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ABSTRACT

We develop a model for the radio-frequency (RF) heating of soft X-ray emitting plasma in solar flares due
to absorption of amplified cyclotron radiation. The radiation, carrying ~ 1027 to ~103° ergs s, is generated
through maser emission following partial precipitation of electrons in one or more flaring loops. The maser
operates in a large number of small regions, each producing an “elementary burst” (EB) of short duration.
This radiation propagates either directly or after reflection to the second-harmonic absorption layer, where it
is absorbed by thermal electrons. The properties of EBs and the heating of the electrons in the absorption
layer are discussed in detail. RF heating and evaporation models for the production of soft X-ray emitting
plasma are compared. Properties of the RF heating model that explain observed features are energy transport
across field lines, rapid heating (in ~ 1 s) of coronal plasma to ~3 x 107 K, and instigation of turbulent velo-

cities up to the ion sound speed.

Subject headings: radiation mechanisms — Sun: corona — Sun: flares — Sun: radio radiation

I. PRELIMINARY REMARKS

The objective of this investigation is to explore the idea that
soft X-rays associated with solar flares may be produced
through radio wave heating of the soft X-ray emitting plasma.
Specifically, it is envisaged that radiation is emitted copiously
near the electron cyclotron frequency Q, through maser emis-
sion in a source region of plasma frequency w, < Q,. The free
energy is in an anisotropy in the energetic electron distribution
where the electrons are assumed to be accelerated near the top
of a magnetic flux tube, which is identified as the source of
energy for the flare. The radiation is absorbed in a surrounding
region at the second harmonic of the cylotron frequency, i.c., in
a region where the magnetic field strength B is half its value in
the source of the maser emission. The model has been dis-
cussed by Melrose and Dulk (19824, b).

A strong case can be made that a large fraction of the energy
in the flare goes into radio-frequency (RF) emission through
the maser process. It is widely accepted that a large fraction of
the flare energy goes initially into hot (10-100 keV) electrons
near the tops of flux tubes. The spectrum of these electrons is
not important in the following discussion, and they may be
either nonthermal or thermal (at a temperature 10-10° K).
We assume here that the acceleration mechanism does not lead
to electrons which are highly collimated along the field lines.
This assumption is essential for the maser mechanism, which
relies on free energy in the perpendicular (to B) motion of the
electrons. We discuss this assumption in § VI. Because of the
mirroring in the converging magnetic fields in the legs of the
flux tubes, only a fraction of these electrons can precipitate
directly. However, data on hard X-rays imply that the precipi-
tating flux fluctuates much as does the trapped flux represented
by the microwaves, and in the impulsive phase both the hard
X-rays and microwaves are thought to reflect the injection (or
acceleration or heating) of the electrons. The point is that the
electrons do not remain trapped for many bounce periods as

simple theory would suggest, at least for small flares with loops
of length ~10° ¢cm (e.g., Marsh and Hurford 1982). The maser
emission is the only known process which can lead to the
extremely efficient diffusion in pitch angle required to prevent
most of the electrons remaining trapped for many bounce
periods, i.e., for several to many seconds. The maser emission
requires that the electrons radiate away the perpendicular
energy which prevents them from precipitating. Efficient diffu-
sion then implies that roughly 50% of the initial energy of the
electrons, the perpendicular component, goes into the maser
emission.

We now discuss the observations of soft X-ray emission of
simple impulsive flares (e.g., Doschek et al. 1980; Feldman et
al. 1980; Culhane et al. 1981; Gabriel et al. 1981; Antonucci et
al. 1982; Tanaka et al. 1982; Doschek 1983). There are three
aspects that are important in the present context: the relative
sizes of soft and hard X-ray sources, the great widths of ion
lines, and the temperatures and densities achieved in the soft
X-ray plasma. The currently favored interpretation involves an
evaporative process. The precipitating electrons heat the
chromospheric plasma, which boils off to form a hot
(few x 107 K) region in the corona which emits soft X-rays.
The ion lines (e.g., Ca x1x, Fe xxv) are broadened, indicating
turbulent motions at several hundred km s~ !, and there is an
asymmetry indicating upward motions.

Comparing time profiles of (i) excess line width, (ii) inte-
grated line intensity, and (iii) hard X-rays and/or microwaves,
three findings are notable: (1) Large excesses of line widths
seem to occur only during the impulsive phases of flares at
times when intense hard X-ray and microwave emission is
occurring, although smaller excesses sometimes occur during
decay phases. (2) Large excess widths occur almost entirely
while the integrated intensity is increasing. (3) The derivatives
of the profiles of intensity (for small, simple flares) correspond
well with hard X-ray and microwave burst profiles. The peak
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hard X-ray and microwave flux generally occurs at the time
when the soft X-ray line intensity is increasing most rapidly.
Seconds to minutes later, when the hard X-ray flux is back to
near-zero, the soft X-ray line intensity reaches its peak.

There are at least two difficulties with the evaporation model
that may be overcome or alleviated by an appeal to RF
heating. The most serious concerns the relative location and
sizes of the hard and soft X-ray sources. Duijveman, Hoyng,
and Machado (1982), for example, compared three impulsive
flares in soft (3.5-5.5 keV) and hard (16-30 keV) X-rays.
Whereas the hard X-rays often show evidence of two foot-
points, favoring a precipitation model, in the soft X-ray sources
there is little evidence (except perhaps at late times) of two
subsources. Furthermore, the soft X-ray sources may well be
larger than the hard X-ray sources. Duijveman et al. suggested
that the soft X-ray sources outline the top of a set of loops.
These data imply that the flux tubes in which the soft X-ray
plasma is contained do not coincide with those in which the
hard X-ray plasma is contained. Similarly, microwave impul-
sive burst sources are larger at the lower frequencies where soft
X-ray plasma emits significantly, e.g., 210" at 5 GHz com-
pared with <3” at 15 GHz (e.g., Marsh and Hurford 1982).

How then can heating and evaporation by the precipitating
electrons produce the soft X-ray plasma? How is energy trans-
ported across field lines into neighboring, or even more distant,
flux tubes?

These questions are difficult to answer with the evaporation
model, but specific predictions of the RF heating model
provide simple answers to them. Another difficulty with the
evaporation model is how to produce turbulent motions in the
soft X-ray plasma within a few seconds; if the heating is in the
high-density chromospheric regions, one would not expect
strong, turbulent motions (both up and down) in the plasma
that is evaporating into the corona. However, in the RF
heating model the turbulence is readily interpreted in terms of
the irregular heating caused by the multitudinous maser pulses
and minor nonuniformities in the absorbing plasma; the blue-
shifted components often observed would arise from the pre-
cipitating electrons (their parallel energy) and perhaps from the
footpoints of maser-heated loops as described below.

In our heating model the hot plasma is produced at the
second-harmonic layer. An idealized geometry would involve a
sequence of loops in which the field strength decreases with
height such as depicted in Figure 1. In this geometry the
second-harmonic layer is an annulus centered on the flaring
flux tube and at a distance Ly = B/|grad B| from it. In a more
realistic geometry the annulus would be more complicated.
With the maser operating over a range of heights and hence a
range of field strengths and frequencies, the heated region is the
envelope of the second-harmonic layers corresponding to the
range of field strengths.

The idea underlying the present investigation may be sum-
marized as follows. Arguments suggest that up to 50% of the
energy in a flare should go into maser radiation at ~Q,. These
arguments are reinforced by consideration of how the injected
electrons lose their perpendicular energy in order to precipitate
into the footpoints and hence heat the chromosphere and gen-
erate hard X-rays there. This perpendicular energy is radiated
away through amplification of the appropriate (decimetric)
radio waves. The radiation is then reabsorbed at the second
harmonic of Q,, i.e., at points where B is half its value in the
source. From energetic considerations there seems to be
enough energy in the RF emission to heat the plasma in the

Absorption
regions
Energy release

region

Reflection

Source
region

Fi1G. 1.—Schematic drawing of a sequence of loops showing an energy
release region, the maser source region in one leg, where the field strength is B,
the cone of maser radiation with a reflection of all radiation directed toward
higher field strengths, and the absorption regions, where the field strength is
BJ2.

absorbing region so that it produces the soft X-rays. In addi-
tion it is likely that this RF heating process can account for
some or most of the other properties of the soft X-rays in
impulsive flares, e.g., the large source sizes, excess line widths
and their temporal development.

II. ENERGETICS OF THE HARD AND SOFT X-RAY EMITTING
PLASMAS

The rate at which energy is released during impulsive flares,
derived from observations of hard X-ray bursts and assuming
thick-target emission processes, is (€.g., Brown and Smith 1980)

E ~1027-10% ergs s~ 1 .

If most of the impulsive hard X-rays come from footpoints of
magnetic loops, as implied by the observations reported by
Hoyng et al. (1981a, b, 1983), Tsuneta et al. (1982), and Ohki et
al. (1982), we can identify this energy with the parallel com-
ponent of the energy of the accelerated electrons; then a similar
amount is in the perpendicular component provided that the
accelerated electrons leaving the energy release site (presumed
to be in the upper parts of magnetic flux tubes) are not highly
collimated. The perpendicular energy, in conjunction with the
loss-cone anisotropy developed by the precipitation of those
electrons with small pitch angles into the dense transition
region and chromosphere, is the pump for the cylotron maser.
The maser converts the perpendicular energy directly into radi-
ation, and the radiative energy is then reabsorbed within the
coronal plasma in a volume whose dimensions can be esti-
mated from images made in soft X-ray lines, X-ray continuum
at <10 keV, and microwaves at f 2 5 GHz. Typical observed
sizes are 10"-60", implying volumes of ~ 10?7 to ~10*° c¢m?.
Thus the heating rate in the corona, assuming that the larger
values of E go with the larger volumes, is

E/V ~1-10 ergscm 3 s 1.

For comparison, we list some other typical parameters in this
volume in Table 1. Thus we see that the internal energy nkT of
the preflare plasma can, on average, increase by a factor of
2-20 each second. With the expectedly strongly inhomoge-
neous heating, some pockets can heat up even more rapidly.
With the parameters in Table 1, the magnetic energy starts off
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TABLE 1

TyPicAL PARAMETERS IN A FLARE VOLUME

Soft X-Ray

Parameter Preflare Peak
TE) eooveeeeeeenin ~3 x 10 ~2 x 107
n{em™3) .. ~10° ~ 10!
nkT (ergs cm™3) ...... ~0.5 ~300
B (gauss) .............. ~300 ~300
B?/87 (ergs cm™3) ... ~ 3000 ~ 3000
B o ~107% ~107!
WpfQ i ~0.3 ~3

and remains greater than the internal energy, but it need not be
so in all parts of the flare or in all flares. The ratio w,/Q, is
important because it governs the operation of the maser, with
the maser becoming inoperative when ,/Q, 2 1; given the
stated parameters the maser would turn off at or before the soft
X-ray peak, i.e., near the end of the impulsive phase. It is
interesting to ask what occurs if the condition w,/Q, < 0.3
required for maser emission of fundamental x-mode radiation
to occur is not satisfied. This case is currently under investiga-
tion, and we comment briefly onitin§ VI

III. OPERATION OF THE MASER

In this section we discuss the operation of the maser in a flux
loop; the discussion is based on the idea that the maser satu-
rates in a number of isolated regions, each of which produces
what we call an “elementary burst ” (EB).

a) Elementary Bursts

Suppose maser emission is triggered at a particular point
and time. The growth quickly saturates, after a time ¢, say;
this saturation is local, and as the radiation travels through the
unstable volume, it triggers the maser at other places. We
assume that emission from this larger region defines an elemen-
tary burst with a volume Vg = Agg Lgg, Where Agp and Lgg
are the cross-sectional area and the length along the field line,
respectively. Here we estimate the properties of these EBs.

The length Ly is limited by the relative bandwidth Aw/w of
the maser emission and the change of the cyclotron frequency
Q, with height. Let Ly be the characteristic length over which
Q, changes. Thus we have

Aw
LEB = _((—)_ LB . (3.1)

The lateral dimensions I, and the duration tgg of an elemen-
tary burst are related to each other. The radiation propagates
nearly perpendicular to the magnetic field at an angle 6 given
by |cos 8] ~ vy/c (Hewitt, Melrose, and Ronnmark 1982),
where v, is a characteristic speed of the radiating electrons, and
hence it escapes from a region of height Ly in a time

L
tep & 2B (3.2)
Uo
In this time it propagates a distance !, =~ ctgg in the lateral
direction. Thus the area of the EB is

c 2
App = nL§B<—> (3.3)
Uo
The time (3.2) may be reinterpreted as follows. By the time
the maser has saturated throughout V45, all the free energy has
been converted into electromagnetic radiation. The resulting
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relaxed distribution of electrons drifts out of the source region
of the EB and is replaced by an unrelaxed distribution with
available free energy; the time required is Lgg/v,, i.e., the time
it takes an electron to propagate a distance Lgp. From this
viewpoint fgg is the minimum time which must elapse before
two consecutive EBs can occur in the one localized region. For
reasonable parameters, as discussed below, this time is in the
range 100 us to 1 ms, compared with a saturation time ¢, for
the maser of several microseconds.

b) Energetics of Elementary Bursts

We envisage many EBs occuring simultaneously; the total
instantaneous power radiated through maser emission is the
sum of the powers radiated by each EB. Let this total power
radiated Ey be a fraction # of the total power E released in the
flare:

Eg =nE, B4

Suppose that the flare has an area 4 which defines a number
Ngp of EB flux tubes. On average the number of EBs occurring
simultaneously is

A

Ngg = A_E; . (3.5)
The average power radiated per EB is then
. Eg
Egg = Nep' (3.6)

We now show that equations (3.4), (3.5), and (3.6) are consistent
with a maser operating at an efficiency #.

Let n, be the number density of energetic electrons with
speed = v,. Their energy density is $n,m,v3. In saturated
maser emission this energy is converted into radiation with an
efficiency #’ (equal to the ratio of the free energy density to the
total energy density in the energetic electrons). We deduce
n' = n as follows. By hypothesis we have, for the power in the
flare,

E=4inmv34, (3.7
and, for the energy in an EB,
Egptep = 0'(3nym, v3)(Agp Les) - (3.8)

On inserting equation (3.2) in equation (3.8) and using equa-
tions (3.5), (3. 6), and (3.7), one finds Eg = Ngg Egp = n'E,
implying #' = 7 in view of equation (3.4).

This leads us to a self-consistent picture in which the flare
energy is converted with an efficiency # into radiation through
saturated maser emission in, at any one time, Ngg localized
EBs. The source region of each EB has (a) an area correspond-
ing to 1/Ngg of the total cross-sectional area A4 of the flaring
magnetic loops and (b) a length Lgg at least two orders of
magnitude smaller than the total length L of a flux tube.

¢) Brightness Temperatures

Melrose and Dulk (19824) estimated the maximum possible
brightness temperature T for the maser; here we calculate Ty
for an individual EB. We have

d3k KT,
Slew T

<

(3.9)
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where Wy is the energy density in the radiation, and V, is its
coherence volume:

3
(o VAo o
Ve _<2nc> w AQ ;

AQ =~ 27A cos 6 is the range of solid angles into which the
radiation is directed. From the results of Hewitt, Melrose, and
Ronnmark (1982) we have Aw/w = (v,/c)* and AQ ~ 2n(v,/c)?
sr, so that equation (3.10) reduces to

1/c\3/c\*
) )

with f = w/2n the cyclic frequency.
Assuming that a fraction # of the energy density in the ener-
getic electrons is converted into maser radiation, we have

(3.10)

(3.11)

KTy = ninm,viV, . (3.12)

It is instructive to reexpress equation (3.12) with equation (3.11)
in terms of the growth rate for the maser (Melrose, Ronnmark,

and Hewitt 1982)
L o(@)me
Q \Q,) n v}

KTy on L (3.14)

- 2
m, c? row Q,’

(3.13)
We find

where r, is the classical radius of the electron.

For example, for I'/Q, ~ 10~ 3 (Hewitt, Melrose, and Rénn-
mark 1982), f= 1 GHz, and 5 of order unity, equation (3.14)
implies K Ty/m, c* ~ 10*° or T; ~ 10?° K.

IV. ABSORPTION AT THE SECOND HARMONIC

Maser radiation emitted at the fundamental cannot be reab-
sorbed at the fundamental. This may be seen by considering
how the shape of the resonant ellipse (e.g., as discussed by
Melrose, Ronnmark, and Hewitt 1982; Hewitt, Melrose, and
Roénnmark 1982; Melrose and Dulk 1982a) changes as w — Q,
decreases: the semimajor axis of the ellipse shrinks to zero
(implying that absorption becomes impossible) with its center
remaining essentially fixed. Maser radiation propagating
toward regions of increasing €, is refracted away without expe-
riencing cyclotron absorption. All the radiation emitted at the
fundamental ultimately propagates toward regions of decreas-
ing Q, and should be absorbed at the second-harmonic layer,
where Q, is half its initial value. The geometry of the absorp-
tion region is illustrated schematically in Figure 1.

a) The Absorption Rate

To within a factor of order unity, absorption at the second
harmonic of the cyclotron frequency occurs at a rate per unit
time (e.g., Ginzberg 1964, p. 133; Zheleznyakov 1970, p. 449;
Melrose 1980, p. 276)

2

72~ 22y @1
w
over a bandwidth
‘w, = frw, ‘ 4.2)
with
1/2
pr = (,{f;) . (@3
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The absorption coefficient quoted in the references cited
varies with angle as sin? 6, which could lead one to conclude
erroneously that it is zero for perpendicular propagation.
Actually the usual formulae for the absorption are based on the
nonrelativistic approximation to the resonance condition, and
for nearly perpendicular propagation it is essential to take
relativistic effects into account. One may show that equations
(4.1) and (4.2) are replaced by y, ~ w?/w and éw, ~ f2w for
|cos 8| < Br. The net absorption is proportional to the
product y, dw, and is essentially unaffected. Although equa-
tions (4.1) and (4.2) do not strictly apply for nearly perpendicu-
lar propagation, in practice little error should result from using
them. Put another way, on repeating our calculations treating
the special case of nearly perpendicular propagation, we find
that the net absorption in the second-harmonic layer is the
same as that found using equations (4.1) and (4.2) and ignoring
the angular dependences.

Let the radiation at the second-harmonic layer have a spe-
cific intensity I,, a bandwidth Aw,, and be confined to a solid
angle AQ,. Its energy density is W, = I, Aw, AQ,/c. The
absorption causes W, to decrease at the rate

1 for dw, 2 Aw,
Do s (44)
dt 72721005 oy dw, S Aw, ’
Aw,

(Eq. [4.4] follows from dI,/dt = —y,I, only for radiation
within a range dw, about w = 2Q,.) With Aw, ~ 1w(vy/c)* and
ow, ~ wfr, we expect dw, 2 Aw, for relevant parameters
here.

b) The Heating Rate

The energy absorbed from the radiation goes into thermal
electrons and causes their temperature to increase at the rate

ﬁ___?_z
dat  n,m,c*’

4.5)

where we assume dw, 2 Aw, in equation (4.4). Then equation
(4.5) with equation (4.1) implies

dBr _ 2mry 1, Aw, AQ,

dt m,c w (4.6)

Using the relation

1 f2
T 2m c? KT
between the specific intensity I and the brightness temperature
Ty, equation (4.6) becomes

2
% — i - M %(%)AQZ . (4.7)

In estimating the heating time tg; to KT, ~ m,c? (ie., to
T, ~ 10'° K) we assume f = 1 GHz, Aw,/w = 1072, T = 10?°
K (KTp/m,c? ~ 10'°), and AQ, ~ 1073 for a source (an EB) of
size 30 km by 300 km at a distance 3000 km from the absorp-
tion layer. These numbers give ty; ~ 1 s, implying heating to
3 x 107 K in 0.1 s. Put another way, in 1 ms, which is typical of
the duration tgy of an elementary burst, the heating causes B
to increase by Ay ~ 103, which corresponds to AT, =~ 10° K.

The foregoing analysis breaks down for low temperatures,
specifically for f; < Aw,/w. In this case equation (4.4) implies
an extra factor dw,/Aw, on the right-hand side of equation
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(4.6). It follows that the heating causes T, to increase exponen-
tially at an e-folding rate 2w/Aw, ty, whichis ~2 x 102 s~ ! for
the numbers chosen above. This greater rate of heating at
lower temperatures is not important in the following dis-
cussion.

¢) Role of Collisions

The energy absorbed by the thermal particles goes initially
into a select group of resonant electrons (in a particular region
of velocity space), and it is redistributed among all the elec-
trons only through collisions. The collision frequency is

_4nn,ric

Bz
with the Coulomb logarithm In A of order 20 here. The elec-
tron distribution remains Maxwellian only if v exceeds the

heating rate = f;/ty. Thus the electrons remain Maxwellian
for

InA, 4.8)

ys b (4.9)

ty
and then the energy is absorbed in a time y; ! during which the
radiation propagates a distance

c
~— 4.10

" (4.10)
into the second-harmonic absorption layer (of thickness
~ Ly w/dw, along grad B).

The inequality (4.9) in the form cf;/v < cty may be inter-
preted as requiring that the collisional mean free path be less
than the distance the radiation propagates in a heating time t.
There is another restriction implied by the collisional mean
free path. The absorbed energy goes initially into energized
electrons which propagate along the field lines a distance equal
to their collisional mean free path before their excess energy is
thermalized through collisions. Radiation with a bandwidth
Aw, is absorbed over a distance x~(Aw,/w)Ly along the field
lines. We require

L

abs

Aw,
w

i< Ly, @.11)

Ay = cPr/v = Bt/dnn,riIn A, 4.12)

for the thermalization of this energy to be localized in the
absorption region. The discussion of the heating given above is
valid only when inequality (4.11) applies.

Before discussing the implications of inequality (4.11) not
being satisfied, there is one interesting possibility worth men-
tioning: in principle intense narrow-band radiation can “burn
a hole” in the absorption layer and escape through it. A
“hole” is formed when all the resonant electrons gain energy
and move from the resonant to a nonresonant region of veloc-
ity space. For such a hole (in velocity space) to lead to escape of
radiation it must (a) exist everywhere (in coordinate space)
along the ray path through the absorption layer and (b) be
formed in less than a collision time. A semiquantitative
analysis leads one to conclude that such a hole could form
under conditions considered here, but only for radiation with a
bandwidth Aw/w < . This final proviso is not adequately
satisfied for maser radiation.

d) The Final Temperature

As the heating proceeds, f; increases, and the left-hand side
of inequality (4.11) increases proportional to 3. At a sufficient-
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ly high temperature inequality (4.11) must cease to apply.
Further heating then leads to deposition of energy in a region
whose length along the field lines is A, rather than (Aw,/w)Lpg,
and this length increases as f% The rate of temperature
increase then slows dramatically. Let V,, be the volume of
heated plasma: we have V,, oc A, for A, > (Aw,/w)Lg. Hence
an energy E absorbed leads to a temperature

E E, Ap < A—;Ul Ly
KT, =~ @.13)
e " hot E1/3 i )vf > A:L))Z LB

On the basis of equations (4.13) we conclude that the tem-
perature corresponding to A, = (Aw,/w)Lg, ie.,
KT, A 112
- cez > <47r In A % nergLB> ,

e

(4.14)

is a characteristic temperature beyond which heating becomes
less effective in increasing T,. For Ly = 3 x 10° km and n, = 3
x 10'° cm ™3, this temperature is 107 K, increasing to 3 x 107
K for n, =3 x 10'! cm~3. Such temperatures are character-
istic of the soft X-ray emitting plasma.

V. INTERPRETATION OF OBSERVATIONAL FEATURES

Observed features of soft X-ray sources include their time
developments, sizes, line widths, and shifts and their intensities
(implying emission measures). Here we comment on the inter-
pretation of these features in terms of the RF heating model
and in terms of an evaporation model.

a) Rapid Heating

In the impulsive phase the intensity of soft X-rays rises
rapidly, in ~10 s (Doschek 1983) and varies roughly as the
time-integral of the intensity of the hard X-rays (Tanaka et al.
1982). The latter feature suggests that the soft X-ray plasma is
heated either directly or indirectly by the electrons which
produce the hard X-ray emission. With the RF heating model
the causal connection is through the maser-generated RF radi-
ation. The time delay between the hard X-rays and the soft
X-rays is the time required for the heating of the soft X-ray
emitting plasma. This can be quite short in small volumes (0.1 s
is estimated in § IV), but in the overall soft X-ray source it is
limited by energetic considerations to about 10 s. The time
delay expected with an evaporation model is short if the heated
chromosphere radiates in situ. However, soft X-rays appearing
promptly high in the corona are difficult to explain in terms of
evaporation from the chromosphere to great heights.

b) Source Sizes

There is evidence that soft X-ray sources are larger than
hard X-ray sources (Duijveman, Hoyng, and Machado 1982);
certainly the lower frequency microwave sources, representing
the locations of the lower energy electrons, are larger than
those at higher frequencies (Marsh and Hurford 1982). If the
heating of the soft X-ray plasma is a secondary process (and
not due to local dissipation of magnetic energy, for example),
then these data imply that the energy is transported across field
lines. In an evaporation model the region of the chromosphere
which is heated is in the same flux tube as the precipitating
electrons which produce the hard X-rays. It is difficult to see
how the soft X-ray source can be larger than or displaced from
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the hard X-ray source. On the other hand, the RF heating
model accounts naturally for transport of energy across field
lines.

¢) Plasma Motions

The observed soft X-ray emitting plasma has upward
motions which can reach several hundred kilometers per
second, and there are also turbulent motions at speeds up to
~300 km s~! (Doschek et al. 1980; Antonucci et al. 1982;
Tanaka et al. 1982). Here we argue that these motions can be
caused by localized heating leading to rapid expansion at up to
the ion sound speed v, &~ 300T%/? km s ™! with T, = T,/10” K.
First, however, we show that an alternative suggestion can be
ruled out: this is that the motions are due to momentum trans-
ferred from the maser radiation itself.

The maser emission is directed at an angle § to B, and a
momentum component (E/c) cos 6 along B is transferred to the
absorbing electrons when an energy E is absorbed. Let p be the
plasma density. Assuming that the ions move with the elec-
trons, a heated region of volume Vattains a speed

_Ecosf

Ve (5.1)

The electrons are heated to a temperature such that n, KT, V
equals E, and then p = m;n, and v, = (K T,/m;)'/? imply
2

v= Ec— cos 0. 52)

This speed is always < v, and so cannot account for motion at
;.
d) Expanding Hot Regions

The absorption of the maser radiation due to very many EBs
is likely to lead to inhomogeneous heating in the second-
harmonic layer. Suppose a localized region is heated much
more than its surroundings. Then the heated electrons tend to
propagate out of this region. Charge balance requires either
that the escaping electrons drive a return current or that they
drag the ions with them. A return current involves cold elec-
trons flowing back to replace the escaping electrons in the
heated region. One expects a return current to balance the
direct current only when the direct current flows into a region
where the density of cold electrons is much greater than that of
hot electrons. Otherwise, to balance the direct current, the cold
electrons would need to flow so fast that they would excite
microinstabilities. When the supply of cold electrons is inade-
quate in this sense, the hot electrons must drag the ions with
them to maintain charge and current neutrality. This leads to
expansion of the locally overheated region at up to v, ~ 300
km s~ !, which is the relevant sonic speed in the present context
(i.e., for hot electrons and colder ions).

The RF heating model leads one to expect turbulent
motions in the heated region at up to the ion sound speed, and
this is consistent with the motions inferred from observation.

e) The Volume Heated

There is no problem in principle with the RF heating model
in accounting for the required energy and power transfer to the
soft X-ray emitting plasma. However, to account for the
observed emission measure, the volume heated must be quite
large, and this requirement is not automatically satisfied. Emis-
sion measures between 10*® and 10°° cm ™3 have been esti-
mated (Antonucci et al. 1982; Tanaka et al. 1982), and, as
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summarized in Table 1, densities vary from 10°-10!° ¢m 3
before the flare to 10''~10'% cm ~3 after the flare. Volumes up
to 10%¢ cm ™3 are implied.

The volume of plasma heated at the second-harmonic layer
may be estimated in two superficially different (but actually
equivalent) ways for a given EB. First, the region irradiated by
a single EB is an annulus of height AOL, at a distance Ly (from
the maser source) and hence of area 2rA0LZ. Radiation with a
bandwidth Aw is absorbed over a distance (Aw/w)Ly in which
Q, changes by Aw. This gives a volume

8V =~ 2rnd0 % L3. (5.3)

The alternative method for estimating SV is to equate the
energy absorbed 6Vn, m, c*AB% with the energy Egg in an EB.
Using detailed results derived in §§ III and IV, this method
reproduces equation (5.3).

For Lg=3 x 10® ¢cm, A0 =0.1, and Aw/w = 1072, the
volume 8V is of order 102* cm?, which is too small by a factor
~1073 This is because the volume heated must be the
envelope of a large number of smaller volumes 8V heated in
individual EBs. Suppose the maser operates over a range of
heights in the source region, and hence over a range AQ, of
cyclotron frequencies, and that in the source region the local
direction of B varies over a wide range of angle Ay. Then the
total volume heated is

AQ,
Q,
With AQ,/Q, ~ 1 and Ay ~ 1, equation (5.4) gives éV ~ 10%°
cm?for Ly ~ 3 x 108 cm.

With these assumptions we can account for a sufficiently
large volume of heated gas.

Vi ® T Ay L} . (5.4

VI. DISCUSSION

Our purpose here has been to investigate the details of an
RF heating model (Melrose and Dulk 1982b) for soft X-ray
emission in flares. The basic model involves cyclotron maser
generation of RF radiation which is subsequently absorbed at
the second harmonic, i.e., in a region where the cyclotron fre-
quency is half its value in the source region. The following
points have been discussed.

1. The maser operates in localized regions for short dura-
tions, leading to radiation in the form of many elementary
bursts (EBs). Each EB comes from a source with a height
Lgp = (Aw/w)Lg, where Aw/w is the relative bandwidth of the
maser emission, and Ly = B/|grad B]| is the scale length over
which the magnetic field changes in magnitude, a duration
tes & Lgg/vo and an area Agp ~ m(ctgy)?. For example, for a
small flare from a loop of length ~1 arcsec (Marsh and
Hurford 1982), corresponding to a flare with an area
A~ 3 x 10'® cm?, we would expect Ly ~ 300 km, and then
Aw/w = (vy/c)* =~ 1072 (Hewitt, Melrose, and Rénnmark
1982) implies tgy = 100 ps, Agg ~ 3 x 103 cm?, and Vi =
Lgg Agg = 10'° cm®. For the maser to operate efficiently there
would be Ngp = A/Agz ~ 3 x 10* EBs occurring simulta-
neously, and to produce a total power E = 10?7 ergs s~ !, each
EB would radiate a power Egz ~ 3 x 1022 ergs s~ and a total
energy Egg ~ 3 x 10'® ergs. For a larger flare, say 4 ~ 10'8
cm and Ly ~ 3000 km, these numbers would be replaced by
tgp & 1 ms, Lgg ~ 30 km, Agg & 3 x 10'° cm?, Ngg ~ 300,
Egg ~ 3 x 10*7 ergss !, and Egy = 3 x 10**ergs.
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2. The brightness temperature of the maser radiation may
be estimated using equation (3.14) for each EB. This implies
Tz ~ 102°K.

3. The available free energy in the source region is radiated
away as a result of the continual reestablishment and reduction
of an upward-directed loss-cone anisotropy. The establishment
has been discussed by White, Melrose, and Dulk (1983) in a
model with continuous injection, and the reduction is due to
the operation of the maser.

4. The energy in each EB is absorbed in a second-harmonic
layer, i.e., where the cyclotron frequency is half its value in the
source region. In the absorption volume for a given EB the
temperature is increased only slightly (by AT, ~ 10° K) for
each EB. The overall heated region is the envelope of the
absorption volumes for very many EBs.

5. Temperatures in excess of a characteristic value of a
few x 107 K are difficult to achieve since the collisional mean
free path grows and eventually exceeds the nominal dimension
of the absorption volume, and then distributes the energy
through a larger volume.

6. Turbulent motions are attributed to expansion at up to
the ion sound speed v, of localized regions which are heated
more rapidly than their surroundings.

In this model the gross energetics are taken into account by
adjusting the rate at which EBs occur. With a postulated (and
plausible) high efficiency of energy transfer from precipitating
electrons to maser radiation and effectively 100% efficiency of
conversion of this radiation into heat at the second-harmonic
layer, there is no difficulty in principle in accounting for the
energetics of soft X-ray emission. Particularly favorable fea-
tures of the RF mechanism include the very short time scale
(~10 s) in which heating to 2-3 x 107 K can occur, and the
efficient transport of energy across field lines.

One feature which at first glance favors an evaporation
model is the apparently large increase in density of the soft
X-ray emitting plasma as a flare develops. Actually our model
contains an element of evaporation because the parallel energy
of the electrons in the flaring flux tubes is enough to “ boil off ”
part of the chromosphere. At other locations, where RF
heating occurs in a region with initial density 10° cm 3 say,
downward conduction from the heated region would cause
plasma to evaporate off the chromosphere. In the absence of
spatially resolved observations we do not know whether the
blueshifted components of soft X-ray lines originate mainly in
the flaring flux tubes or in all parts of the soft X-ray source.

A necessary condition for RF heating is that electron-
cyclotron maser emission be efficient. This should occur for
®,/Q, <503 when the maser operates in the fundamental
x-mode. For w,/Q, 2 0.3 it is likely that the z-mode is the
dominant mode of the maser, and then escaping radiation can
be produced at the second harmonic by coalescence of two
z-mode waves (Melrose, Hewitt, and Dulk 1984). This may be a
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more favorable mechanism than direct maser emission at
~2Q, for production of microwave spike bursts (cf. Melrose
and Dulk 1982a). Our discussion here presupposes w,/Q, < 0.3
in the source region. However, many features of the model may
continue to be relevant for w,/Q, 2 0.3. Then a significant frac-
tion of the energy may go into radiation at 2Q,, most of which
would be absorbed at the third-harmonic layer. A different but
related point is that maser emission can occur for downgoing
electrons (White, Melrose, and Dulk 1983) and can lead to
emission at w < Q, (in the z-mode or the o-mode) as well as at
o > Q.. Modifications to the maser mechanism as discussed
here may be needed and are currently under investigation.

One further point concerns the possible increase in @,/Q, in
the flaring region due to an increase in plasma density. Such an
increase is inferred in the soft X-ray source and may also occur
in the flaring flux tubes themselves. An increase in @,/Q, from
less than 0.3 to greater than 0.3 will suppress the dominant
fundamental emission, and a further increase to 21.0 will
suppress the maser emission entirely. The electrons may then
remain trapped for a longer time, but this is not obviously the
case because, associated with the density increase, there is an
increase in the collision frequency, and collisions can cause
them to precipitate or to become a “coronal hard X-ray
source.” We have not explored this point in detail.

Another point which we need to discuss is the assumption
that the acceleration mechanism for the 10-100 keV in a flare
does not lead to highly collimated electrons. For stochastic
acceleration mechanisms there is no reason to expect the elec-
trons to become anisotropic. Indeed the only mechanism
which might be expected to lead to collimated electrons is
acceleration by a parallel potential drop, e.g., as in a double
layer. However, in the case of auroral electrons, which are
thought to be accelerated in this way, a substantial perpendicu-
lar component remains, and indeed it is just these electrons
which are thought to produce the auroral kilometric radiation
by the cyclotron maser mechanism we invoke here (Wu and
Lee 1979; Moser et al. 1980). Thus one expects the accelerated
electrons to have a substantial perpendicular energy and part
of this energy to become available as free energy to drive the
maser.

It is of interest to examine the most recent observations in
order to test the predictions of the present RF heating theory.
Signatures of RF heating which would distinguish it from
evaporation are (i) transfer of energy across field lines, and (ii)
heating which correlates with the hard X-ray emission with a
short (~ 10 s) time delay.

Part of this work was supported by NASA’s Solar Terres-
trial Theory and Solar Heliospheric Physics programs under
grants NSG-7287 and NAGW-91 to the University of Color-
ado.

REFERENCES

Antonucci, E., et al. 1982, Solar Phys., 78, 107.

Brown, J. C., and Smith, D. F. 1980, Rept. Progr. Phys., 43, 125.

Culhane, J. L., et al. 1981, Ap. J. (Letters), 244, L141.

Doschek, G. A. 1983, Solar Phys., 86, 49.

Doschek, G. A., Feldman, U., Kreplin, R. W., and Cohen, L. 1980, Ap. J., 239,
725.

Duijveman, A., Hoyng, P., and Machado, M. E. 1982, Solar Phys., 81, 37.

Feldman, U., Doschek, G. A., Kreplin, R. W., and Mariska, J. T. 1980, Ap. J.,
241, 1175.

Gabriel, A. H., et al. 1981, Ap. J. (Letters), 244, L147.

Ginzburg, V. L. 1964, Propagation of Electromagnetic Waves in Plasmas
(Oxford: Pergamon Press).

He;;it‘h‘ 7R G., Melrose, D. B., and Ronnmark, K. G. 1982, Australian J. Phys.,

Hoyng, P., et al. 1981a, Ap. J. (Letters), 246, 1.155.

. 1981b, Adv. Space Res., 1,267.

Hoyng, P., Marsh, K. A, Zirin, H., and Dennis, B. R. 1983, Ap. J., 268, 865.

Marsh, K. A, and Hurford, G. L. 1982, Ann. Rev. Astr. Ap., 20, 497.

Mtla?!roseil D. B. 1980, Plasma Astrophysics, Vol. I (New York: Gordon and

reach).

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1984ApJ...282..308M&amp;db_key=AST

J. . 2827 Z308M

R

rT982A

No. 1, 1984 CORONAL PLASMA DURING FLARES 315
Melrose, D. B., and Dulk, G. A. 1982a, Ap. J., 259, 844. Tanaka, K., Akita, K., Watanabe, T., and Nishi, K. 1982, in Proceedings of
. 1982b, Ap. J. (Letters), 259, L141. Hinotori Symposium on Solar Flares (Tokyo: Japan Inst. Space Astronauti-

Melrose, D. B., Hewitt, R. G., and Dulk, G. A. 1984, J. Geophys. Res., 89, 897. cal Sci.), p. 43.

Melrose, D. B, Ronnmark, K. G., and Hewitt, R. G. 1982, J. Geophys. Res., 87, Tsuneta, S., et al. 1982, in Proceedings of Hinotori Symposium on Solar Flares
5140. (Tokyo: Japan Inst. Space Astronautical Sci.), p. 130.

Moser, F. S, Cattell, C. A, Hudson, M. K., Lysak, R. L., Temerin, M., and White, S. M., Melrose, D. B., and Dulk, G. A. 1983, Proceedings of Astr. Soc.
Torbert, R. B. 1980, Space Sci. Rev., 27, 155. Australia, 5, 188.

Ohki, K., et al. 1982, in Proceedings of Hinotori Symposium on Solar Flares Wu, C.S., and Lee, L. C. 1979, Ap. J., 230, 621.
(Tokyo: Japan Inst. Space Astronautical Sci.), p. 102. Zheleznyakov, V. V. 1970, Radio Emission of the Sun and Planets (Oxford:

Pergamon Press).

G. A. Durk: Department of Astrophysical, Planetary and Atmospheric Sciences, Campus Box 391, University of Colorado,
Boulder, CO 80309

D. B. MELROSE: School of Physics, University of Sydney, Sydney, NSW 2006, Australia

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1984ApJ...282..308M&amp;db_key=AST

