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ABSTRACT
A simple model to descridbe fast plasma heating by anomalous and inertial

rasistivity effacts {s presented. A  small fraction of the plasma

contains strong currents that run parallel to the magnetic field and are

driven by an expoventisting electric field. The snomalous charactar of the
curren. “i{ssipation {s caused by the excitation of e¢lestrostatic ion-cyclotron

and/or fon-acoustic waves. The powsible role of resistivity due to geomstrical

- affects ('inertial resistivity') is sleo considered. Through the use of &

marginal stabilicy aanyoio. equations for the average electron and ifon tem-
peratures are derived snd numerically solved. No loss mechanisms have been
taken into account. The cvolucion.ct the plasma is described as a path in the
drift velocity diagram, in which the drift velocity vp/v, is plotted as a
function of the electron to ion temperature ratio T, /Ty.

For current layers with dimensions that are large compared to the effective
electron aean free path, inertial resistivity is not important.and ;n find
that:

(1) Heating due to classical resistivity cannot make T /Ty > 3.1 before
instability sets in. This is always the ifon-cyclotron instability.

(2) Whether or not a situation with T, /Ty > 1 will occur depends critically
on the saturation leval of ion-cyclotron waves.

(3) lomn-acoustic wave heating produces a limiting T,/T; of 6.4,

1f inertial resistivity is important much higher values of T,/Ty can be
attained, because inertial resistivity primarily affects electrons.

The assunption that hard X-rays, emitted during the impulsive phase of

s solar flare, are therual in origin, requires a hot thermal plasnca,

Tq ~ 5x108 K. Our resules indicate promising possibilities for the production

of such a hot plasma.

Kay words: plasma heating - current dissipation - marginal séabili:y -

solar flare.



INTRODUCTION

In a plasma, conversion of magnetic energy into heat can take place by
current dissipation. Often the heating proceeds slowbso that Coulcamb relaxation
between electrons and ions keeps the temperatures of both species equal. Howeve:
i£ the energy input occurs sufficiently fast, T. and TL
since the energy dissipation mechanisa favours energization of either electrons
or ions, and this is wvhat we wish to study in our present work.

" We have two specific interests:

(a) In the plasma-astirophysics literature one often assumes T >» Tt on the
general grounds that most of the dissipated energy goes 1n:o electrons
and the electron-ion relaxation time is relatively long (e.g. Kaplan and
.Tsytovich, 1973). We want to see if this assumption can be justified and i:
8o, wvhat values for T /T can be attained?

(b) A particular example of tlpid plasma heating is the solar flare. It
has been found that the hard X-ray emission during the impulsive phase '
of a solar flare can be attractively explained as thermal bremsstrahlung
from a very hot plasma; T. s S 10a K and ‘r.»r1 (Brown et al. 1979;
Saith and Lilliequist, 1979). The authors quoted take the heating of

the plasza for granted and study the subssquent evolution of the hot

cease to be equal,

(1)

zegion situated at the top of a loop, leading to the formation of a
conduction front. We wish to concaentrate on the mechanisms that are
responsible for the rapid plasma heating. Observations indicate that it
must occur in a fevw seconds. The parameters of the numerical case stuidies
that we shall present are all tailored to the flare heating problem.
Rapid conversion of magnetic energy into thermal enerqgy must take place in
localized regions, where the current (s very concentrated. The reason for
this is that a large volume with the same current density everywhere would
give rise to unreasonably large magnetic fields at the boundary. Also, because
pa;:llcl currents attract one another, they tend to clump together (tearing
instability; Spicer,1980; schnack and Killeen, 1978). We shall refer to these
regions of high current density as 'current layers'. They coincide with the
surroundings of neutral lines of the (fast) tearing mode configuration and

(1) Hezre and in what follows we unders.and heating to mean 'bulk energizaticn'
Electron and ion velocitydistributions are assumed to be roughly isotrepic
and Maxwellian.
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their large scale spatial distridution can be quite chaotic (Spicer, 1980).

In the current layers éhc diseipation rate is determined by the magnitude
of the current density and the resistivity of the plasza. The latter quantity
depends on vhether or not the current is unstable to the generation of waves
(see for example Papadopoulos, 1977) and on the geomatry of the current layers
(ioartial resistivity). We shall consider electrostatic iom-cyclotron waves,
which heat primarily iocns, and ion-acoustic waves, which heat primarily
electrons. In the presence of these waves va calculate the resistivity by
applying the marginal stadbility analysis concept (Manheimer, 1977; Manheimer
and Boris, 1977). 1Ia our analyais>wt shall derive a#d aunerically sclve two
temperature equations, one for the electrons and one for the ions. Special
attention will be paid to the ratio T‘Iti, becsuse this quantity determines
vhich wavetype has the lower .hreshold (Kindel and Kemnel, 1971).

A difficult question is how the locally high dissipacion rates around the
neutral lines influsnce the evolution of the tearing instability. .. drastic
simplification {s necessary. We shall decouple the heating from the evolution
of the tearing mode in that we let the electric field in the current layers

grow with s congtgnt growth rate.

II. MODEL
We consider a fully ionized hydrogen plasma of volume V, containing a

filamentary current distribution. The current layers comprise a tion ¢
of the volume V and in these current layers there is a strong and growing
eleactric field in the fluid rest frame, virtually parallel to the local zag-
vetic field. In the remaining fraction l-¢ the electric field {n the fluid
frame is assumed to be effectively zero. We define V somewhat loosely as the
envelope of the current lgyers where rapid dissipation takes place, In our

discussion the actual size of V is immaterial. The dissipation occurs only
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ia the fraction ¢ of V and ¢ will be a small number. Though in general a
function of time, we shall ;rta: ¢ as a constant. Typically we shall take
¢ = 0,01, without much just{ficatiom.

If the heat spreads sufficiently fast around the current layers, it is
reasonable to introduce one gverage electron temperature T, and one average
iou temperature T; in V. Parallel and perpendicular temperatures are taken
oqunl,.T.L - T‘ﬂ end Ty, = Tiu' These assumptions about Ty and Ty require
some further consideration, for which we refer to Appendix I. We shall ignore
all energy loss mechanisms from the volume V. These }ncludc radiation losses,
expansion losses and conduction io;scc. Though in'tht case of the solar flare
the latter two will certainly be important when the plasma is very hot,
we deliberately ignore :h;u in this paper, boc;usc we wish to concentrate on
the heating mechanisms. We plan to include these loss wechanisms in a later
n:udy; _

2.1, Dissipated energy and its distribution over electrons and iots

| The frictional force that determines the resistivity depends very much on
the state of the plasma. If the resistivity is caused by Coulomb collisions,

it depends on the electron temperature only. However when the plasma is in a
turbulent state, the electrons carrying the current will also interact with

the electric field fluctuations in the waves, which changes the resistivity

(and other transport coefficients) of the plasm- In a way that depends upon the

type of waves that grow. As waves that affect the resistivity we shall consider

electrostatic ion-cyclotron (IC) and ion-acoustic (IA) waves (c.f., solar

applications by Rosner et. al. (1978) and Hinata (1979).
Another factor of importance for the resistivity will be the geometry of
the current layers. Fast electrons crossing smal. current layers will remain
under the influence of the electric field only .- a short period of time and

therefore their contribution to the current den:.:y is small. This is due to
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the inertis of the electrons. The corresponding resistivity is called inertial

resistivity (Speiser, 1970).

Inside the current lavers several independent scattering processes i occur at

the same time. Thus, the total dissipation rate Pto: is related to an effactive

tesistivicy nEF 88 follows:

j = nev, | Q)

vp is the drift velocity corresponding to the current density j. The electric

field E and j are related through Chm's law:
E=ng 3 (2)
where the total resistivity i{s the sum of {ndividu:al contributions:

N = I
B 3)

Four resistivities are distinguished in this paper (see also Appendix IIB):
(a) classical Coulomb resistivity Ty
(b) resistivity due to geometrical effects: inmertial resistivity Tyy
(c) resistivity due to ion-cyclotron waves: Tyc
(d) resistivity due to ion-acoustic waves: Ty,.
Becguse we are interested in the behavior of T' and T;, we want to know
how the dissipated energy is distributed over electrons and ions. Therefore
we introduce the quantity x; as the fraction of the dissipated energy Ty jz
that gbes into the electrons by scattering process i, Classical and inertial res~-

istivities energize only electrons (to order (m/M)k):

= 1 (Aa)
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Consejuently, without waves, the ions are heated only as a result of classical
equilibration, i.e., by the transfer of energy from electrons to ions by
electron-ion coliisions. However, in the presence of waves, the ions can also
gain energy from the waves. In fact, what happens is that the waves act as

an intermediary, enabling a transfer of energy from electrons to ions. Thus,
despite the fact that the electric field does work only on the electrons,

b 9 (L = "IC" or "IA") i{s found to be less than 1. An expression for Xy is

(Tange and Ichimarum 1974):

Xy = 1=cw> /<ky vy >, (4b)

where kn is the component of the wave vector parallel to the magnetic field,
w is the wave frequency and the average is taken over the wave spectrum.
Equation (4b) follows from conservation of energy and momentum of particles

and waves, Now the dissipated power that goes into electrouns (P.) and
fons (Py) is

P, =Ly, n, 3’ ; P, = I(1=x)n, 32

e 474 i i ) RS § ()
With expressions for 7, and x; as a function of the drift velocity vp, the
vave level w, and the wave spectrum wy(k) it is possible, in principle, to
calculate the above dissipation rates P, and Pi' Because in general the

wave level and wave spectrum sre not known a priori, we must follow a special

procedure that is outlined in the next sectionm,

2.2 Mirginal stabilitv analvsis

Recently, a method has been developed which enables one to derive values
for the transport coefficients of a plasma in a turbulent state, without solving

any microscopic equations (Manheimer and Boris, 1977; Manheizer, 1977). The
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oethod uses the fact that an unstable plasma evolves toward a marginally stable
sta~2 and has already beea successfully applied to computing laboratory plasma
pr....es (Kalfsbeek, 1978; and references cited in Manheimer and Boris, 1977).
In this paper we shall use the marginal stability analysis only for computing
the plasma resistivity and its essence i{s as follows. Suppose we start with a
small current so that dissipation is governed by Coulomb collisions only.
From ;n analysis of the linear dispersion relation (see Appendix IIA and for
example Kindel and Rennel, 1971) one can find the minimum drift velocity for
which the current parallel to the magnetic field becomes unstable. One sees
(Figure 1A) cthat for a plasma with T, /Ty < 8, ion-cyclotron waves have the
lowest threshold. The critical drift velocity is denoted with v;.. Therefore,
if the current density grows, the plasma will first become ion-cyclotron un-
stable. As long as the ion-cyclotron waves are not saturated, the drift
velocity vp recains approxizately equal to vic and thus it is possible to

calculate the effective resistivity from
g = B/lge 1 Ipc ™ Pevye (6)

From this and from Tgp ™= nCL + nIC one can calculate nIC'

Figure 1A,B

The energy density of the waves wy. can now be computed from an expression

for Ty as a function of the wave level (see Appendix IIB, formula (B7)).

s
IC

cyclotron waves. If wye < w{c, the assumption of marginal stability is correct.

Next compare this wave level Vic with the saturation wave level w__  for ion-

As soon as the waves saturate, the current density starts to deviate froc

J1c for ion-c&clotron waves and increases till the instability with the next
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lovest threshold sets in. This is the ion-acoustic instability. Again the
plasma evolves toward the uarginally stable state, this time with j remaining
close to jy, for ion-acoustic waves (see Figure 1A).

Apart from the resistivity, the marginal stability analysis also provides
the frequency and the wave vector around which the wave spectrum is peaked and
thus enables one to calculate x, (i = 'I1C' or 'IA') from equation (4b). For
the details of this we refer to Appendix IIA and the references cited there.

A graph of xy 38 a function of T, /T is displayed in Figure 1B, If the ion-
cyclotron waves are saturated, calculation of X3c becomes more difficult (see
Appendix IIC). For this case, the calculation of vp follows from Figure 2.

From the above discussion it follows that the heating process consists
ot a aumber of successive stages, The switch-over from one stage to :he.nex:
is determined by the threshold and the saturation level of the waves. We
have summarized this in a block diagram, see Figure 2. It is unfortunate that
the wave levels cannot be determined very reliably, despite the decisive role

they play in the computation.

Figure 2

2.3 Egugations

Electron-and ion-heating and the growth of the electric field are described

by the following equations:

e e
2nk3 T '-5!")(3 T + ¢l Xiﬂijz (7a)
eq i
ar T -T
3 3
Toke g ot Fhkp y— e+ e f Gexp g (70)
e
;‘E s yE (7C)
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with _
"er * i ng 3 = z/“tr (8a)
3/2
tyg " - 2 (—-—ka T') (8b)
o«q 8(2m) H In A 3.4 om 2

Teq is the electroneion equilibration time (Sivuhkin, 1966), vy is rhe growtﬁ
rate of the electric field. We assume y to be a constant. The first term
on the right hand side of the temperature equations describes heat exchange
between electrons sand ions by classical Coulomb collisions. Note that it does
not contain a factor ¢ because classical equilibration takes place everywhere
outside the current layers.

We now introduce the following dimensionless variablcs:.

'1'.' = '1“/'1'.'° : 'ri' = ‘ri/'l‘"o ; E'= !/-“-'° s t' = t./rg(o) (9)

The subscript zero denotes values at time t = o and

1.5n kB T‘
T (t) = (10)
. £2/n
CL
'ra(o)/: is the characteristic electror heating time at t = 0. In terms
of the new variables the equations read (we drop the primes):
ar T -7
] e i 2
T . TS5 ‘€ Xgp E /nEr (11a)
e
4aT T -7
“4 e i 2 ,
el a - % + ¢ “-XEF) E /ﬂ:r (1ib)
]
E£. YE (11e)
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with
3
er * i ng ¢ Xep i (ng /ngr) x4 (122)
nge = 6/ @wm® (v vy /1, (125)
2 3
*n () 1 o :D (o) , E (o) = 4nne” lnA . (12¢)
« % Teq© 3 M\ E p'® T TRgT, S

—

(12t) is just the relation nEF-E/j from (8a), re-expressed in the

dimensionless units (9).

It so happens that the dimensionless constant ¥ can be written in terus of
the ratio of the initial electric field and the {nitial Dreicer field ED(o).
All n'a are expressed in units of Tcp (o), the classical resistivity at t = o.
The growth rate v in equation (llc) is dimensionless and expressed in units

of Tﬁl(O). Ve is the electron thermal speed, v, = (kste/u)k-

I1II. RESULIS

In this section we shall present some scenarios of fast plasma heating
computed from eq. (lla=c). At t = o we always have equal elactron and lom
tenperatures. We shall start with an investigation of the classical heating
phase. Next we will choose a specific set of parameter values and show

nuoerically how the plasma evolves in the other heating stages as well,

3.1, Clagsical hesting

In stage 1, xgp = 1 and T = T:l'

3 (dimensionless units )., Addition

of (lla) and (1llb) gives
/72 _z
e z

4
ac ('r'¢ Ti) = c¢T 3 E= exp(vyt) (13)

It {s easy to solve eq. (13) for two limiting cases. The first cz2sc is strong

electron-ion equilibration which keeps T, and T; equal. The secwnd iizicing
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case happens {£f the transfer of anergy from electrons to ions by Coulomb
collisions {s negligible. 'In both cases the temperature growth is explosive
(Coppt and Friedland, 1971)., More interesting than the temperature growth
itself {s the behavior of the temperature ratio T./Ti during classical heating.
We found that the explosive temperature growth does not asutocatically lead
to large Tq/T{. The reason for this i{s that before T,/T{ starts to deviate
considersbly from unity, the placaa becomas electrostatically unstable. The
larger the electric field is the lower the electroun and ion temperatures at
which the plasma becomes unstable. Therefore (Tq/Ty).,, the value of Tg/Ty
st instability onset, decreases with increasing growth role of the electric
field. In Figure 3 we have plotted (Tq/Ty).. as a function of the growth rate
of the electric field for three different filling factors ¢. The instability
1s always the fon-cyclotron instability. Obviously (Tq/Tj).p i3 largest for
Yy "o and ¢ = 1, when {t reaches the value 2,1. Therefore it is impossible
to make T‘/Ti > 3.1 by classical Coulomb dissipation in a plasma with an
exponentially growing electric field. As we shall show in the next section,
the subsequent evolution of the plasma after instability onset, is not necessarily
tovard large T,/T;. This is due to the fact that ion-cyclotron waves preferen-
tially heat the i{ons. Therefor. we cannot confirm the conclusion of
Rosner et al (1978) that a large To/T{ can be easily produced. They reached
this conclusion by their assumption that after the classical heating phase
the two-streaz ({.e. Bunezman) and lon-acoustic instability will be exciced.

This is not true becgmm the ion cyclotron insta>ility has g lower threshold.

3.2. Results includinz snogalous heasting (no inertial rvesistivity)

We shall now present socze scenarios of fast plasma heating. With this

sia we choose the following dimensionless paraceters:



a=5; € =0.01 ; Yy = 10 (14)

Eqs. (lla=c) ¥pend at first sight only on the constants specified in (14).

In reality, the density, magnetic field etc. all enter because the marginal
stability analysis requires us to compute wave energy densities and to switch
stages on the basis of this. Therefore we extend (14) with parameters
appropriate for impulsive heating as it is assumed to occur in solar flares

(Brown et al., 1979; Smith and Lilliequist, 1979):

11 -3 6
n=10 : = . = =
cm B=5006 ; T, =T, =510 X (15)

The density and the magnetic field are kept counstant; the Coulomb logaritham
is also kept constant, equal to 20, The above parameters imply a classical
heating phase first, because at t = 0 we have VD/VIC = 0.05 and VD/VIA = 0.02.

Wicth (14) and (15) we find

teq(o) = 1.4s ; ra(o) = 7,18 ; zo/gD(o) = 0.003 ; ED(O) - 10-3 v cm_l 16)

We terminate the computation as soon as T, = 100 (i.e. 5 108 K). The growth
time of the electric field is TH(O)/Y or 0.7 s. In all scenarios considered
below, increase of T, by two orders of magnitude takes place in approximately
7 or 8 growth times, that is in about 5 s, while increase of T, from 5 107 to
5 108 happens in 1 or 2 growth times, or about 1 s. We defer all discussion

on application to the flare heating problem to the next section,

Figure 4,5 Figure 6,7

on left page on opposing right




In stage 2 the presence of ion-cyclotron waves keeps the plasma in a
marginally stable state. From Figure |83 we see that ion-cyclotron waves pre-
ferentially heat lons. Therefore they tend t2 decrease the ratio 'r‘./'ri while
classical resistivity still tends to increase T./T « If the resistivity Jdue to

ion-cyclotron waves starts to Jominate classical :csis:ivlty, the ratio
TC/Ti will drop. Whether this will happen or not Jepenrnds on the saturaticn
level of the waves. Unfortunately, this saturation level is not well known.
Therefore we consider three different saturation levels (see also Appendix IIC).
(1) a low saturation level due to plateau formation (Petviashvili, 1964),
strictly valid for an infinite homogeneous plasma only. In this case the
paximum contribution of the ion-cyclotron waves to the resistivity is
of the order of the classical resitivity. :
(2) a high saturation level due to ion resonance broadening (Palmacdesso et al.,

1974). From (C2) we find that ""x.c
even larger than l. For this reason we preferred td simulate saturation
s
1c

resistivity due to icn-cyclotron waves soon dominates classical resistivity

is appreximately equal to 1, sometimes

by ion rescnance broadening by taking a fixed w__ = 0,.5. In this case, the

(3) An intermediate saturaticn level, w;L = 0.C1.

Note that all our wave eneryy densities include both the electrostatic and

the kinetic part. Therefore, because the rasistivity is Jdetermined by the
electrostatic energy Jdengity cnly, egqual total energy densities :1n 1on-cyclotror
and ion-;cous:ic waves can give resistivities that are quite Jdifferent. The
wave levels for ion-acoustic waves that cccur in our computations, are always
low, so that they will not saturate. We will not pay much attenticon to the

behaviour of the electrcon and ilon temperatures themselves as a functicn of time.
We found it to be much more interesting to follow the evoluticn 54 the plasma

in Ficure A, the drift velocity diagram. Though a point in this diagram Jdoes
not completely specify the state of the plasca, 1t shows which wave tyDes

are present and how the energy is distributed over electrons and jons. A

part of the evolutiocnary paths coincides with the marginal stability curves

(it is scmewhat like the Hertzsryrung-Russell Jdiagram with evolutionary paths).
The drifz velocity diagram snows the stages, Jdefined i1n Figure
whichthe plasna gCes during the heating process. For the three saturat:on levels
mentioned abcve, we have calculated the evolutionary paths in the Jdrift velosit,

disgram. The results are Jdisplaved i(n Figure ..
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-case 1- we illustrate the temperatures T, and T;, the fraction xgp of the

dissipated energy going into electrons, the resistivitiaes GCL’ iIC‘ 7EF) and
the wave levels (VIC, w:A) as a funzeion of time (Figure ), In Figure 4B the
plasna goes through stage ! and eands in s%zge 2 with T./Ti'» 0.3 and ¥ic ~ 0.18.
The ion-cyclotron waves that dominate the heating process apparencly never
saturate. In Figure d{C the plasma goes thrcugh stage !, excites ion-cycloetron
waves (stage 2) that saturate (stage 3) and stays in stage 3 till the end of

the computation (T. A 100); then 'r./r N 1.1, The reason for T./T to remain

i i
close to unity in stage J is that the fraction of the dissipated energy that
is put into the electrons by the waves increases the further the drift velocity

is above the lon=-cyclotron critical drift velocity v (Appendix IIC, eg. (C3)).

In both Figures 3B and 4C the increasing rosistiviii due to ion-cyclotron waves
prevents the fast growth of the current density to the icn-acoustic threshold.
In Figure 4A ion-cyclotron waves saturate at such a low level that they are
not important for the final evolution of the plasma, The growing electric field
drives the plasma {on~acoustically unstable (stage 4) and the plasma evolves along
the marginal stability curve for icn-acoustic waves to the right in the drift
velocity diagram. That is the electrons are preferentially heated and we end
with T./‘!‘i A 6.3, The fact that T'/Ti stabilizes at about this value when ion-
acoustic waves are dominant can be easily explained (Kalfsteek, 1378). With
eqs. (lla,d), ignoring all terms excert the icn-acoustic one, we find

T,/T, /(1= (17)

" X1a Xza' o

With thehelp of equation (A3) and the introduction of x = T./TL we f£ind
for x> 6:

dx/d(1a T) = x - @ADY % exp(0.5x + 1.5). (1)

It follows that x always approaches the value for which the r.h.s. of eq. (18)
vanishes, that is To/T{ approaches the limit 6.4. This value only depends on

M/m. If energy lossas are included, this value 6.4 will probably become lewer.
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3.3. Inertial resiscivity

We now want to discuss how the size of the current layers influences
the heating process. We assuze that the electrons outside the current layers
have a Maxwellian distribution. The electrons that enter the current layers
with a (thermal) velocity parallel to the electric ficld are decelerated
(they lose energy), while the electrons with a (thermal) speed in the opposite
direction are accelerated (they gain energy). Because the gain is somewhat
larger than the loss, the net result is an increase in the energy of the
electrons. The directed energy they gain in this way is randomized in between
the current layers by Coulomb collisions and by scattering off chaotic mag-
netic fields. Therafore, the effect of inertial resistivity is to heat the
electrons {n volume V. Of course, inertial resistivity will only be important
if the time during which a thermal electron crosses a current layer is of
the order of, or less than a typical (effective) collision time. This means
that current layers with a characteristic length scale L (see Appendix IIB)
snaller than the effective mean free path of an electron will carry a
current that {s determined mainly by inertial effects., Inertial resistivity
heats only electrons (to order (m/M)*) and hence its effect is to increase
T./Ti, offering the possibility of quite different paths in the drift velocity
diagram, see Figure 6. Three different length scales will be considered,
nanely L = 1, 3 and 10 km. For the L = 1 km case the {nfluence of inertial
resistivity i{s most obvious, because here Te/Ti has increased till just adbove
8 while still in stage 1 so that ion-acoustic waves are the first to be
generated and the saturation level of fon-cyclotron waves {s irrelevant, For
L = 10 ka, wic = 0.5, inertial resistivity {s less dominant and {on-cveletren
waves are generated first. However, instead of moving along the {on-cveletron

narginal stability curve to the lelt as in Figure 4B without {nertial resistivity,
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the plasma now evolves to the right along this curve. Tor the intermediate
case L = 3 km, "%C - 0.01,'again ion-¢cyclotron waves are generated first.

However, they quickly saturate and scon ion-acoustic waves are excited. For this

I/

intermediate case, inercial resistivity is also important in stage 4 as is illustraced

by the fact that T./Ti increases above 6.4. In Figure 7 we also show the

temperature, XgF resistivities and wave levels for this cass«.

IV. DISCUSSION

4.1, Suomarv of behavior of T,/Ty during the heating

Though in principle classical heating cculd make T, >> T;, this never
happens because the current becomes unstable before T,/T; attains high values.
The maximum value that we found at instability onset was 3.l1. There appear
to Le two possibilities for the production of a plasma with T, >> Ty. The
first i{s that the ion-cyclotron waves saturate at a low level, so that ion-
acoustic waves will be exci.2d. Then T, /T; will stabilize at 6.i. The second
possibility is that because of the small dimensions of the current layers,
inertial resist{vity is important. In that case, large T,/T; can be obtained

even for high saturation levels of the ion-cyclotron waves,

4,2. Application to solar flare problex

If the observed hard X-rays from the solar flare plasza are intarpreced
as thermal bremsstrahlung, it {s readily calculated that a plasma with an
electron temperature of abcut S%JOSK (corresponding to +3 keV) and a voluce
Vv ~ 1023 cad (corresponding to an emission measure :nzdv = 10;5 cm”> when
a = 101! ca™3) is necessary. This hot plasma must be produced fast (in a
few seconds) because heat conduction will prevenc a slow temrerature rise

to 5;105x. Therefore, for all cases that we have presented, we used a fixecd

growth tize of the elactric field of 0.7 s so that we zet just about the
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required heating time. Not all the possibilities treated in this paper are
equally suitable as a mechanisn for impulsive electron heating.
T./Ti increases considerably above unity, we expect that the neglaect of ex-
pansion losses can be justified during a large part of the heating process.
Otherwise, shock formation and disruption of the tearing mode structure
might occur. Also, the anomalous heat conduction front theory (Brown et al,
1979; Smith and Lilliequist, 1979) has been carried out only under the
assumption T,/T¢ >> 1, so that it i{s uncertain if in the case Te/T{ ~ 1 the
thermal model emits hard X-rays more efficiently than the beam target models
(Brown, 1971). If it does not, the main advantage of the thermal model
nanely the gain in radiarion efficiency, disappears. In 4.1 it is summarized

under what circumstances a plasma with Tg >> Ty is produced.

4.3. Exponentiating electric field

A drawback of our work is the atsence of any coupling between heating
and the evolution of the tearing mode. Ome might even argue that a factor
100 increase in T, in approximately 5 s as.illustrated in the numerical examples is
meaningless because an exponentiating electric field evemtually produces any
desired heating. This is true but it must be realized that the largest
electric field that we used is only about 5)‘10'3 V/cm, which is very small
compared to the maximum electric field avallable E_ .. The latter can be
estimated as £ = v x B/c ~ 170 V/cz, where v ~ 0.1 B/(AnnM)s, B = 500 G

=@ax
11

ca”3. 1In practice E will be smaller because of neglect of

and n.- 10 Egax

angular factors, but it will certainly be cuch larger than 541073 V/cm.
Apparently we have quite some freedoz fto use larger electric fields. We may
need these larger fields to produce I - 5x10%K {f losses are included or

i{,for exampl%lc is auch smaller than 0 "L,
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In our calculations we did not take into account electron runaway. Comparing
E with the classical Dreicer field Ej (formula 12¢), we find that at t=0
the ratio E/Ep ~ 3X1073 while at the end of the run E/Ep ~ 500. However,
whether or not electron runaway occurs in the current layers depends oan an
effective Dreicer field ED,BF' which differs from the classical Dreicer fieid
in that the classical collision frequency is replaced by an effective colli-
sion frequency VEF = (nezlm)ﬂgr. With ED,E? = (ave/e) Veps it is easy to show
that E/ED,EF = vp/vg < 1. Neglecting electron runaway is justified
along most of the evolutionary pach in Figure 4. In the case that inertial
resistivity is important, Figure 6, the small size of the current

layers prevents electrons from running away.

4.4, Slowlv changing total resistivity

The behavior of the total resistivity (c.f., Figures 5B 38¢ 7B) contradicts
the popular view in that it  jumps discontinuously by many orders of
magnitude. The essence of the marginal stability analysis is that the time
scale for changes in the effective resistivity (and all other transport
coefficients) is reduced to the MHD evolution time. In our case, the final
resistivity is between one and two orders of magnitude larger than at t = o,
0f course, the classical resistivity decreases a factor 1x103 since
nCL o T.'l‘s and Ty increases by 100. Hence one might say that a factor
104 to 10° in resistivity {s gained. Note that this happens only in the

current layers, not in the bulk of the plasma.
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APPENDIX I

Hegt conduction ground curvent lgvers;: temperature igoctopy and homogeneity.

With the parameters that we use for the solar flare (n ~.1011 cm‘3;
Tq ~ Ty ~ 5%10°K in the initial phase, see (15)), we find that the mean free
path for electrons as well as ions is about 10 km. Because we expect the
current layers to have a typical transverse length scale of a few kilomaters,
ve must assune that heat transport from the dissipation regions is non-classical.
Ion heat transport parallel to the magnetic f£ield will then take place with
spproximately the ion thermal speed (convection) which is a hundred kilomcters
per second or more (Ty > 5 x IOGK). This is enough to explain the ion-temperature .
uniformity parallel to the magnetic field during the heating. In the same
way we can argue that the electron temperature will be uniform along the
oagustic field. ?crp;ndicular to the magnetic field the situation is more
difficult, The classical heat conductivity is reduced considerably for beth

the electrons and the lons, However , in the presence c¢f {fon-cyclotron waves,

‘the ion perpendicular heat conduction is strongly enhanced (Ionson et. al., 1979).

Thus, within the currcﬁt layers where fon-cyclotron turbulence is present, ion
perpendicular heat conduction is relatively efficient, Note that heat flow
sway from the current liynrs is primarily along the magnetic field. However,

the magnetic field structure itself is probably quite chaotic (e.g., through the

effects of tearing instabilities) thereby enabling the particles to distribute thermal

.n.rgy‘Chroughou: the volume V by siamply following the field lines. DiZ rences
in Ty, and T;, as well as in T, and Ty, may in principle develop. For

instance fon-cyclotron waves increase Ty, rather than Tiu (Dakin, 1976,

Ionson, 1979). However, temperature anisotropies will drive fast electro-
magnetic instabilities (Davidscn, 1972 Ch, 10,11,12; Davidson and Ogden, 1975),

that maintain isotropy, both for electrons and ions,
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APPENDIX II

A. The calculation of v under marginally stable conditions.

re’ Vra' Xpc A0 Xp,

The critical drift velocity is obtained as follows. With the linear
dispersion relation, the growth rate Y of the waves can be determined as a
function of Yo and of the wave vector k. For small Y Y is negative for
every k and all waves are damped. With increasing Vo the growth rate vy will
increase. The v, for which the maximum of v (k) equals zero is the critical
drift velocity. Together with the corresponding wave vector , it can be found
from:

Y=o x-:—y--o ' (A1)

If To/Ty is not too different from 1, an approximate expression for the

growth rate {s (Lee, 1972):

2 T w- v
y--G-%—n{F‘- (-;—kﬂ%)+r1(1+%)o-xp<-oz)} (A2)
1 e V72 kﬂ e
vhere
A= w(k) =N I.1
1 1-G+Ti/'r.
2 2
k|“ v k., T k. T
~-u i 2 B "4 2 E e
I‘n e In(u): u ﬂz A m 7 Ve = (A3)
1-T
o eB
G(u) I‘l(u) + ; Q0= e

—w-9
‘7 ky vy

In is the ncdified Bessel functicn of order n. The condition T{' = o gives

(Lee, 1972):
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1/2 3/2

;.3.- /3(1«»-:-)0(;:-) Vg—+(§') rl.-pz (a4)

Minimizing the above expression with respect to p and u is equivalent to
(Al) and in this way vic is found. The values of A and p for which (A3) is

ainizized can be used to calculate xpo with Gb):

4 4

Xzo * 1= (2m/M) ('ri/'r‘) o(l+1/4) (v./vIc) (AS)

For 4 we found the following fit

4

A-[0.1(5‘1’.‘./’1'1‘-2.1) T./Ti » 1.

The values of p that we used, can be retraced with the help of (AS;, the fit
for 4 and Figures 1A and 1B .

For ion-acoustic waves we took for T,/T; < 6, the critical drift velocity
viA a8 given by the graph of Fried and Gould (1961). This graph is also
reproduced in Kindel and Kennel (1971). For larger values of T‘/Ti we used
an analytical expression (Krall and Trivelpiece 1973, Chapter 9):

/2 /2

1 3
vn/v. = (m/M) + (TQ/Ti) pr(-O.ST./T1~ 1.5) (A6)

for Te/TL > 6

With the help of (4b), Kindel and Kennel (1971) and (a4) we find:

-1
Xa ® (1+ {m/M) ") for T /T, % 1 (47)

) . 172 3/2
XIA/“ XIA) (M/m) (;e/'ri) exp (-C.S Te/Ti -1.5) (48)
for 'r‘/'ri >6
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where we also used that w/k“ ~ (a/W)¥ ve for large T¢/Ty. For Tq/Ty betweea
1 and 6, an expression for xj, was obtained by linear interpolation.
B. Resistivities
The following expressions for classical and inertial resistivity have

been used:

(a) For classical resistivity (Spitzer, 1962):
1/2 172 2 =3/2
n = (8
oL = (8n/9) o e InA (kyT,) (81)

(b) For inertial resistivity we start from the general expression
ne- 4n0».2f)'1 (Papadopoulos, 1977), where wy = (47 n ozlm)s is the electron
plasma frequency. Usually v is the characteristic scattering time, but now
we set T equal to L/v,, the average time that an electron stays inside the

current layer of characteristic dimension L (Speiser, 1970):

v
. e '
IN : n.z L

Note that if the current layer is very elongated, L is of the order of the
transverse dimension of the current layer. The reason is that B will cross
the current laver at some angle (E and B are not necessarily parallel),
80 that a particle will cross the current layer by just following a field
line.

The resistivity due to electrostatic wave turbulence i{s derived from

the relation (Tange and Ichimaru, 1974, Papadopoulos, 1977):

1 1 v. [ ‘d35 2 )
nNes = == — = dw * X, A < E lf,u> I:i:(e
wy nkaT' vy j (24) I "e
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where A. - v‘/w. is the electron Debye lengzh and

a’k

N
w e dy < E !kl w > (“)
nkyTy (2m? =

is the electrostatic wave ernergy density normalized to nka 'r..

The electronic susceptibilicy Xq is given by (Ichimaru, 1973; Davidson, 1972):

2
Tw

_ T 3 nd 2 2 2 o
e =TT R | YT LV W My | S0, Sty ad)

(85)

The argument of the Bessel function J, is k v /0. We now make the following

assuaptions:

(1) only the n = o resonance contributes because for ieon-~cyclotron waves
kjv) /<< 1 and for ion acoustic waves k; ~ o

(2) !. (v), the electron velocity distribution function isa drifting Max-
wellian with vy parallel to B.

(3) fu=dyvpl < ¥y v,

Then we find for both wave types:

b -
n'\.(l) Ve Mot (86)
-\2 vp (x A )2 u.2
[ ]

Ffor the plasma in a marginally stable state we approximate < (k,' vy © w)/(k A.)z >

as (k“ vy~ w)/(k A.)z ., where k" and w are those of the marginally stable

wave. The factor (k X.) is awkward, in particular for ion-acoustic waves

which have fcrzmally k = o for the marginally stable wave (Fried and Geculd, 1961).
We elinminate (k .‘«.)-2 by using total (electrostatic + mechanical) wave energy

densitiei. Withcut proof we menticn, for k\. << {:



.u.

-2 Te 2
(k1)) (1 + Fi- (1 -Ger,/a )] for IC

3
o (we) &

2(x x.>‘2 for IA

(¢ is the dielectric coefficient)., This then leads to:

e (1) L o, i % " (37)
(e) IC Fi ug VD IC T 2
1+2(1-G+T1,/2%
T
i
y v
1 b 1 [
(4) A" 3 (2) m—f v “ia (ku Vo~ W) (B8)
[ ] D
where "IC and "IA are Eo_t_a_]_._ energy densities. Finally, k" vo-.u is
rewritten in terms of X, as follows:
X
[ I uwena for 1C (89)
1= Xge
kj vp = w
kﬂ vpTw ® W w2
X L) )
-i-_-’xl‘-- (3-) o,  for IA (810)
~ IA

c. Saturation of i{on-cvclotron waves

In an infinite homogenecus plagsa, saturation cf ion-cyclotron waves occu:s
at a lcw level due to the formatior of a plateau in the electron distribution functicn.,
The contribution of the saturated i{on cyclotron waves tC the resistivity then is
(Petviashvili, 1964):

L (Cl)

.‘: I°<



However, due to spatial inhomegeneity of the plasma, {t is quite

possible that ion rescnance broadening will be the non-lirear process that
saturates the instability. In that case the saturation level {electrostatic +
kinetic) is much higher and is given by (Palmadesso et al., 1974):

2.

w? a2 14-32-(1-64-1'/‘32) (T—"> a2 (C2)
1c T, 1 T,

We assume that the wave level corresponding te nIC from (Cl) and the resistivity
n;c corresponding to (C2) can be calculated with the help of equaticn (B7).

Let us assuxe that in the saturated state the wave specizunm is stil]l peaked
about the wave vector where the growth rate of formula (A2) has a maximunm.
Introduction of the variable y = /(2 Xy v ) in (A2}, o that
P = (ltln)" (A/(l +4)) (‘r /T )“'y , teachas us that for a given T /T and 4, the
derivative 'a-y' (y/Q) is a function of y only and does not dopand on v /v .

Because for the maximum growth rate [—— (Y/Q)J = o, the vclu. oz

Yoax does not depend on vD/v., or, equivalently, (u/k“ v.) is a constanz for 'r./'ri

fixed. In the saturated state we thus have, z2tarting froa (4b):

s .. .
1- (u/k“ v.) (v./vD) = | - const. (v./vD) 1-(1 xm) (JIC/VD) (C3)

vhere the constant has been found by requiring x;c * X10 if vp = Vic*

Tormula (C3) implies that as vp increases above vyic a progressively larger

fraction Xic of the turbulently dissipated energy gues into the electrons.
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FIGURE CAPTIONS

Figure 1A:

Figure 2:

Figure 3:

Critical drift speeds for ion-cyclotron waves (vIC) and ion-acoustic
waves (v_.) as a function of the temperature ratio T /T,. Also, v

IA e i 4 IC
vm are norralized to the electron thermal speed ve = (kB‘r./m) .
The numbers 1, 2, 3 and 4 denote the different heating stages (see
also Figure 2). For T./Ti< 8 ion-cyclotron waves have the lower
threshold while for T./Ti>'8 ion acoustic waves are the first to go

unstable.

Fraction of the turbulently dissipated energy that goes into the
electrons for ion-cyclotron waves (xIC) and ion-acoustic waves

(XIA) under marginally stable conditions.

Computation of the drift velocity and the cocponent resistivities in
the four different plasma stages. An affirmative answer to the
question posed in each stage, except the fourth, implies the switch-
over to the next stage. The diagram pre-supposes T‘/Ti~<8 and does
not continue beyond saturation of ion acoustic waves. For Te/Ti>'8
in stage ! the diagram is different in that ilon-acoustic waves are t}
first to be excited. Inertial resistivity is included by replacing

?QL ?gjﬁqL-rnIN).The symbols and expressions used are explained
in the main text and Appendix II. The superscript s denoteg ;ﬁé -
value at saturation.

Note that for the calculation of 7's and w's at a given time,

the previous history of the plasma is immaterial.

The value of the electron to ion temperature ratio when the current
first becomes electrostatically unstable, is shown as a function

of the growth rate of the electric fleld vy, for three different
values cf the filling factor ¢. (To/Tj)., is found numerically

by solving the temperature equaticus in the classical phase until

instability sets in,



Figure 4: Illustration uf the evolution of the plasma in a drift velocity
diagram for three different ion-cyclotron saturation levels:

(A) a low saturation level due to plateau formation (Petviashvili,
1964); (B) wls = 0.5; (C) wis = 0.0l. The dashed lines are the
critical drift speeds of Figure lA., The current layers are assumed
to be large (formally L -« @), so that inertial resistivity is not
important (nIN =0).

Figure 5: The low saturation case cf Figure 4A in more detail. Time is in
units of the growth time of the electric field, which for our
choice of parameters is 0.7 sec.

Figure 6: The evolution of the plasma in a drift velocity diagram, with
inertial resistivity dominant (Tpy $# 0). Three different length
scales L of the current layers are considered. (A) L = 3 km; Wl =

IC

0.01; (B) L =1 km, wd. = 0.5; (C) L = 10 ka, w; 0.5. Again

Ic c

the dashed lines are the critical drift speeds of Figure 1A,
Figure 7: The L = 3 km, w;c = 0,01 case of Figure 6A in more detail. Time
is in units of the growth time of the electric field, that {s in

units of 0.7 sec.
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