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Abstract
We investigate num erically the effect of a finite density gradient on the Langm uir wavelevel produced by 

an electron beam  in the flaring solar corona. T he energy losses and associated p lasm a heating  resulting from 
the presence of a  beam -neutra liz ing  reverse current are taken into account. T he density  and tem pera tu re  
s truc tu re  of the background p lasm a are determ ined self-consistently, assum ing steady  s ta te  energy balance 
and hydrosta tic  equilibrium . T he im plications of our results for flare acceleration m echanism s are discussed.

t
1. Introduction

Solar hard  X-rays, observed during the im pulsive phase of flares, are believed to be produced by electron- 
ion b rem sstrah lung , the electrons having been heated  or accelerated to energies of a few tens of keV. The 
“thick ta rg e t” model requires a  large flux of collim ated electrons to be injected continuously from a site 
in th corona into the chrom osphere, where most of the X-rays are produced. T he tran spo rt of such a 
beam  through  the corona is governed by bo th  Coulomb collisions and collective p lasm a processes. Emslie™ 
and  Sm ith (198-1) showed th a t thick target beam s may become 2-stream  unstab le , because of the eollisional 
depiction  of low velocity electrons. The resulting Langm uir wave turbulence m ay constitu te  an im portan t 
soi rcc of coherent microwave rad ia tion  a t the 2ml harm onic of the p lasm a frequency. In this paper we present 
n merical calculations of the thick target plasm a wave level, allowing self-consistently for the response of the 
background coronal p lasm a to an electron beam  energy input.

2. The Atmospheric Model
We consider a  one dim ensional flaring coronal loop, the steady s ta te  tem pera tu re  of which is determ ined 

by a  balance between electron beam  heating  and therm al conduction. T he to ta l energy deposition ra te  is 
given by

It = In + hi + hv
where B ,  R  and W  refer to beam  eollisional heating, reverse current Ohm ic heating  and Langm uir wave 
heating . We adop t an em pirical functional form for I t

Ir(z) =  Io e-’l' (1)

where z  is the d istance from  the point of beam  injection, and I 0 , / are constan ts. Solving the equations of 
steady  s ta te  energy balance and  hydrostatic  equilibrium  (neglecting radiative losses and gravity), we then 
ob ta in  for the tem pera tu re  T  and density  n:

T = Tu(l--- 7- ^ h { z -
V 2k0T0'/2

-/(l-e-'")]
r

(, 7J0/ rn = no I 1 .... ~  ̂ 2«0T07̂ 1 /(I - r
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where To, no are constan ts and K q is the (Spitzer) therm al conduction coefficient. We have assum ed d T / d z  =  

d n / d z  =  0 a t z  =  0 (the loop apex). T 0 is obtained by setting  T  =  0 a t z  =  L  (the transition  region). To 
acheive self-consistency for a given set of param eters, it is necessary to make initia l estim ates of I q and /, 
and to proceed thereafter by iteration: having solved the wave-particle kinetic equations, we can ob tain  new 
values of /o, / by fitting the corresponding heating  rate  to E q .(l) . T his may be continued un til the values of 
/„, / in successive iterations differ from each other by less than  one s tandard  error in the cases which were 
studied , convergence was found to occur rapidly.

3. Wave-Particle Kinetic Equations
Neglecting pitch angle scattering , the tran spo rt equations for beam  electrons (injected along the am bient 

m agnetic field) and Langm uir waves may be w ritten  in the form

Of _ <-{i . 0 [
d z  t d o

, 2 , , 2 0
in  d o

3ee2 d W  1 d l n n  d  
v dz  ̂ 2 d

in d  (  0 \
T r S " w ) = u n  d v (3)

where /  is the electron d istribu tion , W  is the Langm uir wave spectrum , j i  is the electron beam  curren t, ;; is 
the Spitzcr resistivity, K  — 27rr, A (A the Coulom b logarithm ), and ~fc is the collision frequency. T he rest of 
the no tation  is s tandard  (In Eq.(3), v may be interpreted  physically as the Langm uir wave phase velocity). 
Numerical solutions of Eqs.(2) and (3) were ob tained  for two types of boundary  condition  a t z  =  0:

B o u n d a r y  C o n d i t i o n  A

/K ^ )]  = " " ( s ^ 7 j;)1/ic' K/‘ "T" + »>Ft \ 4 * 6 -  i ) ( f t  + e ) - ‘
i.e. a  Miixwcllian plus a  displaced power law. To, E q and 6  are constants, To being the to ta l flux of beam  
electrons, k u  is D o lt/m an n ’s constan t. This injection profile is used to com pare our results w ith those of 
Emslie and Sm ith (1984).

B o u n d a r y  C o n d i t i o n  B

/ [ "(£ )]  = /o, E ,  <  E  <  E q

J[i - (E)\  = w F 0 E t - ‘ (S -  1 )£ -* , E  > E 0
where To is the injected flux of electrons w ith energies above To, and T i,  /o  are uniquely constrained by 
Tu , no, Tu , To and <S (if f ( v )  is assum ed to be continuous). If the acceleration process can be described 
using quasi linear theory, energy can only be transferred from waves to partic les if d f f d v  <  0 -  tu rbu len t 
acceleration cannot produce an electron spectrum  with a positive slope. So the injected beam  d istribution  
which is m ost efficient a t producing the observed hard X-rays (photon energies >  25keV) will be given by 
boundary  condition 13.

4. Numerical Results

B o u n d a r y  C o n d i t i o n  A
Results were obtained w ith the following param eters: To =  1018 electrons cm -2  s_1 ; To =  20keV; 

(S =  -l; L  =  10‘Vm; 10'Vm-3  < ?'o <  lUu cm - 3 . For each chosen value of no, E q .( l)  gives an  acceptable 
represen tation  of the heating  fate. T he best-fit peak tem peratures lie in the range 9 x 106K -  15 x 10°K.

C on trary  to Emslie and Sm ith, a positive slope never appears in the electron d is trib u tio n  -  \Vp never 
rises significantly above the therm al noise level. This is due to the following stabiliz ing  effects:-
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(i) T he background p lasm a density rises along the direction of beam  propagation .
(ii) L andau  dam ping  of plasm a waves is enhanced by reverse current Olunic heating .
(iii) T he form ation  of a positive O f / d v  is suppressed by reverse curren t energy losses and by collisional 
diffusion close to the therm al speed.

B o u n d a r y  C o n d i t i o n  B

T he beam  param eters were chosen to give the same thick target hard X-ray yield as condition A: F q =  
1.25 x 1017 electrons c m " 2 s '"1; F q =  2l)keY; 6 =  -1. As before, L  =  10'Jcm and lU 'Ym- '1 <  >)o <  l lF 'c m - 3 . 
In the low density case (n0< lU10cm - 3 ), Langm uir instab ility  occurs dow nstream  of the injection point due 
to the collisional depletion of beam  electrons in the p la teau  region of velocity space. T he contribu tions of 
collisional, Ohm ic and wave heating  are shown in Figure 1 (no =  l l/Y in - 3 ) and Figure 2 (no =  10locm - 3 ); 
the corresponding Langm uir wave-levels are shown as solid lines in Figures 3 and 4. As n0 is increased, we 
find th a t the wave energy density  falls off rapidly, and becomes increasingly localized in space towards the 
point of injection. W hen no — 1 0 " c n r 3, a high level of turbulence occurs o n l y  a t  the boundary  ( W y / n k y T  
decays on a length scale of < 1 0 , cm). T his is because the p lasm a density (and  hence the ra te  of Landau 
dam ping) increases along the length of the loop: the p lasm a/b eam  density  ra tio  is so high th a t even a very 
sm all relative change in n  can drastically  reduce the wavelevel. T he im p o rtan t conclusion to draw  is th a t 
the Langm uir wavelevel associated w ith a thick target beam  depends much more sensitively on the boundary  
conditions (i.c. the shape of the injection profile) than  on any propagation  effects.

Figures 3 and -1 also illu stra te  the effects of refraction: the d o tted  lines show the wavelevel which is 
ob tained  when the d l n n / d x  term  in Eq. (3) is neglected. C learly the density scale height is sufficiently large 
th a t wave refraction  is of relatively m inor im portance.

5. Conclusions and Discussion
We have a ttem p ted  to model the collisional and quasi-linear evolution of a thick target electron beam  

in a  fully self-consistent m anner, taking into account the response of the background plasm a to a prescribed 
beam  inp u t. We have shown th a t the collisional depletion of low velocity electrons does n o t  necessarily give 
rise to a 2-stream  instability, and  th a t a high level of Langm uir turbulence will only result if the electrons have 
a p la teau-type  d istribu tion  a t the point of injection. Fundam ental or 2nd harm onic microwave emission from 
flares, if it exists, is therefore a product of the acceleration process. T he “reverse d rif t” microwave bursts 
reported  by Stahli and Benz (1987) do appear to represent the plasm a rad ia tion  signatu re  of downward- 
p ropagating  beam s, b u t these events are highly transien t. For the m ajority  of hard  X-ray events, there is 
no com pelling evidence for the existence of sim ultaneous plasm a emission. T h is suggests th a t the injected 
electron spectrum  is cither a m onotonic decreasing function of velocity along the stream ing  direction, or is 
close to being isotropic. Any cand idate  acceleration m echanism  would then be constra ined accordingly. This 
conclusion may be prem atu re , however, since Langm uir waves may be strongly dam ped due to, for exam ple, 
stochastic  density  fluctuations (M uschietti c t  a l . , 1985). If th a t were the case, one would also be forced to 
rule ou t Langm uir turbulence as an agent for particle acceleration.

A m ore detailed  account of this work, and its application  to a specific solar flare, can be found elsewhere 
(M cClem cnts 1988).
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Fig 1 I n ,  I n  and I\y  as functions of z ,  for 
the case of boundary  condition D and w ith no 
=  109c n r 3.
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Fig 3 Langm uir wave energy density (norm al­
ized to the therm al energy density) as a function 
of z, for the case of boundary  condition D and 
w ith  no =  109cm ~3 (solid line). The wavelevel 
which is ob tained  when the density gradient term  
in Eq.(3) is om itted  is also shown (broken line).

Fig 2 As Figure 1 except with nq =  1 0 10cm 3.

Fig 4 As Figure 3 except with no = 10locin 3.
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