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SUMMARY. Electron cyclotron maser instability has been
suggested as the cause of the observed short (10-20
msec), intense (~ brightness temperature = 10!5 K) and
up to 100% polarized microwave solar emission. It is
shown that plasma effects and thermal cyclotron
damping, ignored in previous theories, play an
important role in controlling the frequency range of
the emission. The radio emission is suppressed for
we/ne ratios (me and @ are the plasma and the
cyclotron frequencies) smaller than O.4. An
examination of the cyclotron damping, reveals that the
maser action is suppressed unless a large fraction
(i.e. over 10%) of the accelerated electrons
participates in the emission process.
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I. INTRODUCTION

Cyclotron-maser from unstable velocity
distributions has been suggeéted as a possible emission
mechanism for radio bursts (Twiss and Roberts, 1958;
Fung and Yip, 1966; Ramaty, 1969; Mangeney and Veltri,
1976; Stepanov, 1978). The interest in cyclotron-maser
emission has been renewed (Holman et al., 1980; Melrose
and Dulk, 1981) by a number of high time resolution
observations at cm wavelength (Slottje, 1978, 1980;
Kaufman et al., 1980), revealing the existence of high
brightness temperature (< 1015 K) , strongly polarized
(= 100%) spikes with time duration = 10 msec. On the
contrary, microwave observations with time resolution
2> 10 secs have a smooth time profile, duration 2-5 min,
are partially polarized (103530%) and their brightness
temperature is less than 10° K (see Kundu and Vlahos,
1982). It appears from Figure 1 that the "spikes”
observed with high time resolution are superimposed on
the "smooth” component observed by the low time
resolution telescopes. The "smooth" component of the
burst has been interpreted (Ramaty, 1969; Takakura,
1972) as the result of gyrosynchrotron emission from
the mildly relativistic electrons released in the flare
and trapped in a magnetic loop with we/ﬂe «1.
Holman et al. (1980) and Melrose and Dulk (1981)
suggested that the trapped electrons could form a loss-—
cone velocity distribution at the foot of the magnetic
loop and drive a cyclotron—maser instability resulting
in the observed high brightness temperature spikes.
While this scenario seems very attractive, it suffers
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from a difficult problem which has motivated this
study.

The problem can be understood by noting that the
observed power depends on two factors; the strength of
the generating instability and the absorption which
occurs in its propagation path towards the observer.
The growth rate calculations reported by Melrose and
Dulk (1981) have ignored the ambient plasma effects, by
taking the ratio (welﬂe) + 0. In this case the ratio

of the growth rate of the maser instability for the
first harmonic w =~ Q_, (y,), to that of the second
harmonic w =~ 2Q , (Yg), is of the order of = 100.

One would therefore expect no emission in the second
harmonic, since the energy will be depleted quickly by
first harmonic emission. (Note, that even for one
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Fig. 1. (a) Flux density of left (LCP) and right
(RCP) circularly polarized components of the solar
burst of 1978 April 11 observed by Slottje (1978). (b)
An expansion of the portion shown by an asterisk in (a)
show clearly that the spikes are irregular in time with
no obvious pulsation frequency.
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growth time of ZQe , the ratio of the intensities will
be (I, /12‘2 ) = el00,  However, since the radiation
e e

propagates towards weaker magnetic fields the first
harmonic will be strongly absorbed in the 29e layer and
will not reach the observer. A possible resolution of
the above dillema would require conditions relevant to
the loops that could suppress the first harmonic
emission, so that (yl/yz) < 1. In this case emission

occurs at 292, without being affected by the ne

growth. As will be shown in section 3, waves with
frequency w > 20 are very weakly absorbed at the 32,
layer and can therefore reach the observer. It will be
shown below that the previously neglected plasma
effects (i.e. (we/ne) small but finite), actually

reverse the ratio (yl/yz) from (Yllyz) > 1 for
(Qe/me) > 10 to (Yl/yz) 5 1 if (ﬂe/we) < 3.0.

In the next section we discuss the flare model
used in our calculation and the importance of plasma
effects in the relative growth of the first and second
harmonic. Section III discusses the gyrothermal
absorption from a flaring loop. We emphasise the role
of the magnetic field topology on the absorption or
amplification of the waves emitted close to the
harmonics and propagate out of the loop. Section IV
examines the conditions under which high brightness
sources in the Solar Atmosphere can be interpreted as
the result of cyclotron-maser instabilities. The final
section summarizes our results and assesses their
importance in explaining the high time resolution
microwave bursts.

II. IMPORTANCE OF PLASMA EFFECTS

a. The Model

We consider the flaring loop as a possible cause
for the release of energetic electrons in a flare (see
Vlahos and Papadopoulos, 1979; Emslie and Vlahos,
1980). Electrons locally accelerated inside a loop,
stream towards the lower atmosphere. A portion of
these electrons is reflected above the transition
region and trapped inside the loop, while the rest are
precipitating in the upper chromosphere losing their
energy to collisions with the cool and dense plasma
(see Figure 2).

We can approximate the distribution of the
electrons away from the acceleration region, by a field
aligned beam of the form

1 321y ("n""b)z vlz
v v = G =3 () expl- [—F— +—3I]
a o 2a 2a
1)

where a is the thermal spread of the beam, b is the

beam velocity, and v, and v, refer to velocities along

and perpendicular to the magnetic field, n, and n, are
the densities of the beam and the background plasma.
The distribution function for the reflected electrons
can be approximated by

v
L

+ 2]H[vl-vu/o]
2a

(2)
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where H is a step function which takes into account the
loss cone anisotropy, o is the mirror ratio defined as
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Fig. 2.
of a symmetric magnetic loop.
locally at the weak magnetic field part of the loop
(e.g. at the top) and stream towards the foot where the
magnetic field is strong.

A model for the magnetic field configuration
Electrons are released

1/2
max
g = [B - 1] > -
min
and B and Bmi are the magnetic field strength at

the bottom and at the top of the loop. For numerical
estimate we use the following parameters as typical of
the flaring loop: Bmax = 500G, B = 100G,

min
(vb/c) = 1/3, (v,/a) = 3.0. Integrating equ. (2) we
can find the number of reflected electrons (nr/n ) as a
function of ¢ (Figure 3). We assume here that the -
total number of elecsfons in the beam is n . /n_ = 10
since for n /n0 > 10 © (Vlahos and Papadopoulog, 1979)
the beam wi?l quasilinearly relax close to the

acceleration source and never reach the foot of the

loop. Note also, that nb/n = 10 2 represents the
total number of electron at the tail of the local
Maxwellian (v > 3 Ves Ve being thermal velocity of
electrons) in the acceleration source. A small
electric field in the energy release region e.q.
E/ED < 0.1, where E; is the local Dreicer field, can
easily accelerate these electrons to 30-50 KeV. We
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Fig. 3. The number of reflected electrons as a
function of the mirror,ratio c. We asume an isotropic

beam with nb/no =10 ~ and Vi/a * 3.
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finally assume that the length of the loop is

8
E 109 cm and its minor radius is = 10 cm. The loop
is assumed to be twisted inside and the magnetic field
and plasma density outside are assumed smaller.

b. Plasma Effects

Before presenting detailed numerical results for
the distribution function given by equ. (2)
demonstrating the importance of retaining a finite
(w /Q ), we demonstrate the important physical effects
by considering the maser cyclotron instability driven
by a model distribution of the type

(1/2nvl) nré(vu-V") G(VL—VL). As is well known, the

instability is driven by the transverse free energy

2

(1/2) nm Vl
of the electron mass in velocity (Chu and Hirshfield,

1978; Sprangle and Drobot, 1977; Wu and Lee, 1979). To

first order in (V2/c2) (i.e. for mildly relativistic
electrons) the resonance condition is given by

and requires the relativistic dependence

VZ
wr-nQe(l —-——E) - k“V" =0
2c

(3.a)

w, is the real mode frequency, which in the weak
coupling case, such as the present, should correspond
to a propagating eigenmode of the ambient plasma.
Therefore

w, > W (3.b)

where w_ is a cutoff frequency.
(3.b) we find

From equs. (3.a) and

v? 2.1/2

kv +n52(1-—)>2[ﬂ +(9 +4w)
2c

. 1@

For the first harmonic and in the limit that

(w /2 ) » 0, there is no problem satisfying this
condit¥on. However, as (w /2 ) + 1, this condition
cannot be satisfied anymoreeans the instability is
suppressed for n=1, since the beam can couple
resonantly only to reactive (i.e. evanescent) modes.
It is easy to see from equ. (4) that there is no such
problem for the higher harmonics.

We estimate the relative growth of the YI/YZ as a
function of we/Q in 0~ and X-mode by using the full
dispersion relStidn given by Baldwin et al. (1969) and
following the calculation of Lee and Wu (1980), for the
velocity distribution given by equ. (2). The
dispersion relation includes the influence of the
background plasma, as well as the effect of
electrostatic fields on the growth rate for both the
fast extraordinary mode (X-mode) and the ordinary mode
(0-mode) (see Appendix).

The results of our numerical calculations are
shown in Figures 4 and 5. In Figure 4a we show the
growth rate as a function of frequency near

2, 2, for we/ﬂe = 0.1 and maximized with respect

to angle or equivalently (k“/k). In comparing these

results with respect to the limit (we/ﬂe) + 0 taken by

Melrose and Dulk (1981), which gave (Yl/yz) = 100, we
note that although the plasma effects are not yet very
important the ratio (y,/y,) has been reduced by an
order of magnitude. Figuré 4b is similar to 4a but for
we/ﬂe =~ 0.6, It is found that the first harmonic has
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Fig. 4. (a) The variation of max/Qe) X (n /n )

for the first and second harmonic X-mode as a funccion
= = 2, k = 0.1

of (mt/Qe) for (c/a) = 9, 0 = 2.0 and la/ﬂe

(we/ne) = 0.6,

parameters are the same as for figure a.

and (b) the same for and other

a smaller growth rate than that of the second. In
Figure 5a we plot the maximum growth rate as a function
of me/ﬂe. We find that for (me/Qe) > 0.4 the

second harmonic X-mode has larger growth than the
first. In Figure 5b we plot the maximum growth for the
first and second harmonic for the O-mode. The
conclusion is that for w /Q > 0.4 the fastest
growing mode is the first®hafmonic O-mode but its
growth is comparable to the growth rate of the second
harmonic X-mode. The first harmonic O-mode becomes
evanscent for w /Q > 1.025 and growth rates

vanishes. We diScuSs next the saturation mechanism and
the implications of the relative growth between the
harmonics.
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Fig. 5. (a) Shows the variation of

(Ymax/ne) X (no/nr) as a function of the ratio we/ﬂe
(vb/a) =3, (c/a) =9,
It is found that for

for the following parameters:
¢ = 2.0, kJ.a/Qe = 0.1,
we/ne > 0.4 the second harmonic grows faster than the

first harmonic for X-mode. The third harmonic has a
relatively smaller growth rate. (b) Shows the same
variation for O-mode and for the same parameters. In
this case 1lst harmonic has larger growth rate than the
2nd harmonic for X-mode. The second harmonic for O-
mode grows very slowly as compared to the first one.

c. Quasilinear Saturation of the Electron
Cyclotron Maser

The amplification of the radiation is due to the
presence of a positive slope in the velocity
distribution function perpendicular to the magnetic
field. The electromagnetic waves driven by this
velocity anisotropy can pitch angle scatter the
reflected electrons into the loss cone as the electrons
move away from the reflection point, in the foot of the
magnetic loop. We examine below the saturation of the

cyclotron maser on the basis of the one-dimensional
quasilinear equation (Wu et al., 1981)

8fr 1 5 Bft
TR TR MM TR (5)
ot v avl 1 1 avl
de
Fr el 2y g (6)
and
4n2e2 3 v2
D = —m2 [d7x g Slu 2 (1 - —Zcz) - kv,] [@))

where Dl is the diffusion coefficient and €k the wave

spectral density, and y is the growth rate of the
fastest growing mode. We can solve the above equations
to find the time and wave amplitude at the point where

(afr/av ) = 0. We can do these calculations by using
the velocity distribution given by equ. (2) but the
results are numerically involved and the answer not
very different (a factor of 3-5) from the results
obtained from Wu et al. (1981). In the later case f
was approximated by the difference of two Maxwellians
with different perpendicular energy. The saturation
level is given by the equation

* (=) (—) X
7= D GO 1 (8)

-2
For wg = Qe’ (k"a/ne) = 5x10 © we find that

Vs "2 X
5 = 5x10 (1) (9
noma e

We can parenthetically remark at this point that
another simple way to estimate the upper limit for the
saturation level is from the total free energy (WF)
available in our "excited” distribution fr (see Wu et
al., 1981)

31 2 3
Wp = [ dv G =3 TOf (10)
where T is the effective temperature defined by
m 2/3 2 3
T =% exp(-1 3 [d v nf ). (11)

We found that Wp is not very different from Ws given by
equ. (8), (this was also the case in the Wu et al.
(1981) calculation).

We can now use equ. (8) to estimate an approximate
saturation time. The mode which saturates the
instability grows as

I, = I exp(y;t)) (12)
where t is the saturation time, at saturation
ws
Yt = lan ( 2)l (13)
n ma
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If the plasma effect are ignored and YI/YZ ~ 100 the
intensity in the second harmonic will be given by

I, = I, exp(y,t ) (14)
Using equ. (13) in equ. (1l4) we find
Y2
12 ~ IO exp(B ;I) (15)

where g = Izn[WS/n maz]l. Thus we can easily
conclude that for ?2/71 ~ 1/100 and B = 5-8, 1, will

barely grow above the thermal noise level.

III. THERMAL DAMPING AND GYROTHERMAL ABSORPTION FROM

FLARING LOOPS

In estimating the growth rates plotted in Figures
4 and 5, we assumed that the background plasma was cold
(Tg = 0). 1In this section we relax this assumption and
use the full dispersion relation to estimate the
damping (see Appendix). The total velocity
distribution at the foot of the loop is taken as

£(v),v) = £ 00) + £ V) + £V ,v) (16)

where fy is the local Maxwellian, fb and ft are given
by equations (1) and (2) and represent the local
population of precipitating and reflected electrons.

Since fb is isotropic in vl we ignore its presence in

our present study. The real part of the dispersion
relation is not affected by the local Maxwellian
distribution but the imaginary part will be influenced
by the local Maxwellian and ft. The total growth rate
is

’n)/ﬂ a7n

where y, is the growth rate plotted in Figure 5 and
Yp n the thermal damping of the excited cyclotron
»

mode. Equ. (17) gives a threshold condition for the
excitation of the instability.

In previous studies the damping from the radiating
layer was ignored (Holman et al., 1980, Melrose and
Dulk, 1981). This is correct only if the frequency
shift Aw >> k v so that the radiation emitted at w

e
= nQ, + Aw escapes the resonant absorption from the nﬂe
layer and the only relevant is the absorption from
the (n + 1)9e layer. (Stepanov (1978) has also
discussed the damping from the background plasma for

waves with (k" = 0), but we found in our analysis in
Section 3 that the y, maximizes for kII # 0. , thus we

repeated the calculation for Yp.n again here). In
Figures 6 and 7 we demonstrate that the assumption of
Holman et al. (1980) and Dulk and Melrose (1981) is
incorrect since each harmonic cease to be a line around
nQ, for Te # 0, and in fact for temperatures

T, 2 2.100 K, the damping can easily overcome growth,
stabilizing the system. We demonstrate these in

Figures 6 and 7. In Figures 6a,b we plot the thermal
damping for X- and O-modes at the point at which the
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Fig. 6. The thermal damping in the first harmonics as

a function of (we/Q ). (a) for the X-mode (b) for
the O-mode. T =°2.0x 10° K, while the other
parameters (w_/9 , k /k e.t.c) are the same as in

r e ]
Figure 5.

growth rate maximizes (e.g. we plot y for the same
values of (k /k) and (w /Qe). We asstme that the
initial temperature in Ehe flaring loop is close to the

coronal temperature (= 2x106 K). For first harmonic
O-mode, the damping for (w_/Q ) 2 0.78 reduces
significantly and therefore®effective growth rate for
first harmonic O-mode is about twice to that of second
harmonic X-mode for 0.78 < (we/ﬂe) £ 1.02. In Figure

7a,b we plot the yefflne given in equation (17) as a

function of melﬂ assuming that n /no =~ 10 2 (e.g.
total trapping of the energetic elecfrofs in the
beam). Comparing Figures (5) and (6) we can easily
show that the second harmonic X-mode can have an
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effective growth larger than zero only if

(n_/n ) > 4x10 3 which is close to the number of
electrons we predict that will be reflected from
Figures 3 if ¢ 2> 2. From Figures (6) and (7) we can
immediately see that the first harmonic in the X-mode
is damped and the growth rate in the other harmonics is
reduced. Before estimating the total power emitted
from the cyclotron-maser in the flaring loop it is
important to discuss the pecularities of the flaring
loop model in relation to the thermal absorption of
waves emitted at nQ_+ Aw and absorbed from the
(n+l)9e level. €

The thermal damping of electromagnetic waves
propagating out of the corona in a magnetic field
topology which decreases away from the sun”s surface
has been discussed extensively by Zheleznyakov
(1970). His results are correct for oblique
propagation in a homogeneous stratified atmosphere.
Stepanov (1978), recently repeated these calculations
for waves propagating perpendicular to the magnetic
field (kIl = 0) and found that the' thermal absorption

at (n + 1)Q_ level is reduced by one to two orders of

magnitude; Ehat is, the angle between the

electromagnetic wave and the magnetic field plays an
important role in the absorption. These calculations
should be further extended to include the escape of
electromagnetic waves from an active region where the
magnetic field is concentrated in loop-like magnetic
structures and falls off quickly away from the loop.
This analysis requires a simple model for the magnetic
and plasma structure of the loop. We present below a
qualitative picture of the gyrothermal absorption from
a flaring loop for a specific model of a force free
flaring loop. Sturrock and Uchida (1981) have given
simple expression for the magnetic field

B(Br,B¢,Bz) which are solutions of the force free

equations for (r/L) << 1, where r is the minor radius
and L is the length of the loop, given below

B(r,2) = B (2)- (L B_"(z) + szo(z)] 2
B(r,z) = - % BI(2) (18)
B¢(r,z) = b Bo(z)r

and b is constant. The magnetic structure given in eq.
(18) serves only to illustrate our qualitative
arguments below. In a flaring loop, by definition, Bz,
Bys and B, are very different from the ones given in
eq. (18), e.g. the twist of the magnetic lines is
larger. In Section 2 we adopted a scale length of a
compact flaring loop as = 109 cm along z and 10° cm
along r. Using this geometry we can draw the resonance
layers for any single frequency observation (e.g. for
f = 3GHz the resonant layers for the first three
harmonics are drawn in Figure 8). The width in these
lines represents the bandwidth in the emission or the
bandwidth in the receiver, whatever is larger. We may
now make several comments related to the absorption of
the electromagnetic waves emitted close to nQ, in a
flaring loop:

a. For frequencies f > 3GHz the first harmonic
layer corresponds to a magnetic field B > 1000 Gauss,
which is (according to our initial model) below or very
close to transition region where of course T_ decreases
but the collisional damping (not included in our
calculation) increases dramatically.

b. An electromagnetic wave emitted from the layer
nQ_ with an initial angle ¢y will approach the (m+l)Q
layer at a different angle ¢, since the magnetic f1e1d
is changing as a function of (z,r). At the
level (n + 1)@ the energy carried by the wave will be
damped or amplffied depending on the value of Yeff at
the specific point (e.g. see Figure 8). We believe
that in a flaring loop the structure of the 2, layers
changes dynamically and in so doing ¢,, ¢, and Yef
which determine the total power escap}ng %rom the {oop
(for the cyclotron maser as well as for the
gyrosynchrotron radiation) also changes. The
analysis of the role of the magnetic field geometry in
the microwave radiation escaping from the loop is
currently in preparation.

c. Waves around nQ, emitted with large ¢, will
cross the layer (n + 1)Q at the edge_of the foop
where LB =~ B(r)(dr/dB) 1§ small (£ 108 cm) and the

attenuation is much smaller than the values quoted by
Zheleznyakov (1970). Outside the loop the
electromagnetic wave propagates with very little loss
of energy, unless it crosses another loop with strong
magnetic field before reaching the observer.

Before closing this section it is worth commenting
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\ Transition
: region

Fig. 8. A schematic representation of the cyclotron
harmonic resonance layer for f > 3GHz. The width of
the resonance layer depends on the magnetic scale
gradient, and since = B(dz/dB) >> L = B(dr/dB) the
resonance layer is broaden along the z direction.

that for T = 107 K most of the emission in the first

and second Rarmonic is damped and the cyclotron maser
is, unable to explain the high brightness sources
discussed here.

IV. ESTIMATED POWER RECEIVED AT THE EARTH FROM A
FLARING LOOP MASERING IN LOWEST HARMONICS

The observations with high time resolution
instruments are not complete yet. They are currently
available only for a few isolated frequencies. Slottje
(1978) summarizes their basic characteristics at 2.65
GHz and his analysis is used here to estimate the power
expected from the above model. The power received at
the earth from a masering flaring loop is given by the
formula

P= Wy ) A (19)

87" 4R g
o

where A is the surface area of the source, R° is the
distance of the source from the earth

=~ 1,5x 10 cm, W_ is given from eq. (9) by using the
(Yogs/9,)» Af is Ehe bandwidth reported from Slottje’s
observations, and V__ is the group velocity of the
electromagnetic wave. An estimate of the source area A
is found by assuming that the energetic electrons moves
a distance D =V _ « t , along the field lines where

t_ 1ig the saturat¥dn tifle for the maser. For V S b
=10 cm/sec and to ~ 100 pysec, D will be of the
order of 10-100 km. From eq. (15) we find that

17

P < 10" Watts m—2 Hz (20)
for A = Der, where r is the radius of the loop,

(n /n)) = 4x1073 given in Figure 3 for ¢=2, Af = 100

MHz, and wy = Qe. This power is comparable to the

value quoted from Figure 1 at the peak of the spiky
component.

In answering the question as to whether the
radiation is polarised and whether it is O-mode or X-
mode one must go back to the analysis made in Section 3
regarding the absorption or amplification of the
radiation as it crosses the (n + 1)Q layer. We can
outline two different scenarios for the emission which
will give different polarizations but comparable power
to the one estimated by equ. (20).

a. The first harmonic layer for f = fobs = 2.65
GHz is at the transition region and the emission at
w = Q + Aw is damped. Then, the second harmonic layer
radiates at o = Zﬂe + Aw which suffers little if any
absorption of 3Q_, and escapes from the loop. In this
case the teceives radiation is nearly 100% polarized in
the X-mode.

b. The first harmonic layer is above the
transition region and the ray emitted at w = R, + Aw
from the O-mode approaches the Zne layer at a point
where y (22,) > 0 thus the wave is amplified before
it escapes from the loop. But at the same time nothing
can prevent the w = 2Q_ + Aw radiation from the X-mode
to escape too. In this case the radiation is partially

polarized, since Ws/noma2 for the first harmonic 0—mp§g

and second harmonic X-mode are not very different (See
Figure 7). This is in good agreement with the
observations since Slottje (1980) reported highly
polarized as well as unpolarized spikes.

In estimating the efficiency of the emitted power
we use eq. (9) to estimate the ratio,
(W /ne. ) = 0.1%; thus by radiating only 0.1%Z of the
bedm energy we can explain the observed high brightness

5
sources in the sun (brightness temperature = 10 ~ K),
and their polarization.

V. DISCUSSION

We examined the cyclotron maser instability in a
flaring loop. According to the flare model proposed in
Section II, mildly relativistic electrons released at
the top of the magnetic loop (where the magnetic field
is weak) stream toward the chromosphere where they are
reflected by the strong magnetic field at the foot of
loop back into the corona. Electrons with v large on
the other hand have reflection points inside the
chromosphere and loose their energy collisionally
before returning back into the corona. Thus the
velocity distribution for the reflected electrons has
an anisotropy in \ which can drive the cyclotron

maser. In this analysis we included (a) the role of
the background plasma (b) the role of the thermal
damping and (c) the importance of the magnetic field
structure of the loop. Holman et al. (1980) and
Melrose and Dulk (1981) have ignored the above effects
and arrived at different results. We summarize our
conclusions below.

1. Our analysis demonstrated that if the first
harmonic in a particular point of the loop grows faster
than the second harmonic the maser will saturate before
the second harmonic grows above the thermal noise
level. However, including finite (w /Q ) ratios, the
ratio YI/YZ is reduced and in fact beSomés less than

one at me/Qe = 0.4 for the X-mode. For the O-mode
YI/YZ >> 1 but yl(o-mode) > YZ(X-mode) so the first

harmonic O-mode may still saturate the maser while 12
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grows at a comparable rate with the first harmonic and
can easily reach high values.

2. Our study included the thermal damping in each
harmonic and estimated the Yegf @8 2 function of

w./Q « We found that for 2x10° K the first harmonic in
tﬁe i—mode is damped and the growth rates of the zne in
the X-mode as well as the @_ and 2Q_ in the O-mode are
reduced. We notice that a telativeiy large number of
electrons need to be reflected for the Yef > 0. For
temperatures larger than To 2 5x10° K the gamping is so
severe that cyclotron masering ceases to be an
attractive radiation process for high brightness
temperature sources in the sun.

3. We discussed qualitativily the role of the
magnetic field topology on the structure of the
resonance layer at Qe, ZQe and 3ﬂe . We also stressed

the fact that in flaring loops L_(r) = B(dr/dB) is
small and that if Yeff > 0 at the (tﬂ-l)ﬂe layer the
radiation emitted at nQ, + Aw will be amplified instead
of absorbed.

4. The estimated power from the second harmonic
X-mode and the first harmonic O-mode can easily account
for the observed radiation. We suggested that 1if
O-mode does not escape, the radiation will be highly
polarized in the extraordinary mode, but in the case
that O-mode escapes as well the radiation will be
partially polarized.

5. We also found that our conclusions are not
sensitive to the form of f_ as long as 3f /3v 1is
positive. r 1

In our analysis above we did not discuss the
mechanism which causes the spiky structure of the
burst. We found that saturation time is much faster
than the observed duration of the spike. The cause of
the spiky behavior is still an open question which must
be addressed independently. This work is currently in
preparation.

We may then conclude that the two components in
Figure 1 e.g. the "smooth"” and the "spiky” could be
caused by two different emission mechanisms operating
simulataneously (a) gyrosynchrotron emission from the
trapped electrons (see Ramaty, 1969; Takakura, 1972)
and (b) the cyclotron—-maser from the reflected
electrons. Although we offer no explanation for the
mechanism which causes the spikes we suggest that the
abrupt reduction of the spiky component at the maximum
of the smooth pulse (see Figure la) is caused by the
gradual increase gf the temperature of the ambient
plasma above 2x10° K which causes a large reduction in
Yeff® Finally we like to stress that only flaring
loops with plasma parameters w /Q > 0.4, in the
rising part of the impulsive phase, where

T < 2x106 K can be candidates for cyclotron maser
emgssion.
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Appendix

The basic equation which we solved to obtain the
growth rate is

Im D (mr,§)

Y4 3 (A.1)
- szr-Real D (wr,g) 2 2
T N™ = N+

where + and - signs corresponds to the ordinary and the
extraordinary mode, N is the refractive index and
ImD(wr,E) is given by

= r r r
In D(mr,g) S I ¢ + S I + Szz I ¢

XX Tm Cxx vy m Syy m “zz
r r r
+ Sxy Re Exy * S Inexz ¥ syz Re €yz
r r
+ Spx Im €2x + Szy Re ezy’
4 2 2 2
Sxx = N sin 9 - N (a1 sin' 9 + az) + a8,
2 2 2
Syy = =N (a1 sin 6 + a, cos ) + a,a,
4 2 2 2 2 2
Szz = N cos 6§ -N a, (1L + cos” 8) + a; -~ a,
2 2
Sxy = 233(32 - N sin 9)
2
sz- zx Nz(N - al) sin6 cosf
S =S = N2 ing [*]
vz 2y a; s cos
2
e
S T R
Wr e
2
Lo
h=1-—=
Wp
w 29
a = e e
3 2 2
wr(wr 9e )

8 denotes angle between k and B_. In Real D(mr,k) we
may ignore the contribution from the reflected

r r
Imeij and Reeij
the imaginary and real part of the dielectric tensor
obtained from Harris (1968) by using equ. (2) for the
unstable velocity distribution.

electrons (see Lee and Wu, 1980). are

In estimating the damping from a Maxwellian
background plasma we can show that

2
Y w w w (w_-n2 )
2=V @D g ) ew -
e w, e e 2kIl Ve
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{s A + S A + S A + 8 A
XX XX yy vy zz zz Xy Xy

aD

+ ZSxz sz}/(wr 355 (wr’k))]

where

A = =
XX yy xy 2

2z 2

Xz 2
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