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A b s t r a c t  A m odel for the acceleration of electrons in a flaring coronal loop is described. The m echanism  is 
stochastic acceleration by resonant in teractions w ith a spectrum  of compressive m agnetosonic waves. C urren t 
results of test partic le calculations exam ining the feasibility of this model are presented.

I. I n t r o d u c t i o n
T he impulsive pha- of solar Hares is characterized by strong em ission of hard  x-rays and  of microwaves. 

The du ra tio n  of this phase is brief («  1 min) and has a rapid rise tim e ( «  5 sec). We are investigating 
a model for the acceleration of the electrons responsible for the hard  x-ray and microwave emissions. The 
m echanism  we are considering is stochastic  acceleration by m agnetosonic turbulence excited by the Hare 
prim ary  energy release (K ulsrud and Ferrari 1071; M ein ..e 1980; A chterberg 1981; Form an, R am aty  and 
Zweibel 1980).

O ur calculations differ from previous work in two respects: F irst, we assum e th a t the turbulence is 
composed of the wave modes of a cylindrical loop. Second, ra th e r than  calculating  the acceleration ra te  from 
quasilinear theory, we in tegrate  partic le o rbits d irectly  using the guiding center approxim ation .

I I .  M a g n e to s o n ic  W av es  in  a  C o ro n a l  L o o p
We m odel a coronal loop by a stra ig h t m agnetized cylinder of length L  and radius a .  The cylinder is 

em bedded in an infinite m edium  of differing density, tem pera tu re  and m agnetic Held s trength . We require 
pressure balance as an equilibrium  condition . The effects of g rav ita tiona l s tra tifica tion  are neglected.

A dispersion relation  for compressive m agnetosonic waves in a m agnetic fluxtube can be derived from 
the equations of ideal m agnetohydrodynam ics (M IID ). The dispersion relation  can be solved analy tically  in 
the lim it of high frequencies, and num erically otherwise.

The character of the waves dillers greatly  depending on the frequency range under consideration . C erta in  
modes are evanescent, having significant am plitude only near the tube wall a t r  =  a. O ther m odes are 
oscillatory throughou t the tube. The highest-frequency waves can propagate outside the loop, causing wave 
energy to be lost from  the system . This leakage m ay be related to observations of sequential, spatially- 
separated  flares, because it suggests th a t a d istu rbance could propagate from one loop to  others nearby.

I I I .  T ire  E q u a t io n  o f  M o t io n
In the absence of waves, partic le m otion consists of transla tion  parallel to the am bient field com bined w ith 

gyration perpendicular to the fieldlines at the cyclotron frequency O =  e D / r n c .  For prccesses occurring over 
tim escales and lengthscales long com pared to the gyrom otion, the p artic le’s m agnetic m om ent /a =  m v \ /2 B  
is an ad iabatic  invariant. The partic le can be confined in the coronal loop by the m agnetic m irro r force 
—/iV R , and can execute repeated  bounces from one end of the loop to the o ther.

The m agnetosonic waves considered herein create an a.c. electric field com ponent E ± z d irected along the 
loop axis. This electric field can accelerate particles. The physical origin of E u  is as follows: A p e rtu rb a tio n  
B i in the m agnetic field creates a m irro r acceleration — (/r/m ) V/ifr =  - » l  V i i i /2 .0 ,  which is typically  larger 
for electrons (their m ean being greater). This preferential acceleration causes a charge separation , which 
creates an electric field.

T he equation  of m otion for an electron in the presence of a single wave is (B arnes 1907)
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where j i  -  k T / B {) is the m ean m agnetic m om ent of the d istribu tion  (/c is B o ltzm ann’s constan t), and the 
right hand side is sum m ed over all the wave modes in the system . We in tegrate  th is equation  of m otion 
num erically using a test partic le approach.

IV . T he  H a m ilto n ia n  F o rm u la tio n
One can derive the equation of m otion (l)  from a H am iltonian which, in the rest fram e of the wave, is

II -  ! (/i -  /i)IJL 1 q- - b  s in ( k , z )
1

wheie b is p iopo itiona l to the wave am plitude and v.f, is the parallel phase speed of the wave. C ontours of 
this H a mi l t o n i an  are sketched in Figure 1.

The s e p a r a t r i x  divides the position-m om entum  phase plane (2 , ;j) into open and closed partic le  orbits. 
Particles within the separa trix  contour are called r e s o n a n t  particles and are trapped  in the wave po ten tia l. It 
is these pai tid es  which a re m ost im portan t for our acceleration mechanism . The half-height of the separa trix  
is given by

apr = (2 mflu|/J*i| )'!2. (2 )

F ig u re  1 C ontours of the H am iltonian 
I I  in the wave rest lram e. The scale 
on the o rd inate  is arb itrary . Region 1. 
M inim a of the wave po ten tial; p a r ti
cle is s ta tio n ary  in the wave reference 
frame. Region 2: T rapped region; p a r
ticle oscillates about the wave speed. 
Region 3 (thicker contour): The sepa
ratrix ; partic le m igrates tow ards p  — 0 
line. Region 4: U n trapped  region; p a r
ticle moves faster or slower than  the 
wave.

V. P a rtic le  A cce le ra tio n
ll a particle interacts with many waves whose separatrices overlap (in the fashion described below), the 

particle can move from one wave po ten tial to another, thus diffusing in velocity space. The m echanism  for 
electron acceleration we are investigating relies on this diffusion.

The basic idea is as follows: Electrons in the loop will in itially  be in resonance w ith those waves having 
phase speed \>j, near the electron therm al speed. The electrons can be trapped  successively by waves of 
higher phase velocity; the speed of the particles can thus increase up to the m axim um  v ^  in the system . 
One can visualize this process as a particle “climbing a ladder” of overlapping wave po ten tia ls . Note th a t 
therm al electrons are accelerated; no injection of energetic particles is required.

Two waves have overlapping po ten tials when they are close enough in phase speed, and of sufficiently 
large am plitude, th a t the areas enclosed in the (z ,p ) plane by the ir separatrices intersect. This overlap 
criterion is not stric tly  correct, because each separa trix  is calculated in its own rest fram e and because there 
exist higher order resonances (due to wave-wave interactions) between the p rim ary  ones. However, we have 
lound this criterion to be a useful diagnostic tool in predicting the onset of chaos.
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V I. C h aos
Partic le  trajectories in overlapping wave po ten tials are chaotic. This m eans, for exam ple, th a t the 

orbits of partic les w ith nearly identical in itia l conditions will diverge significantly w ith Lime. An exam ple 
of tills phenom enon is depicted in Figure 2, which shows the trajectories of three partic les w ith slightly 
different initia l velocities (the velocity differences are about 10~4 and 10~3 of the electron therm al speed). 
The calculated  orb its differ significantly despite the ir initia l proxim ity. This effect occurs regardless of the 
sm allness of the in teg ration  tim estep.

Because partic le trajectories are chaotic, the precise tra jec tory  of a single test partic le is not the m ost 
physically m eaningful q u an tity  one can calculate. More im p o rtan t, for exam ple, is the final s ta te  of an 
ensemble of test particles.

F ig u re  2 Trajectories of partic les w ith slightly different initial velocities. Solid: v z i — 7.745001^. 
D otted: u2l- — 7.74501ua. Dashed: tm, — 7.74510u,4.

V II. P re l im in a ry  R e su lts
We have begun a series of supercom puter calculations to determ ine the s ta tis tica l behavior of electrons 

in the wave system . In these test-partic le  sim ulations we em ploy the guiding cen ter approxim ation  (in which 
the gyrom otion of the partic les is neglected), and we directly  in tegrate  the equation  of m otion  (1). The 
calculations are still in the prelim inary  stages and program  developm ent is not yet com plete, bu t some 
inform ation has been gleaned from them .

A requirem ent of this acceleration m echanism  is th a t the waves in the system  overlap sufficiently to 
cover all of the relevant velocity range (from therm al energies to ~  10 — 100 keV). We have found th a t this 
requirem ent imposes certain  restrictions on the wave and partic le param eters. Wave overlap depends on the 
separa trix  half-height (eq. 2), which is a function of the wave am plitude b and of the p artic le ’s m agnetic 
m om ent j i .  Wave am plitudes are lim ited, however, by our use of linearized MI1D to derive the dispersion 
relation. Consequently, only partic les w ith large enough /i can diffuse th roughou t the entire velocity range. 
Pitch-angle scattering  is therefore a necessary com ponent of this m echanism .

Some of the waves used in chose sim ulations are dam ped by leakage out of the Lube, as discussed in 
Section II. The e-folding tim es range from 0.4 seconds to > 2 seconds. It is necessary, therefore, th a t waves be 
introduced into the system  over some finite period, ra th e r than  instantaneously, to m ain tain  the accelerating 
spectrum .

We have perform ed several sim ulations w ith the current version of the program . These are characterized 
by sm all partic le num bers (~  100) and short elapsed tim es (1-2 seconds). M odest partic le  acceleration has
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been observed, bu t not to the energies required for so lar flare impulsive phase em ission. F igure 3 is a 
histogram  of m axim um  particle energies reached w ithin 1.5 seconds by a group of partic les all in itia lly  at 
the therm al energy; the overall energy of the d istribution  has clearly increased.

f / ' n . v A*

F ig u re  3 H istogram  of m axim um  partic le energies reached w ith in  1.5 seconds. 
Initial particle energy E i  — k T  — O.C37meu^. The sim ulation contained 90 
particles, w ith initial pitch angles between 0 and 89 degrees.

V III. C o nclu sio n
We have presented prelim inary  results of a model for electron acceleration in a flaring so lar coronal 

loop. We suggest th a t a spectrum  of compressive m agnetosonic waves will be established in the loop by 
the prim ary energy release event (e.g., m agnetic reconnection), and th a t partic les will be accelerated via 
resonant interactions w ith these waves.

In future work this model will be investigated more fully. S im ulations w ith larger partic le sam ples 
ami longer run tim es, and including effects such as particle scattering  by very high frequency waves and 
prolonged in troduction  of wave energy, will be considered. It is clear even from the prelim inary  exam ples 
presented here th a t upw ards diffusion in energy does occur. The efficiency and tim escale of th is  acceleration 
mechanism rem ain to be determ ined, but this m echanism  is a likely candidate  for producing a t least some 
of the hard x-ray and microwave em itting  electrons.
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