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Abstract .

We investigate numerically the effect of a finite density gradient on the Langmuir wavelevel produced by
an electron beam in the flaring solar corona. The energy losses and assoclated plasma heating resulting from
the presence of a beam-neutralizing reverse current are taken into account. The density and temperature
structure of the background plasma are determined self-consistently, assuming steady state energy balance
and hydrostatic equilibrium. The implications of our results for flare acceleration mechanisms are discussed.

1. Introduction

Solar hard X-rays, observed during the impulsive phase of flares, are believed to be produced by electron-
lon bremsstralilung, the electrons having been lLicated or accelerated to energies of a few tens of keV. The
“thick target” model requires a large flux of collimated electrons to be injected continuously from a site
in th corona into the chromosphere, where most of the X-rays are produced. The transport of such a
beamr through the corona is governed by both Coulomb collisions and collective plasma processes. Emslic.
and Smith (1984) showed that thick target beains may become 2-stream unstable, beecause of the collisional
depletion of low velocity clectrons. The resulting Langnmir wave turbulence may constitute an important
sot rce of cohierent microwave radiation at the 2nd harmonic of the plasia frequency. In this paper we present
n merical calculations of the thick target plasma wave level, allowing self-consistently for the response of the
background coronal plasma to an clectron beam energy input.

2. The Atmospheric Model

We consider a one dimensional flaring coronal loop, the steady state temperature of which is determined
by a balance between electron beam heating and thermal couduction. The total energy deposition rate is
given by

Ip=Ip+Ip+ 1y

where B, R and W refer to beam collisional heating, reverse current Olinic heating and Langmuir wave
Lieating. We adopt an empirical functional form for I'p

Ip(z) = Ipe™*/! (1)
where z is the distance from the point of beamn injection, and Iy, | are constants. Solving the equations of

steady state energy balance and hydrostatic equilibriun (neglecting radiative losses and gravity), we then
obtain for the temperature T and density n:
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where Ty, 11y are constauts and xg is the (Spitzer) thermal conduction cocfficient. We have assumed dT/dz =
dinfdz = 0 at z = 0 (the loop apex). Ty is obtaiued by setting T = 0 at z = L (the transition region). To
achetve self-consistency for a given set of paratacters; it is necessary to make initial estimates of Iy and I,
and to proceed thercafter by iteration: having solved the wave-particle kinetic equations, we can obtain new
values of Iy, 1 by fitting the corresponding heating rate to Eq.(1). This may be continued until the values of
Ty, i successive iterations differ frou cacl othier by less thiu one standard error  in the cases which were
studied, convergence wiss found to oceur rapidly.

3. Wave-Particle Kinetic Equations

Negleeting piteh angle scattering, the trausport equations for heam electrons (injected along the ambient
magnetic ficld) and Langimuir waves may be written in the form

Of on; OF ol 0 uofvepy ey Dy 0y 20 F vl0fy
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where fis the electron distribution, W is the Langmuir wave spectrum, j, is the electron beam current, 7 is
the Spitzer resistivity, & = 2re¢'A (A the Coulomb logarithm), and v, is the collision frequency. The rest of
the notation is standard (In Eq.(3), v may be interpreted physically as the Langmuir wave phase velocity).
Numerical solutions of Eqs.(2) and (3) were obtained for two types of boundary condition at z = 0:

Boundary Condition A

v
Jo(E)) = mo 5= ) e T BT (6 = 1)(Ey + B)

2nkpTo

Leo o Maxwellian plus a displaced power law. Fy, Eg and é are constants, Fp being the total flux of beam

clectrons. &y is Boltzimann’s constant. This injection profile is used to compare our results with those of
Emslie and Smith (1984).

Boundury Condition I
m

flo(E)] = "(’(m
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where Fy is the injected flux of electrons with encrgies above Eg, and Ey, fp are uniquely coustrained by
To, no, Fy, Ep and & (if f(v) is assumed to be continuous). If the acceleration process can be described
using quasi-linear theory, energy can ouly be trausferred from waves to particles if @f/9v < 0 ~ turbulent
acceleration cannot produce an clectron spectrum with a positive slope. So the injected beam distribution
which is most cfficient at producing the observed hard X-rays (photon energies > 25keV) will be given by
boundary condition B.

4. Numerical Results

Boundary Condition 4
Results were obtained with the following parameters: Fy = 108 electrons em~2 571 By = 20keV;
§ =4 L = 10%m; 10%am™ < ry < 10Mem™3. For each chosen value of ng, Eq.(1) gives an acceptable
representation of the heating tate. The best-fit peak temperatures lie in the range 9 x 106K - 15 x 10°K,
Contrary to Emslic and Smith, a positive slope never appears in the clectron distribution — W, never
rises significantly above the thermal noise level. This is due to the following stabilizing effects:-
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(1) The background plasma density rises along the direction of beam propagation.

(11) Landau damping of plasina waves i1s enhanced by reverse current Ohinie heating.

(111} The formation of a positive 3f/Jv is suppressed by reverse current energy losses and by collisional
diffusion close to the thermal speed.

Boundury Condition B

The beam parameters were chosen to give the same thick target hard X-ray yield as condition A: Fy =
1.25 x 10'7 electrons em™2 571 Ey = 20keV: & = 4. As before, L = 10%m and 10%cm™9 < ny < 10Mem™d
In the low density case (ng<10cm~), Langmuir instability occurs downstream of the injection point due
to the collisional depletion of beam clectrons in the plateau region of velocity space. The contributions of
collisional, Oliiic and wave heating are shown in Figure 1 (g = 10%m™) and Figure 2 (ng = 10%cm?);
the corresponding Langmuir wavelevels are shown as solid lines in Figures 3 and 4. As ng is increased, we
find that the wave cnergy density fulls off rapidly, and becomes nereasingly localized in space towards the
point of injection. When ng = 10 eru™, a high level of turbulence occurs only at the boundary (W, /nkyT
decays on a length scale of <10%cm). This is because the plasma density (and hence the rate of Landau
damping) increases along the Iength of the loop: the plasma/bean density ratio is so high that even a very
small refative change in n can drastically reduce the wavelevel. The huportant conclusion to draw is that
the Langmuir wavelevel associated with a thick turget beam depends much more sensitively on the boundary
conditions (i.e. the shape of the injection protile) than on any propagation effects.

Figures 3 and 4 also illustrate the effects of refraction: the dotted lines show the wavelevel which is
obtained when the dinn/dz termn in Eq. (3) is neglected. Clearly the density scale height is sufliciently large
that wave refraction is of relatively minor importaunce.

5. Conclusions and Discussion

We have attempted to model the collisional and quasi-linear evolution of a thick target clectron beam
in a fully self-consistent manuer, taking into account the response of the background plasma to a prescribed
beam input. We have shown that the collisional depletion of low velocity clectrons does not necessarily give
rise to a 2-stream instability, and that a high level of Langmuir turbulence will only result if the electrons have
a platcau-type distribution at the point of injection. Fundamental or 2nd harmmonic microwave emission from
flares, if it exists, is therefore a product of the acceleration process. The “reverse drift” microwave bursts
reported by Stihli and Benz (1987) do appear to represent the plasina radiation signature of downward-
propagating beams, but these events are highly transient. For the majority of hard X-ray events, there is
no compelling evidence for the existence of simultancous plasma emission. This suggests that the injected
clectron spectrum is either a monotonic decreasing function of velocity aloug the streaming direction, or is
close to being isotropic. Any candidate acceleration mechanisin would then be constrained accordingly. This
conclusion may be premature, however, since Langmiuir waves may be strongly dainped due to, for example,
stochastic density fluctuations (Musclictti et al., 1985). If thut were the case, one would also be forced to
rule out Langmuir turbulence as an agent for particle aceeleration.

A more detailed acconnt of this work, aud its application to a specific solar flare, can be found elsewhere
(McClements 1988).
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Fig 1 I,, Ix and Iy as functions of z, for
the case of boundary condition B and with ng
= 10%m~3.
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Fig 3 Langmuir wave energy density (normal-
ized to the thermal energy density) as a function
of z, for the case of boundary condition B and
with ng = 10%cm™? (solid line). The wavelevel
which is obtained when the density gradient term
in Eq.(3) is omitted is also shown (broken line).
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Fig 2 As Figure 1 except with ng = 10'%m™3.
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Fig 4 As Figure 3 except with ng = 10'%m=>.
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