

w particles with the same energy and spatial position which the particle has attained. The statistical weight
which is needed to calculate the final spectrum of the particles is decreased by a factor of w in each splitting.
In our simulation we take w = 2 as a choice. This particle splitting method is permitted, because the process
which we are considering is Markovian.

It is well known that many elements are involved in the particle acceleration in interplanetary space such
a finite diffusive region, the time and spatial dependence of the magnetic field, the shock structure, and so
on. However, we assumed a simple model as a starting point for our simulations so that we could clarify
the effect of each element on the acceleration mechanism.

Our modeling assumptions were that the space was spherically symmetric, and that the shock velocity,
the compression ratio of the shock front, and the diffusion coefficient were constant and uniform. For the
shock parameters, we set the shock speed Vi = 852 km/s and the compression ratio r,, = 3.0; these values
were obtained from observational data at 1AU and for the diffusion coefficient, K = 2.7 x 101 cm? /s, which
was set by fitting the diffusion length of the observed proton flux to the theoretical solution obtained by
Blandford and Ostriker (1978). The shock wave started at ry = 0.1 AU where 7y is the radial distance from
the Sun and we set ¢ = 0 at that time.



Injection is an issues that is not well understood. As explained in the previous section, large X-ray flares
were associated with Type 2 energetic events, so we considered how the flare process contributed to particle
ejection into the interplanetary space in which the particles were accelerated by shock waves. After trial
simulations with various values of the ratio of impulsively injected particles to continuously injected ones, the
energies of injected particles, and the distance from the sun where the particles were injected impulsively, we
found the following model, called model A, could fit the observation. In model A, 98% of injected particles
with an energy of 150 keV were input impulsively when the shock front arrived at » =0.32 AU, and we
considered the “flare particles”, while 2 % of the particles with an energy of 50 keV were input continuously.
It should be noted that detailed numerical values used for simulations such as “98%” and “0.32 AU” have
not rigid meaning and that the order of those values has physical sense.

To clarify the effect of high energy injection particles, in model B all injection particles were low energy
particles, set to 50 keV, and were continuously input.

Figure 4 shows an energy spectrum obtained from observational data regarding the particle flux. Some
notable features can be seen in the time evolution of the spectrum. The spectrum became flatter immediately
after the source CME occurred, and then became steep, i.e., “soft” after the shock passed. Our simulation
results are shown in Figures 5 and 6 for models A and B respectively. Note that the simulated energy
spectrum was plotted from particles close to 1 AU, not from the entire space. The observed data were
detected at one point, e.g., the L1 point for the ACE data. Hence we should use the simulated particle
data placed around 1 AU when comparing results with the observations. (We discuss detailed difference
between the simulation result plotted from the particles close to 1 AU and that plotted from the particles
in the entire space in the other paper (Den, et al., these proceedings).) The spectrum for model A is
similar to the observational one, that is, the spectrum is flat just after the X-ray flare and the source CME
having occurred, and then it evolves to be in proportion to a power law which theoretical models of diffusive
shock acceleration suggest (Blandford and Ostriker, 1978). On the other hand, for model B, the spectrum
evolves to become slightly harder, which indicates that the seed particles with an energy of 50 keV were
accelerated by the shock wave diffusively and that our numerical simulations were correct. However, model
B cannot explain the flat spectrum feature seen in the observation. Our simulation results thus indicate that
considerable amount of the particles with an energy of a few hundred keV already exist in the middle of 1
AU before the shock wave passes. We think that these seed particles with a few hundred keV are ejected in
the process of large X-ray flares which are highly correlated with the source CMEs and are re-accelerated
by the shock waves. We conclude that the impulsive injection is an important consideration and may be
necessary for Type 2 events.

CONCLUDING REMARKS

Through numerical simulations, we have modeled typical events classified as Type 2 events in which a
maximum energy of protons is greater than 10 MeV and obtained the energy spectrum. Those protons were
presumably accelerated in a flare process and were re-accelerated by CME-driven shock waves. We considered
two injection models: in model A (corresponding to Type 2 events), 98% of the particles were impulsively
injected with an energy of 0.15 MeV when the shock front arrived at 0.32 AU, and the remaining particles
were continuously injected with an energy of 0.05 MeV; in model B (corresponding to Type 1 events) all
particles were injected continuously with an energy of 0.05 MeV. Our simulation results show that impulsive
injection leads to a flatter spectra, while 100% lower-energy continuous injection models cannot explain
such spectral flatness, and that considerable amount of the particles with an energy of a few hundred keV
already exist in the middle of 1 AU before the shock wave passes. We consider that those impulsively
injected particles were ejected in the flare process, and our simulation results are consistent with the result
of statistical analysis obtained in Paper 1, that is, high correlation between the source CMEs for Type 2
events and large X-ray flares. Hence we conclude that the impulsive injection is important and may be
necessary for Type 2 events.

The simulation method used in this study was a simple one; i.e., our method was essentially one-
dimensional, so the shock drift acceleration could not be included, and our assumptions of constant and
uniform shock speeds and diffusion coefficients are not valid. The effect of dynamical behavior of those
parameters is investigated at present. Finally, turbulence, or self-excited waves in a magnetic field caused



by wave-particle interaction, and a particle transport process were not taken into account. The existence of
turbulence is essential for shock acceleration, and we must study the possibility that self-excited waves are
closely related to Types 3 and 4 events. Use of a fully self-consistent multidimensional simulation method
can clarify the acceleration mechanism and particle propagation process of events for each event type. Our
modeling method seems to be a good starting point for this approach.
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