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Abstract.
We determine the electron distribution function within a hot coronal loop 

using a hybrid numerical scheme which couples the Spitzer-IIarm method at 
low velocities with the solution to the high velocity form of the Landau-Fokker- 
Planck equation. From this we calculate the heat flux throughout the loop and 
compare it with the classical fourier law of Spitzer and IIarm(1953).

1. Introduction.
Studies of the energy balance within solar coronal structures have long been hampered by poor 

estimates of the heat flux carried by ionized plasmas. The heat flux is only known accurately in 
the highly collisional regime studied by Spitzer and IIiirm(1953) -  hereafter referred to as SII -  and 
Braginskii(1965). In this paper we consider the failure of their solutions to properly account for 
the contribution of collisionless high velocity electrons, which lend a global character to the energy 
balance.

In many cases, although recognising its inappropriateness, authors have had to adopt the 
SH fourier law heat flux for lack of anything better (ie. Kopp et al 1986). SH calculated the 
time-independent electron distribution function which results from the presence of a weak electric 
field and temperature gradient. Their solution was based on a perturbation analysis, effectively 
expanding the distribution function as a power series in the Knudsen parameter K = A/L, where 
A is the electron mean free path and L is the scale height associated with inhomogeneity in the 
plasma. Since K is an increasir g function of electron velocity the SII solution always breaks down 
at high electron velocity. For weak electric fields and temperature gradients this breakdown does 
not significantly compromise the ability of the SII solution to describe the transport properties of 
the plasma. However, as Gray and Kilkenny(1980) have shown, this is no longer the case when 
K reaches values of > 0.02. Then the heat flux receives a substantial contribution from electrons 
which are collisionless, and whose behaviour is poorly described by the SII theory.

A more accurate description of the high velocity particles is provided by the high velocity form 
of the Landau equation (IIVL). We have constructed an approximate solution to the Fokker-Planck 
equation by solving the IIVL equation subject to the condition that it match the SII solution at the 
lower velocity boundary. This technique has been applied to determine the distribution function 
within a model coronal loop which is representative of active region and flaring loops. From this 
we are able to calculate the heat flux carried by the plasma and compare it with the standard heat 
flux estimates used in coronal modelling work.
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2. Model
Our calculation, described in more detail in Ljepojevic and MacNeice(1989), can be summarised 

as follows :
( 1) The plasma is assumed to be fully ionized hydrogen.
(2 ) We assume the electron distribution is in steady-state.
(3) We adopt the Spitzer and Harrn(1953) solution

/  =  / o ( l - A „
Z D b . cE  1 dpe 

A  ' pc dz

Z D t 1 dTe ] \ 
~ D Te dz V )

for £ =  v/vtll < 2 , where ZD t; /A  and Z D T/B  are tabulated in SH, pe is the electron pressure, 
T c is the electron temperature, E  the electric field, A  and D  represent a normalised electric 
field and temperature gradient respectively,A0 is the mean free path o f  a thermal electron, vtu 
is the electron thermal velocity, and p  =  v • z/v is the cosine o f  the electron pitch angle.

( ‘1) 1 x  £ > 2 we solve the high velocity form o f the Landau equation (cf. Gurevich and Li i 
1979, Shoub 1983, Ljepojevic 1988)
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with n being the density characterising the bulk of the electron distribution at height z and 
InA the Coulomb logarithm. We require this solution to match the SH so’ uticn at £ =  2.

(5) We adopt the temperature and density (T, n) characterising the bulk o f  the e ectron distribution 
from the loop model of MacNeice(1986), shown in figure 1, which is symmetric about the apex.

(G) The magnetic and gravitational forces are considered only in so far asj they have already 
influenced the bulk distribution parameters T (z )  and n(z).

(7) The only electric field which is considered is the self-consistent polarisation electric field (Spitzer 
and r.iLrrr> 1953)

E,  =  - .7 0 3
k d T
e dz

required to maintain zero electric current in the presence o f  a temperature gradient.

3. Results
Typical results for s(/i, £) are displayed in figure 2 where

f / f o  =  exp (—s£ 2 )/exp(—£ 2)

with / 0 a Maxwellian distribution. Note that s =  1 indicates a Maxwellian value, s >  1 indicates 
underpopulation in comparison with a Maxwellian and s <  1 overpopulation.

The SII solution shows that at low velocities the distribution is overpopulated for particles 
moving up the temperature gradient (p >  0 ) and underpopulated for particles moving down the 
gradient. This is the return current established by the polarisation electric field to give zero nett 
current.

It is significant that, despite the fact that the matching of the solutions involved only continuity 
in /  and not in it ’s higher derivatives the slope o f  s across £ =  2 also appears fairly continuous.
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Z (cm  x 108) Thermal Velocities {

F ig u r e  1 The electron temperature(solid 
line) and density profiles in the adopted loop 
model. The loop is assumed symmetric about 
its apex at z — 1.2 x 109cm and so only one 
half is shown.

Z (c m

F ig u r e  2 Variation o f  the non-Maxwellian 
function s with velocity and pitch angle at one 
location within the loop model. The curves rep
resent /i = ‘+1 .0 , .924, .707, .383, 0 ,—.383, - .7 0 7 ,  
— .924 and —1.0. The vertical dashed line shows 
the velocity boundary at which the Spitzer-IIarm 
and IiVL solutions are matched.
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F ig u r e  3 Heat flux as a function o f  position along the loop axis. The left frame illustrates the 
variation through the transition region while the right frame (which has the z  axis drawn to much 
coarser scale) illustrates the upper transition region and coronal variation. The solid line represents 
the heat flux qpr from the present calculation, the dotted line shows the Spitzer and Hiirm(1953) 
heat flux qti. . the dashed line shows qc following Campbell(1984), and the dot-dash line is qL from 
the approximation o f  Luciani et al(1985) with a  =  31.
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This suggest that adopting an iterative scheme which refines the SII and IIVL solutions to achieve 
complete consistency is not necessary in this case.

The heat (luxes from the present calculation (hereafter designated qiir) are compared in fig
ure 3 with those calculated by the methods o f  Spitzer-IIarm(1953), C am pbell(l984) and Luciani et 
al(l985) -  hereafter referred to as q,n,qc and q  ̂ respectively.

In the high density lower transition region (T <  2 x 10SK) qvr and q are in excellent agree
ment. However at higher temperatures they differ considerably both in magnitude and in spatial 
variation. In the lower corona (3 x 108 < z <  7 X 108cm) they have different spatial gradients indi
cating that at these heights in our loop model the present calculation predicts conductive cooling 
while the Spitzer-IIarm distribution predicts conductive heating.

Cam pbell( !984) assumes an essentially isotropic high energy tail thus allowing separation o f  /i 
and £ dependences in / .  His results should be expected to be appropriate only in regions o f  large K> 
which in this case means the coronal sectipn o f  the loop. As shown in figure 3, this approximation 
gives very poor agreement with the present calculation.

Luciani et al( 1983, 1985) suggested the following form for heat flux :

with

and

/ OO

q,h(z) iv ( x , z )  dz

- OO

{x’z) = n W xp{-\[

A =  o Aq.

This heat flux (with a  =  31) is also plotted in figure 3. Although it has a consistently higher value 
than ql>r, it docs have essentially the same spatial variation for T  >  3 X 105K. However at lower 
temperatures (T <  2 X 106K) it gives a considerably larger heat flux than does our hybrid solution. 
The adjustable parameter a  controls the effective mean free path. Reducing a  makes the system 
more collisional and results in closer agreement between q  ̂ and ql fl and therefore between q  ̂
and ql>r at lower temperatures. Experimentation shows that smaller a  leads to a better agreement 
between q  ̂ and r4)r in the lower transition region. However this improvement occurs at the expense 
of the agreement at higher temperatures.
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