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ABSTRACT

In a stratified solar corona in which the Alfvén speéd increases with
height, compressional Alfvén waves can accelerate particles to high en-
ergies by the mechanism of phase-locked trapping. We demonstrate by
numerical simulations that this mechanism can produce power-law spec-
tra of electron and photon energy, both of W,h.ich show strong similarities,
in quantities such as the exponent indices, to the spectra actuaily ob-
served in X-ray flares and solar energetic particle (SEP) events. Isotopic
effects of *He and 3He ions are also studied in order to explore a possible

mechanism for heavy-ion enrichment of such flares.



I. Introduction

Impulsive solar flares can accelerate particles to very high energies, up to
10-100 keV for electrons, and occasionally up to several GeV for ions. Many
authors have investigated the mechanism of impulsive flares (Spicer et al. 1986,
Tajima et al. 1987). Most of these flare models are based on magnetohydrody-
namic phenomena, and some of the more successful ones are able to discuss the
overall energetics, such as the origin of the flare energy, as well as the storage
and release mechanisms, and so forth. However, these theories rarely predict the
specifics, such as the photon and particle energy spectra. This is partially true
because these models do not allow the kinetic processes which are necessary to
explore particle acceleration in, or during, flares. On the other hand, much work
has been devoted to the acceleration processes per se which could account for
high-energy spectra of photons and particles during a flare, given the accompany-
ing shocks, reconnection, waves, etc. The most commonly-accepted mechanism
for this particle acceleration is first-order Fermi acceleration, in which particles
are accelerated by hydromagnetic shocks (Zirin 1988). In certain circumstances,
second-order Fermi acceleration (or stochastic acceleration) could operate, but
this mechanism is probably too slow for impulsive flares (Nakajima et al. 1983;
Forrest and Chupp 1983; Kane et al. 1986; Forman, Ramaty, and Zweibel 1986).
However, even in these models, quantitative energy spectra are seldom predicted,
except for the Bessel-function distribution obtained from stochastic heating. To
our best knowledge, the effects of atmospheric stratification on the flare energy
spectra have never been accomodated in a quantitative theoretical framework.
In the present paper, we investigate the effect of the stratified solar atmosphere
(more precisely, the corona) on the production of X-ray and charged-particle en-

ergy spectra from flares. In previous work (Tajima et al. 1987), it was found that
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impulsive flares could accompany strong shocks, or more specifically, compres-
sional Alfvén waves, upon the sudden reconnection or realignment of magnetic
fields. Therefore, in our current investigation, we consider the acceleration of

particles by strong compressional Alfvén waves in a stratified plasma.

We describe here a model for a means by which magnetic energy could be
converted into particle energy. It may operate entirely on its own, or it may
prdvide an initial acceleration for particles which are then further accelerated

by the first-order. Fermi mechanism. Consider first a uniform atmosphere. Par-

ticles moving at velocities within:the “trapping width” viap ~ \/qE/mk of the-

phase velocity of an Alfvén wave are accelerated by phase- lockmg Acceleratlon

occurs roughly hnearly in time in this case (Sakai and Ohsawa 1987), and‘,ln a‘
short while, the particle exits from the trapping and ceases to be acceleratgd.
Now consider an atmosphere in which the Alfv‘én‘speed increases with increasing
height. As the particles are accelerated, the phase velocity of the wave increases
along with the velocity of the particles, thus leading to acceleration for an ex-
tended iﬁterval of time. Ultimately, of course, the acceleration must end, but
in a non-uniform atmosphere, considerable acceleration can build up before the
particles are detrapped. This should be a realistic scenario for the solar corona,

where we assume the particles are accelerated.

Impulsive solar flares are often accompa.nie.d by large enrichments in heavy
ions, particularly *He and iron. The enrichment of He can be particularly strik-
ing, with ratios of 3He/*He of order unity, comipared to typi-cal solar values for
this ratio of approximately 10~*. Recent observations (Lin 1987 and references
therein) have indicated that virtually all *He-enriched events are associated with

electron impulsive events.



II. Theory

It has been shown that in the case of a wave with a non-uniform phase
velocity, detrépping can be delayed considerably, and particles can be accelerated
to high energies, if the phase velocity increases appropriately as the acceleration
proceeds (Meerson 1990). In the atmosphere of the Sun, the phase velocity of
Alfvén waves should increase with increasing altitude, since the density ought
to decrease rapidly; thus we expect that the continuous-acceleration mechanism

can operate in such an atmosphere.

A simple analysis will demonstrate the phenomenon. Assume that the back-
ground field, By, is along the z axis, and suppose that there is a sinusoidal (i.e.
wave) longitudinal electric field, of amplitude E, in the z-direction. For sim-
plicity, in the present analysis we will vary By, rather than the density. The

relativistic equations of motion are then:

dpz _ ¢

praial By — ¢E sin(kz — wt) , (2.1)
dpy _ g
—d? = —Z Vy Bo y (2.2)

where p = mI'v, and T is the special-relativistic boost factor. Assume that
initially the particle is moving only along the z-direction. The trapping occurs
for particles whose velocity matches the phase velocity of the wave, that is,
vy = w/k. (Thus an increasing Alfvén velocity will lead to acceleration of
the trapped particles.) Substituting into (2.2) yiélds the equation for magnetic
trapping at the phase velocity of the wave:

dpy = quw 5



)

Using z = wt/k to integrate the equation of motion (2.3), and ignoring small
initial thermal velocities, we find that there will be continuous acceleration,

provided that
mc*E
gl -

that is, trapping is maintained as long as the magnetic term in equation (2.1)

Bo(z) /0 " Bo(')dz' < (2.4)

is small relative to the electric term. Ultirﬁately, the trapping condition may
be broken, due to a Weakeﬁing wave amplitude and/or to a By which does
not decrease sufficiently rapidly, and the acceleration will cease. (Excessively
prompt decrease of By is not permitted, however, or the adiabatic condition
for the acceleration can be violated.) In the meantime, however, the trapped

particles can be driven to relativistic velocities.

We can write the equations of motion, (2.1) and (2.2), in dimensionless form
by defining X = kz, T =wt, P; = kpi/mw, and ¢ = ¢Ek/mw?, where k is the

wavenumber. The equations then take the form"

P oD sinx-T), dt T

aT r

with dX/dT = P; /T to complete fhe'set. We have defined @ = w, /w, where We
is the cyclotrori frequency w, = ¢By/me. These equations are characterized by
only two parameters, ¢ and @, and can easily be solved numerically to investigate -
the behavior for arbitra.ry values of those parameters. In order to demonstrate
the effect of the phased-locked tré,pping for a spatially-increasing Alfvén velocity,
we parametrize @ as, for example,

@y

“1tax’ (2:6)

w

where. a™! is the scale height, in units of k1.
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Figure 1 shows the results of the solution of equations (2.5) for the parameter
values € = 0.5, wo = 0.035, and with initial conditions P, = 0, P, = 0.2. For
simplicity, we have assumed that the dispersion relation of the wave is w = v k.
In Figure 1(a) we show the result for a uniform magnetic field, a = 0, while in
Figure 1(b), a = 0.01. In the uniform case, detrapping occurs quickly, and the
particle begins to execute Larmor oscillations. Relativistic effects change the
exact form of the solution somewhat, but they do not prevent the detrapping.
The stratified atmosphere, on the other hand, can greatly inhibit the detrapping
and enhance the acceleration time (and thus the energy), as a comparison of

Figures 1(a) and 1(b) shows.
III. Simulations and Results

We carried out computer simulations of the propagation of a compressional
Alfvén wave in a stratified solar corona by employing a lg-dimensiona.l particle-
mesh code, for which all three components of momentum are computed, but all
quantities are functions of only one space dimension. The density of our model
atmosphere (in this case, corona) decreased exponentially, with a scale height of
approximately 20decrease in density was accomodated in the code by weighting
each particle appropriately to its initial pégi't;ién.o;l the grid (see e.g. Tajima
1989). SEP’s are believed to be accelerated in the corona (Fan et al. 1984), so
our atmosphere setup is intended as a crude model of an isothermal atmosphere.
However, the most important phenomenon for this mechanism is the increase
in Alfvén speed with increasing height. We constructed a very simple model
for our simulation. The parameters we chose are somewhat arbitrary, but they

have been varied, with qualitatively similar results. Moreover, computational
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convenience requires “compressed” parameters, such as the mass ratio of elec-
trons to ions. It is noted, for example, that when the dynamical time scales
are of Alfvén and acoustic origin, the ratio of electron cyclotron period to ion

cyclotron period has little effect on the physics involved. In the particular at-

~mospheric run shown here, we initialized a plasma with 8 ~ 0.04, ¢, /c ~ 0.055,

and va/c ~ 0.4. Reflecting boundary conditions (“Method II” of Naitou et al.
1979) were employed; this made sure that particles did not leave the grid at
one end and reenter with an inappropriate weight at the ot",her end. Because
flares are transient events, the Alfvén wave was set up as a pulse, rather than
as a wave train. The electric field of ‘the Alfvén wave was initialized such that
Ey/By = 0.2. The wave packet consisted of a Wave_'train in an exponential
envelope with an e-folding of 50 zones; the packet initially occupied the region

between approximately zones 150 and 350. There were a total pf 19200 elec-

trons, 11520 protons, and 3840 *He ions in 2048 grid zones. Figure 2 shows the

initial density distribution for the electrons. For the run whose results we show
here, the ratio ¢/m of electron mass to ion mass was 1/100 for protons, 2/400
for *He, and 2/300 for 3He; another run with the ratio of electron to proton

mass set to 1 /10 gave qualitatively similar results.

In addition to the particles specified above, whose métioﬁs were computed
self-consistently with the electric arid‘ magnetic field, we included 1000 test par-
ticles, represénting 3He, which responded to the fields but did not contribute to
them. This leads to an *He/*He ratio much higher than the typical photospheric
value, but even so, the test particles are minimally resolved. Thus we could not
predict a value for this ratio, but can only determine whether He might be

overheated relative to *He.
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We assumed that particle energy was converted to photons by electron

bremsstrahlung. We used the formula

mc? [
o) = M I 7 E:/mcz)s F(Ew) dEy (3.1)

where Ej is the kinetic energy of the electrons, and f(E}) is the kinetic-energy
distribution of the electrons obtained from our simulations. It is approximately
valid for both nonrelativistic and relativistic regimes, as long as the particles are

not ultrarelativistic. The constant Ny was chosen as a normalization factor.

Observations of X-ray flares show several characteristic features. The en-
ergy spectra of both charged particles and photons show signatures of strongly-
accelerated particles, and are generally characterized by a power-law shape,
rather than a thermal shape. The photon spectrum is generally well-fit by a
double power law, with a break energy which varies with the flare and with
time, but is generally approximately 100 keV, with power-law exponents below
the break energy roughly in the range —2.5 to —3.5 and above the break energy
of approximately —3.5 to —6 (Lin and Schwartz 1987). The electron energy
spectrum is typically a double or triple power law, with the first break energy at
approximately 100 keV for several different flares, and power-law exponents of
approximately —0.6 to —2.0 for the first power law, —2.4 to —4.3 for the second,
and —3.6 for the third, when it is present (Lin et al. 1982). Electron energy
spectra extend from approximately 103 keV to 10% keV, dependiﬁg on the flare
(Lin et al. 1982).

In Figures 3-14, we show our results. Figure 3 is the photon spectrum,
obtained from Eq. (3.1) above. The spectrum can be fitted by a double power
law, with an exponent of —3.3 from approximately 60 to 300 keV, and —6.2
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from 300 keV to 1000 keV. The predicted break energy, 300 keV, is higher than
the break energy of approximately 100 keV observed in the flare described by
Lin and Schwartz (1982) of 1980 June 27; however, the exponents are very

comparable to those observed early in that particular X-ray burst.

Figure 4 shows the computed electron energy distribution function at ¢ -
800wpe. This energy spectrum can be fitted by a double power law; the first
from approximately 20 keV to 90 keV, with an exponent of approximately —1.3,
and the second from 90 keV to 650 keV, with an exponent of approximately
—2.1. The data for electron energy continues to above 1000 keV, but rapidly

becomes noisy beyond about 700 keV. The exponent of the first power law is very

~ comparable to that observed in several X-ray flares (Linv et al. 1982), while the

break energy is very close to that observed. The exponent of the second power
law is somewhat less steep than is typically observed for flares w1th electron
energy cutoffs near 1000 keV, although it is comparable to some values observed
between ~ 100 keV and ~ 1000 keV for more energetic flares, whose electron
energy ranges up to 10* keV. Figure 5 is a phase-space plot for the electrons of
normalized (to mc) longitudinal momentum versus grid position. The heating
of tﬂe electrons near the origin is evident, and is due to the slow magnetosonic

wave.

In Figure 6, we display the energy distribution function. for protons, again
at ¢ = 800wpe. The spectrum can again be represented by a double power
law, with an'exponent of approximately —1.2 between 200 and 2000 keV, and
approximatély —2.6 from 2000 to 10 keV. The values of the exponents we
ob’cain are less than those observed for protons by Gloeckler (1984), but the

shape (a double power law) is consistent, and the knee at approximately 2 MeV is
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consistent with the observed break energy, which can be roughly 1 MeV. Figure 7
shows the normalized phase-space plot for protons. In this case, both heating by
the slow magnetosonic wave, and acceleration by the fast magnetosonic wave, is

evident.

Figure 8 shows the energy distribution function for *He. This distribution
function is quite interesting, because it is extremely non-thermal from 1 MeV
to 10 MeV. The accumulation of particles in the high-energy tail is attributed
to particularly efficient phase-locking acceleration. Figure 9 is the phase-space
plot for *He. The acceleration at the fast magnetosonic wave is pronounced in
this éase, and very little heating per se occurs. Figure 10 shows the normalized
transverse momentum versus the normalized longitudinal momentum for *He.
It is clear that there is substantial preferential longitudinal acceleration in this

case.

Figures 11 through 13 show the same quantities for *He. The deviation
from a thermal distribution is particularly striking in this case, as can be seen
in Figure 11. However, 3He is accelerated comparably to ‘He overall in our

numerical experiments.

Figure 14 is a plot of the z-component of the magnetic field, again at time
t = 800wpe. The leading edge of the fast magnetosonic wave is at a grid position
of approximately z = 820, a location which corresponds to the “spikes” in the

accelerated ions (protons as well as helium ions).
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IV. Discussion

We have used a simple model of Alfvén-wave accéleration in a stratiﬁed at-
mosphere to model the acceleration of particles in a solar X-ray flare by the
mechanism of phase locking. Our model assumes that the process occurs very
close to the sélar surface, i.e. we cannot model a large-scale region of the corona,
and we do not include the effects of bulk mass motion. Further processing of,
the particles could occur in the solar wind. Neverthel;ess, we find a quantita-
tive agreement between our computational results and observed quantities, even-
though.we made no special attempt to fit the observed s>pectra. The resemblance
between the computational results and the observations is particularly good for-
the electron energy spectrum. In many flares, the electron energy is a éigniﬁcant
fraction of the total flare energy (Lin et al. 1982); thus a mechanism such as
that described here, which provides for a direct conversion of magnetic energy

into electron enérgy, is particularly attractive.

Shock heating has been invoked to eiplai\n impulsi\;e flares and SEP’s (Sakai
and Ohsawa, and references therein); but i)revious work did not include the ef-
fects of stratification, and power-law spectra were not produced. The stochastic
acceleration model has been rea,sonaBly successful at predicting the general shape
of the energy spectra (Forman et al. 1986); however, it operates on relatively
long timescales. The productioﬁ of the power-law energy spectra, i;n.steéd of the

exponential or Gaussian energy spectra, may be attributable to the mechanism

. of populating successively higher energy particles. A general discussion along

these lines may be found in Mima et al. (1991). Our mechanism not only resem-
bles the data (although we have made no quantitative fits), but also naturally

provides a prompt acceleration mechanism.
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Gamma-ray flares are associated with very high-energy protons (Chupp
1984). Such flares may have a different origin, or an additional mechanism,
such as a flow driven by violent motion close to the Alfvén speed (e.g. violent

reconnection).

The mechanism produces hot *He (see Fan et al. 1984) but is less successful
at explaining observations of heavy ions simultaneously. It does produce con-
siderable non-thermal acceleration of *He and 3He in our simulation, but since
those accelerations are comparable, it does not account for the great enhance-
ment in *He that is observed in some of the SEP events. However, it could
provide a partial answer to this mystery, by generating one stage of acceleration
of heavy ion species which contributes to the operation of some other, as yet

unexplained, mechanism.

Some caveats should be mentioned with regard to our simulations. The
usual limitations of a particle-in-cell code apply here; parameters must be “com-
pressed,” in some sense, in order to maintain computational feasibility (Tajima
1989). In particular, the mass ratio of protons to electrons is a factor of 100 in
our simulations, which can affect the precise appearance of our results, especially
the exponents of the power laws. However, the generic physical behavior is not
dependent on code parameters such as the mass ratio. Within these limitations,
our simple model is quite successful at explaining observations of energy spectra

for impulsive X-ray flares.
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Figure Captions

Figure 1(a). Solution of the simplified particle equations of motion, given by

equations (2.5), for the case of constant Alfvén velocity.

Figure 1(b). Same as Figure 1(a), but for an Alfvén velocity. which increases

with height.

Figure 2. Initial density distribution for electrons. The average number of
electrons per zone is approximately 10 (indicafed on the figure by ng). All other

particles followed the same density distribution law.

Figure 3. Photon spectrum computed from the final electron energy spectrum,

assuming bremsstrahlung to be the dominant energy-conversion mechanism.
Figure 4. Final (¢ = 800wye) electron energy spectrum.

Figure 5. Phase-space plot for electrons of normalized longitudinal momentum

versus grid position.
Figure 6. Final proton energy spectrum.

Figure 7. Like Figure 5, but for protons.
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Figure 8. Final energy spectrum for *He. Note the highly non-thermal region
from approximately 1 MeV to 10 MeV.

Figure 9. Phase-space plot for *He.

Figure 10. Normalized transverse momentum versus normalized longitudinal
momentum for *He. There is substantial preferential longitudinal acceleration

for these ions.

Figure 11. Like Figure 8, but for *He. Again there is a strong deviation from a

thermal distribution in the high-energy region.

Figure 12. Like Figure 9, but for *He.

Figure 13. Like Figure 10, but for *He. The preferential longitudinal acceleration

1s again evident.

Figure 14. Total z-component of magnetic field, at the final time ¢ = 800wpe .
The leading edge of the fast magnetosonic wave can be seen at approximately

z = 820.
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