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Some features of the formation of filaments in type IV radio bursts
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A number of features of filaments with intermediate frequency drift can be explained in the context of the
ordinary / + w — ¢ mechanism with a detailed analysis of the directivity of emission and the channeled
propagation of whistlers. The position of the absorption on the HF side of a filament in emission is related to
radio emission at the difference frequency o'~ = o'—w”. The conservation laws for the / + w — ¢ and
! —t 4+ w processes are verified using a graphic solution of the dispersion equations. Radiation at the
frequency o'~ can escape from the source under the condition w,/wy % 17 for ®* = wy /4, which is satisfied
at meter and decimeter wavelengths. The broadening of the bandwidth b, with frequency is explained by
broadening of the whistler spectrum with a decrease in the ratio w,/wy. It is noted that a level of strong
turbulence of whistlers may be reached in powerful type IV bursts. It is shown that the relation

Af, =f" =0.1fy4(f, /fu ~30), which satisfies the condition § < 1, must be used to calculate the magnetic field
strength in a source of filaments. The well-known deficit of filaments with positive frequency drift is
explained by the directivity of the emission at the frequencies @'* and o' ~. In the context of strong turbulence
of whistlers, the formation of filaments is possible only when plasma waves at the upper hybrid frequency

combine with lower-hybrid solitons.

1. INTRODUCTION

Filaments (fiber bursts) or bursts with inter-
mediate frequency drift are one type of fine struc-
ture of continuous type IV solar radio bursts in the
decimeter and meter wavelength ranges or at fre-
quencies from ~ 1000 to ~ 100 MHz. On a dynamic
spectrum they consist of narrow (~1 MHz at 150 MHz)
bands in emission and absorption, which drift pre-
dominantly toward lower frequencies at the so-called
intermediate rate of frequency drift (between the
rates for types II and III bursts), from —2 to —10
MHz/sec. Rich observational material has recently
been gathered from these events. -3

The main properties of filament emission are
explained satisfactorily by the interaction of Lang-
muir waves (%), which are responsible for the
continuous type IV emission, with whistlers (w),
which are excited in the type IV sources by fast
particles having a conical velocity distribution (Refs.
4 and 5). !) The recent theoretical work on strong
turbulence of whistlers has stimulated the develop-
ment of a new soliton model for filaments. 3,678

Some simple properties of filament emission
still remain unexplained, however. The strict con-
stancy of the ratio of the instantaneous bandwidth
of filament emission to the observing frequency
(bt/f) was noted in Ref. 2, for example. The
magnetic field strengths in the source that are
determined from filaments,?>5 which are too low, and
the extremely rare appearance of filaments with
reverse drift are surprising. Detailed data on the
frequency—time profiles of filaments in Ref. 3 show
great variety in the emission level in filaments
relative to the continuum (and in the depth of the
corresponding absorption), as well as quasiperiodic
variations of emission (and of the symmetric absorp-
tion) in the course of the frequency drift of an
individual filament.

In this paper we present and analyze observa-
tions of filaments with unusual parameters. In
particular, filaments with an unusual position of
the absorption band on the high-frequency edge of
the filament in emission and filaments in emission
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that border an absorption band on both sides have
been observed. In this connection, we show that
not only combining of ¢ and w waves ° (2 - w > t)
but also decay at the difference frequency wt~ =
w? — W are possible. Here the directivity of all
three waves plays an important role. Some of the
problems enumerated above are also discussed
briefly.

2. RADIO EMISSION AT THE DIFFERENCE
FREQUENCY wt~ = w* — wW AND THE ROLE
OF DIRECTIVITY OF THE WAVES

First let us turn to the observations. It is
well known that each filament is accompanied on the
low-frequency edge by an absorption band of the
continuum. In a series of periodic filaments this
can be detected only for the first and last filaments,
and this fact can be examined clearly in single
filaments. 1% The unusual filament shown in Fig.
la, which was observed on 18 May 1981 at 08:31:20
UT in a small type IV burst (duration ~ 30 min and
flux density ~ (300-700)-10"22 W/(m2-Hz), Fig. 2),
is therefore of considerable interest.

As seen in the dynamic spectrum of this fila-
ment (Fig. la), in its high-frequency (HF) part
(238-222 MHz) the absorption band is unusually
placed, on the HF side of the filament in emission,
while in the LF part of the spectrum (215-200 MHz)
the position of the absorption band changes to the
usual LF side. If both parts are assumed to be
one drifting filament (television interference in the
spectrum hinders a definite determination), then
this change occurred in about 1 sec. But the
essence of the matter is changed little if there are
two different filaments here. The important thing
is the change from unusual to ordinary filaments
with a decrease in the rate of frequency drift.

In a careful examination of Fig. la at 6-7 sec
before the unusual filament one can note two dark
filaments (only in absorption) in the HF part of the
spectrum. At ~ 212 MHz they are superposed onto
two ordinary filaments with a decreased rate of
frequency drift. If we assume that these two pairs
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FIG. 1. Filaments with intermediate frequency drift in a small type IV burst on 18 May 1981: a) change in the position
of the absorption band relative to the filament in emission; b) ordinary filament. '

of filaments are somehow related, then in this part
of the spectrum we observe a gradual change from
dark filaments in absorption to ordinary ones.

At 2 sec before the appearance of the unusual
filament at the HF edge of the spectrum one can
distinguish a kind of precursor: a faint filament in
emission, also accompanied by absorption on the
HF edge. The main unusual filament therefore
cannot be taken to be the accidental superposition
of a band in absorption and a bright filament (only
in emission). Both ordinary filaments and filaments
only in absorption were subsequently observed in
this event (Fig. 1b).

Now let us consider the parameters of the
unusual filament. The frequency separation between
the maxima in emission and absorption (0fgg) varied
from ~3 MHz at 230 MHz to ~ 1.4 MHz at 206 MHz,
which must be related to a decrease in magnetic
field strength in the source, which is determined
in accordance with the well-known relationship?s“s3
Meg = fW = fy/4 =~ 0.7TH (fV¥ is the whistler fre-
quency and fy is the electron cyclotron frequency),
i.e.,

H~143Af.., G.

f (1)
We obtain H = 4.3 G for 230 MHz and H =~ 2 G for
206 MHz.

Let us check whether these values correspond
to the rate of frequency drift df/dt, which varied
from ~ -7.8 MHz/sec at the HF edge to ~ -3.8 MHz/
sec at the LF edge of the spectrum. In accordance
with the well-known relation 2

H~64(In f—1,3) ~2df/dt,

) )
we obtain H =~ 1.9 G for 230 MHz and H ~ 1 G for
206 MHz, i.e., about half the above values. This
may only mean that in this case the group velocity
ng of the whistlers, which determines the drift

velocity, was directed at an angle o = 60° to the
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gradient of the plasma frequency (the angle
varies little over the lifetime of a filament). Then
the values of the field determined from Eqs. (1)
and (2) will be approximately equal if the latter is
divided by cos o. A possible decrease in the fre-
quency ratio fW/fy in the derivation of (1) only
leads to an increase in the field that is determined
by means of Afgg. A decrease in fW/fy may be
related, for example, to the transfer of whistlers to
lower frequencies as a result of differential scat-
tering from thermal ions or electrons. Scattering
from ions is slow and predominates at the altitudes
of the dm range, while scattering from electrons

is fast and has a lower limit at the whistler fre-
quency fW > 0.1fy for f/fg = 25 (Refs. 10 and
11). We discuss the role of scattering in more
detail in Sec 4.

According to the 2 + w - t scheme of filament
formation, ?>%»° absorption is due to a decrease in
the level of plasma in the level of plasma waves
that take part in scattering from thermal ions, i.e.,
in conversion into continuous emission, as they
are drawn off to the process of combining with
whistlers. It appears at the LF edge of a filament
in emission if the later is formed at the sum fre-
quency wtt = w? + wW. It is therefore natural to
assume that in the unusual filament in Fig. la in
the HF part of the spectrum, the radiation is
received at the difference frequency wl™ = w% — W,
due to which the absorption lies at the HF edge.
Radiation at the sum frequency may not reach the
earth if it emerges at a large angle to the magnetic
field.

The observations under consideration are
almost unique, in the sense that there is no statis-
tics on such events. In Ref. 2 it is noted, for
example, that HF absorption has been noted in only
a few events in almost 20 years of observations.

In confirmation of the reality of emission at the
difference frequency, in Fig. 3 we present one more
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FIG. 2. Time profile of a small type IV burst on 18 May 1981
at 204 MHz. Times of appearance of filaments are marked by
arrows.

example of equally unusual filaments, which form
emission bands on both sides of an absorption band.!?

Here it is natural to suggest that we are seeing
radiation at both the sum and the difference fre-
quencies, otf = w? + W. This is a very compli-
cated event, in the course of which varied fine
structure was observed, the most interesting being
the narrow-band, slowly drifting "braids" of fila-
ments (at 10:51:10-51:17 UT in Fig. 1), which require
special analysis. One interpretation of such "braids"
of filaments in the model of ¢ + w - t emission from
a fast magnetosonic or Alfvén solitary wave source
containing trapped whistlers was considered in
Ref. 12. Filaments in emission on both sides of an
absorption band are another feature of such "braids"
(most clearly at the end of the "braid"). The
unusual single filaments in this event also have
almost zero frequency drift, more typical of zebra
stripes.

Now let us compare how the conservation laws
are satisfied for processes at the sum and difference
frequencies: ¢ + w > tand ¢ ~->t+ w. In Ref. 9
it was shown that the ¢ + w -+ t process proceeds
for wave numbers kW = —k %, both, for kW/k% > 1
and for kW/k% < 1. The possibility of the & > t+w
process was not verified, however.

It is clear!® that this process will not proceed
for large ratios wyy/ wp = 1. Let us therefore test
whether the conservation laws w? = ot~ + w¥ and

k £ = kt + kW are satisfied for the typical values
of wy/ for decimeter-and meter-wave radio emis-
sion in the solar corona.

Radio emission at the frequency ot = ¥ — oW
escapes from the plasma if w!~ is higher than
This requires that the contribution to the plasma
frequency in the dispersion relation for Langmuir
waves be higher than the whistler frequency, i.e.,
with allowance for the term that is related to the
magnetic field, we must test whether the inequality

/

® ( o sin? 9!
53
20,2

3Vi kla)
- eg > (l)wv
2 oy

<
T

@3)

is satisfied, where Vg _ is the electron thermal
velocity and $% is the angle between k % and the
magnetic field. It is seen that for any actual con-
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ditions in the corona (wplwyg =» 10-30 and 9% from
0 to 90°), the first term in (3) is much smaller
than the second. Retaining only the second term,
therefore, we easily obtain

©p > o, »il/i
oa” 6k"Vy, T 6 VE (3"

which can be satisfied over a wide range of altitudes
in the corona; for V| » 5-10° cm/sec and Vo =
5-10°% cm/sec (Tg = 1.6-10° K), for example, it
yields wp/wyg > 16.7. It is also clear that large
wave numbers are required to satisfy (3), k ¢ >
(wp/ \/3—VTe) [wH/2 wp — (wyg 2/wpz) sin 2 9%£]1/2 for
wW = wyg/4, i.e., under the previous conditions and
wp/2 m = 300 MHz, sin 9% z 1, and k* > 0.35 cm™.

For a detailed verification of the values of wt~
and k!~ in accordance with the conservation laws
and with allowance for the angles of propagation
of the interacting waves, we consider a graphic
solution of the well-known dispersion relations for
electromagnetic (ordinary (o), extraordinary (x),
and slow extraordinary (z)) and Langmuir (%) waves
(by analogy with Fig. 5 of Ref. 4),

3vE, .2 o) 2
{1— N mz}{(i—m~)(1+fcosﬁ)—-;}

?

2 2
X {(1 — N?) (1—% cos ﬂ) —w—';}:%sinzﬁ“ — N2 — ﬁi)
) o »? ®

2

. (4)
and for whistlers,
. Orlcos®*]
0 = e B C (5)

(N = ke/ w is the refractive index and $ (with the
appropriate indices t, %, and w) is the direction

of wave propagation with respect to the magnetic
field). In Fig. 4 we show the dispersion curves

and a graphic representation of the interaction of ¢,
w, and o waves for the typical conditions in the
corona: wp/ wyg = 30 and Te = 10 ® K. The branches

of whistlers for $W = 0 and 30° are cut off at the
frequency w%W = 0.37 wy, since for wp/ wy = 30
strong cyclotron damping sets in at higher fre-
quencies, * and wW does not exceed 0.17wy for

8W = 80°. The interaction of waves at the sum
frequency wtt is shown schematically by dashed
lines. The sum values w!t and ktt calculated in
Ref. 4 for different frequencies wW are denoted by
dots on the branches of o waves. The intervals

of values of k% and kW for which the conservation
laws are satisfied at the difference frequency wt~ =
w? — w¥ are denoted by segments on the wave-
number axes. These values of kW fall on the
whistler_branches at large angles between the wave
vectors kW and the magnetic field, $W = 70-80°.
The domains of values of w!~ and k!~ determined
from the expression ki~ 2 = k%2 + kW2 — gg2%kW
cos $%:W are encircled by dashed curves on the
branches of o waves. For the interaction at the
difference frequency the vectors k * and kW must
be in the same direction at very small angles to
each other, $%W < 1°.3. The direction of the
vectors ki~ can be either positive (along the field)
or negative, depending on the direction and relative
magnitude of the vectors k% and kW. The right-
hand boundary of the k ? segment is determined by
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FIG. 3. Slowly drifting braids of filaments (top) and
single filaments in the major event on 24 April 1985, dis-
playing emission bands on both sides of the absorption band.

Landau damping for ¢ waves, which increases with
k L. It is about an order of magnitude smaller than
the Debye number kq = wp/Vp_ = 4.8 ecm™, and

the smallest possible k * and kW are determined by
the minimum frequencies w!7yin at which radio emis-
sion can freely escape from the source ( wlipin =

wp + 0.05 wy in the given case).

Using the simplified dispersion relations and
conservation laws, it is easy to estimate the angles
ot- for the most efficient ¢ > t + w interaction,
st~ <+ cos™! 2wW/ uwy, i.e., for wW/ wyg = 0.2 radio
emission can escape at angles 8t~ < 66°.4. For
the op%)osite angles 3t~ > 1/2 we have the restric-
tion 8'~ < 90° + W, related to the fact that the
angles 8% and 9% are always less than /2 (i.e.,
angles 8t~ x 180° do not occur). Besides these
constraints on w!~ and st~, in the 2 + t + w decay
process a significant constraint is imposed on the
range of wave numbers kW and k% » 0.35-0.45 cm™.

These very factors may explain the rare appea-
rance of radio emission at the difference frequency.
It is also clear that one other reason for the lower
efficiency of ¢ > t + w decay in comparison with
% + w - t combining may be the predominant direc-
tion of the wave vectors kW, provided by the
generation mechanism and by the slower process of
backscattering of whistlers from ions than in the
case of ¢ waves. !° Thus, in the generation of
whistlers in cyclotron resonance, w — k V| £ wyg =0,
the directions of kW and of the electron velocity V
coincide, i.e., they also coincide with the direction
& only for the anomalous Doppler effect (the "+"
sign), which is what yields whistlers at large angles
to the magnetic field. For the normal Doppler
effect the directions kW and k% are opposite and
favor the ¢ + w - t combining process. From the
diagram in Fig. 4, however, one can see that for
small angles st* and k% > kW the ¢ + w > t com-
bining also has a frequency limit, «¥ < (0.1-0.15)
wH.

If the whistler spectrum is assumed to be
fairly narrow, then radio emission at the frequencies
wtt and !~ will escape only at certain angles.
Therefore, returning to Fig. 1, we can assume
that the emission at the sum frequency in the HF
part of the unusual filament escaped at a large
angle to the magnetic field and to the line of sight
toward the earth. As the whistlers traveled upward
along a curved field line, emission at the difference
frequency, which is directed at a sharper angle to
the magnetic field, no longer reached the earth.

The presence of an absorption band is thus
most characteristic of filaments. Filaments in ansorp-
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tion are observed considerably more often than
filaments only in emission. This is explained
naturally by the directivity of the emission. Fila-
ments only in absorption will be observed in a case
in which ‘emission at the frequencies w!* and ot~
does not reach the earth. Absorption may not be
noticeable where the size of the region of the 2 +
w > tand ¢ »+ t + w interactions is small in com-
parison with the size of the entire region emitting
at these frequencies. Filaments will be formed
only in emission in this case, especially if the
whistler power is high.

For the filaments in Fig. 3 the scheme for the
source must provide, first of all, for the possibility
of obtaining different frequency drifts (for whistler
motion almost parallel to levels of equal density,
for example) and the simultaneous simultaneous
escape of emission at the frequencies wtt and wt-.
An alternative explanation for filaments with oscil-
lating drift may be the trapping of whistlers in an
inhomogeneity like a fast magnetosonic or Alfvén
wave traveling at the Alfvén velocity vy <« ng at
the top of a magnetic arch. In that event one may
observe filaments only in emission, if there is no
pronounced density inhomogeneity of the plasma in
the source and absorption is not formed due to
screening, or only in absorption, if such absorption
occurs and the emission does not reach the earth.

3. INSTANTANEOUS EMISSION BANDWIDTH OF
FILAMENTS AND THE WHISTLER SPECTRUM

For the estimates here we use the instantaneous
bandwidth bt at the half-power level, so it is approxi-
imately equal to the intrinsic emission bandwidth
bj (without allowance for broadening of the band
due to drift). 2>3 It is well known that the instan-
taneous bandwidth bt increases with observing
frequency from about ~ 1.1 MHz at 150 MHz to ~ 3.6
MHz at 500 MHz (Ref. 2, Table V), i.e., the ratio
b¢/f remains almost constant, ~ 0.007. Further
into the dm range this ratio increases to ~0.013 at
600 MHz and to 0.015 at 900 MHz (Ref. 3, Table X).

As is well known, the bandwidth bt must be
defined by the expression $

b~Af+Le grad f+Afe, 6)

where Af% is the natural width of the spectrum of
plasma waves at the given level in the corona, LW
is the size of the whistler wave packet, and AfW
is the width of the whistler spectrum. The first
term in (6) cannot provide the increase with fre-
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quency, since it is well known that
Aflf=3(VelV)*(AV]V).

For Vg _/V = 107? and a particle velocity spread
AV/V z 0.1 we obtain a small value Af%/f = 0.003
and, most importantly, it hardly varies with fre-
quency. It would be difficult to suggest that the
term LW grad fp varies much with altitude.

It is therefore natural to relate the broadening
of by with frequency to an increase in the width
AfW of the whistler spectrum. The cyclotron fre-
quency fyg does not appear directly in (6), but its
increase, together with the ratio fH/fp, with depth
in the corona means an increase in bt. According
to Fig. 4 in Ref. 4, the conditions for the genera-
tion of longitudinal whistlers by conical instability
with electrons at velocities V z 7-10° cm/sec for
fp/fH ~ 10 (i.e., at 200-300 MHz) provide a whistler
spectral width AfW z 0.08 fy, and in the dm range
(fp ~ 600-800 MHz, fp/fH ~ 10) for a loss cone with

a wide angle the spectral width broadens to about
0.25 fg. Thus, when the observing frequency is
approximately tripled, the whistler spectral width
also approximately triples, which explains the con-
stancy of the ratio bt/f in the meter range and the
small increase in the dm range.

It should be noted that, although the whistler
spectrum is about three times broader in the dm
range (from 0.45fyg to 0.2fy), the whistler group
velocities at the ends of this spectral range are
almost the same as that at the maximum at 0.25fy,
which eliminates the group spreading of the whistler
wave packet that is typical of the spectra of magneto-
spheric whistlers.' At meter wavelengths, the
whistler spectrum is very narrow (sharp maxima of
increments) and, although ng is not the same at
its ends, group spreading is weakly manifested
during the life of one filament (v~ 10 sec). The
velocity spread decreases sharply as ng deviates
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FIG. 4. Dispersion curves for electromagnetic (o and x) and
plasma ( £ ) waves (top) and whistlers (bottom) for different
propagation angles § with respect to the magnetic field. A
graphic diagram of the £ + w - t interaction at the sum
frequency is shown by dashed lines for two whistler wave numbers
and 9% =z 0°. On the branches for the ordinary wave the
domains of values of w!™ and k'™ for the & - t + w process
at the difference frequency are encircled by dashed curves. The
corresponding values of k% and k¥ are marked by segments on the
branches of £ waves and whistlers.

from the magnetic field. ®° Group spreading causes
only minor broadening of the emission bandwidth of
a filament toward the boundary with the LF absorp-
tion. Allowance for the whistler spectrum in the
scheme of filament formation in Ref. 5 means a
transition from the scheme of Fig. 4b to that of
Fig. 4a in Ref. 5 with different values of oW at
the LF and HF edges of the filament. Thus, the
term LW grad fp in (6) varies little, especially
since grad fp decreases with altitude in the corona
with the increase in LW due to spreading.

4. DETERMINATION OF THE MAGNETIC FIELD
USING FILAMENTS

The reliability of estimates of the magnetic
field in the corona using filaments has often been
doubted. 2 Let us try to understand in more detail
the reasons for this doubt, in order to increase
the reliability of the estimates.

Recall that along with the above-mentioned
methods of determining the field from the frequency
separation Afgy between the maxima in emission and
absorption (Eq. (1)) and from the rate of frequency
drift (Eq. (2)), there is another possibility for
verifying the values obtained, using the necessary
condition for the existence of a magnetic arch,

p=nksT/(H*/87) =1, M

and using the appropriate values n = ng + nj and

T =1.5-10 ® K (kg is the Boltzmann constant).
Condition (7) corresponds to a ratio fp/fy ~ 32.

A determination of the field from the intrinsic
bandwidth of a filament,? H = 3.6bj, must be acknow-
ledged to be fairly coarse, since the relation bj =

AfW = 0.1fg taken in Ref. 2 actually depends strongly
on the observing frequency. In Eq. (1), however,
we must also verify the correctness of the choice of
the ratio fW/fy = 1/4, which is usually justified by
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in the corona, obtained using the frequency separation A fg,

between absorption and emission in filaments. This relation is
close to that of the model proposed in Ref. 15, H = 0.5(p — 1)1+ 5,

Distribution of magnetic field strength with altitude

the fact that whistlers have the maximum group
velocity at this frequency.

If the values of the field determined using
AMfog turn out to be larger than those determined
from df/dt, this may mean, as noted above, that
Eq. (2) must be divided by cos o (a is the angle
between vgw and grad fp). This does not increase
the estimate of the field by much (by a factor of
1.4, for example), however, since the actual values
of o may be in the range of < 45° (or somewhat
larger for values of df/dt considerably lower than
average).

But if the values of the field determined from
Egs. (1) and (2) coincide and satisfy condition (7),
then these values can be considered reliable.
Otherwise (and when (1) gives lower values than
(2)) the conclusion that the actual values of fW/fy
are <0.25 suggests itself. Thus, the value fW/fy =
0.03 was taken in Ref. 14. In this connection we
note that the value of fW/fyg for filaments can
scarcely be close to 0.023 (i.e., to the frequency
of lower hybrid resonance), since in that case
whistlers are reflected in the plasma, whereas
channeled propagation must be assumed for filaments.
Moreover, the maximum increments for the typical
parameters of the coronal plasma fall at higher
frequencies,* f% = (0.1-0.3) fy.

The values of the field determined above for
the filament in Fig. 1 in the LF part of the spectrum
do not satisfy condition (7). The multichannel
profiles of filaments that are given in Ref. 3 enable
us to determine Afgyg with high accuracy. Using
Eq. (1) (for the filament in Fig. 32 of Ref. 3, for
example), we obtain very low fields at 260 MHz,

H = 1-2 G. It is therefore clear that at meter
wavelengths the whistler frequency fW/fyg must be
less that 1/4 and the determined by the actual
mechanism of excitation of whistlers and by their
propagation in the corona.

In the dm range Afgy usually hardly varies
during the life of one filament.*® However, fW/fy
and H in (1) can vary. But if fW decreases simul-
taneously with fy, the cutoff of filament emission

7 Sov. Astron. 34(1), Jan.-Feb. 1990

must be related not to reaching the level of cyclotron
damping of whistlers (where fW = 0.4 fy) but to
quasilinear effects. The increase in fW/fy with
upward travel for several seconds may be compen-
sated for by transfer of whistlers to lower frequencies
due to their differential scattering from thermal

ions, since this process is considerably slower than
scattering of plasma waves, and it becomes efficient
in relatively strong fields. According to Ref. 10,
Sec. 4.10, predominant scattering of whistlers from
ions requires a limit on the Alfvén velocity,

ve> (meo/mi) " Vy,>~0,15V;,,

which corresponds to the actual limit on the ratio

of plasma frequencies for the dm range, fp/fyg < 12.
The electron pitch angle increases with an increase
in the field, so the electron energy distribution
function in the dm range should have a broad loss
cone. In this case, the maximum of whistler genera-
tion falls at frequencies fW » fy/4 (Ref. 4, Fig. 4),
and this value should hardly vary with allowance for
whistler scattering from ions during the life of a
filament.

At meter wavelengths (fp/fy » 30) the exciting
particles should have a narrow loss cone and the
generation maximum will fall at frequencies fW » 0.1fy
(Ref. 4). Scattering from ions does not operate in
this case, and scattering from electrons turns out to
be differential with respect to frequency (and
faster than for scattering from ions) and integral
with respect to angle.!! For meter waves, there-
fore, fW/fy is determined by the mechanism of
generation and differential transfer over the spec-
trum with a decrease in frequency to fW/fyg = 0.1,
and it does not vary appreciably over the life of
a filament. It is clearly more reliable to determine
the field at the start of a filament (on the HF edge)
and to verify it from Eq. (2).

Thus, in the m range (at 150-300 MHz) instead
of (1) we must use the equation

H=3,5TAfea,
(8)
which increases the field strengths by a factor
of 2.5.

These corrected values of the field, obtained
from the mean values of Afyy for the m range
(Ref. 2, Table VIII) and for the dm range (Ref. 3,
Fig. 45), are presented in Fig. 5. The spatial
spread of the field strengths corresponds to the
observed distributions of Afgg in different events.
These field strengths satisfy condition (7) that the
magnetic pressure exceed the kinetic pressure.
The field increases faster with frequency in the dm
than in the m range, in accordance with the well-
known distributions of Ref. 12. The distance scale
in the m range is set up in accordance with Newkirk's
double model of density (here the field strengths
are close to those of the model proposed in Ref. 15:
H=0.5(p — 1)~ 1-%), and the scale in the dm range
is set up in accordance with the proposed models,
which correspond to numerous observations. 5>!3

5. EXPLANATION OF THE DEFICIT OF FILAMENTS
WITH REVERSE DRIFT BY THE DIRECTIVITY
OF EMISSION AT THE FREQUENCIES wlt and wt-

Filaments with reverse drift are observed
almost as rarely as absorption on the HF edge of
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a filament in emission. Let us try to determine
whether this is related to the same cause, i.e.,

to the directivity of emission in the 2 +w - t and
2 > t + w interaction processes.

Positive frequency drift indicates to us that
the whistler wave vectors kW are directed toward
the sun. This indicates at once that emission at
the difference frequency w!~ = w® — W will also
be directed downward and cannot be received,
since, in accordance with the explanations to Fig. 4,
emission does not escape at the opposite angles
ot = 180° in this case. It is also clear that whistler
with kW directed away from us can be excited at
cyclotron resonance with the normal Doppler effect,
wW — KWV, — wyg = 0, by particles that are
traveling upward. But, first, according to obser-
vations of large flares, particles travel predominantly
downward. And second, in accordance with Fig. 4,
the conservation laws for the 2 + w - t process
(for k% > kW) are satisfied mainly at large angles
3t4 so we will not receive radiation at the frequency
wtt with vectors ktt directed toward us. Also
for small angles there is a limit on the whistler fre-
quency, w¥ g 0.lwy, i.e., the conditions for
satisfying the conservation laws do not occur at all
in the dm range.

But if the whistlers and plasma waves are
excited by electrons that are injected downward,
which yield downward-directed k¥ and k ? by the
anomalous Doppler effect, then we find a deficit of
the k* = —kW required for combining. In this case,
the numbers k¥ = —kW are obtained as a result of
differential scattering from ions, which forms the
two-dimensional spectrum of % waves. The wave
numbers are then transferred to smaller k%, how-
ever, and their interaction with k¥ no longer occurs
with the formation of k! directed toward the sun
(see the diagram of the ¢ + w - t interaction on
the hight-hand side of Fig. 4).

Thus, the reason for the deficit of filaments
with reverse drift is the directivity of emission at
the frequencies w!* and wt~. They are observed
too rarely, however, in the m range, where the
emission maximum falls at frequencies wW = 0.1 wy,
even with allowance for this effect. In this con-
nection, we need to address the fact that when
whistlers propagate toward increasing density and
magnetic field, they deviate from the magnetic field
lines. According to data on the magnetospheric
propagation of whistlers, which are confirmed by
calculations of whistler trajectories on the sun,
whistlers at frequencies wW = 0.1 wy, closeto 0.023
wy, deviate rapidly as they approach wyyRr, where
they are reflected. In this case, therefore, the
whistlers escape rapidly from the source of contin-
uous emission.

6. STRONG TURBULENCE OF WHISTLERS

In Ref. 4 it was already shown that the usually
observed fluxes filaments, ~5:10" 7 W/m2-Hz, for
example, are explained in the context of weak
turbulence for a ratio of the wave field to the back-
ground field H/H, ~ 0.7-10"* and a plasma-wave
power W% » 3.6:10"° erg/cm®. Here the optically
thick source with respect to the ¢ + w > t combin-
ing process provides the observed brightness tem-
perature Tt 8.5-10!! K.

As a result of a more detailed analysis of the
2 + w > t combining of waves with random phases,
it was found in Ref. 9 that the observed filament
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fluxes 10~ !° W/m?2-Hz and brightness temperatures
~101* K for W% x 1075-10"¢ erg/cm ® require a
whistler power WW x 2:1071° erg/cm ®, which is
only four to five orders of magnitude higher than
the thermal noise of the whistlers and as many
orders of magnitude lower than the energy of the
plasma waves.

Observations of filaments in very strong type
IV bursts against the background of the continuum,
~ 10410722 W/m?2-Hz, however, are stimulating
many authors to employ strong turbulence of whist-
lers. On the basis of an expression for the func-
tional form of a one-dimensional soliton of whistlers
obtained in Ref. 16, for example, it was proposed
in Refs. 3, 6, and 7 that all the energy of the
whistlers is concentrated in such solitons. This
model subsequently encountered new difficulties.
It turns out that the emission of ~ 10!* solitons
from a volume of ~ 10® km?® is required to explain
the observed filament fluxes. The absorption cannot
be explained in the usual way in this case, since
the individual solitons in such a volume cause
emission (and absorption) at frequencies that differ
too much, due to their very small size. Screening
of the continuous emission by density inhomoge-
neities within such a volume is therefore used to
explain the absorption.

In this connection, we must note, first of all,
that the conditions suggested in Refs. 3,6, and 7
for attaining strong turbulence at the reflection
points of whistlers can be used only for lower-
hybrid solitons. First, oW = wpygrR » wpy/43 at the
reflection points, and the condition wW > wy/4 must
be satisfied for the formation of whistler solitons.
Second, a simple decrease in the group velocity
cannot result in the formation of whistler solitons.
Multiple reflections of whistlers are observed in the
earth's magnetosphere, but solitons are not recorded.
The reflection of whistlers occurs with a gradual
reversal of kW through the interaction with the
electrostatic mode. A strong wave can therefore
result in the formation of lower~hybrid solitons,
which propagate perpendicular to the magnetic field
and can interact with upper-hybrid waves. This
latter process has been analyzed quite thoroughly in
Ref. 3.

All observations of filaments indicate to us,
however, that the motion of whistlers is predominatly
channeled along magnetic field lines. Under the
conditions of propagation in a magnetic trap they
should be rapidly damped by fast trapped particles
(over the lifetime of a filament).

It is thought that the level of strong turbulence
of whistlers (and strong Langmuir turbulence, in-
cidentally) may be reached in powerful events. But
the analysis of the linear stage of modulation in-
stability in Ref. 16 does not at all mean that all the
energy of whistlers is concentrated in solitons.

For filaments it is necessary to consider the non-
linear stage of modulation instability, and even

more its saturation. Such a two-dimensional problem
was solved numerically in Ref. 17. The estimates

of three-dimensional modulation instability in Ref.

17 are of particular interest. They show that the
field of a powerful wave is concentrated in two types
of narrow structures drawn out along field lines:
fast magnetosonic waves with decreased density
and magnetic field, propagating at a velocity vgw,
and slow magnetosonic waves with increased density,

G. P. Chernov 72

© American Institute of Physics * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1990SvA....34...66C&amp;db_key=AST

OSVA T 72347 T T66T

rt

moving at a very slow velocity (<Vp_/43). The
first two structures containing density cavities can
be used to interpret the usual classic filaments,
and the slow magnetosonic structures can be used
to interpret unusual slowly drifting bands in emis-
sion and absorption.

7. CONCLUSION

Our analysis of certain aspects of filament
emission (fiber bursts) has shown that a multitude
of features can be explained by a detailed analysis
of the directivity of emission in the ¢ * w >t
mechanism in the context of channeled propagation
of whistlers upward along a magnetic trap.

The position of the absorption on the HF side
of the band in emission is related to the reception
of radiation at the difference frequency ot~ =
w® — w¥. The conservation laws for the % + w > t
and 2 > t + w processes were verified graphically,
which enables us to use more general expressions
for the dispersion relations of the interacting waves
and allow for the directivity of the emission at the
sum and difference frequencies ott and wt-.
Emission at the frequency w!~ will escape from the
source under the condition / wg 2 17, which is
satisfied over a wide range of meter and decimeter
wavelengths.

The broadening of the instantaneous bandwidth
of filament emission with an increase in observing
frequency is explained by the natural increase in
the spectral width of the excited waves (whistlers)
with a decrease in the ratio wp/uwy.

An analysis of extensive experience in deter-
mining magnetic field strength from filaments has
shown that, in accordance with the mechanism of
whistler generation at the altitudes of meter-wave-
length radio waves, the ratio fW/fyg ~ 0.1 must be
used to estimate the field using the equality 2)

AMeq = fW. This makes it possible to increase the
field estimates by a factor of 2.5 and bring them
into agreement with other models and with the con-
dition g < 1.

The directivity of emission at the frequencies
wlt and ot~ explains the deficit in observations of
filaments with reverse frequency drift.

It is noted that a level of strong turbulence
of whistlers may be reached in powerful type IV
bursts, but it cannot be analyzed in the context of
a one-dimensional soliton solution. This question
requires a detailed analysis on the basis of numerical
results for the nonlinear stage of a saturated modula-
tion instability. ¢ Along with strong turbulence of
whistlers as applied to filaments, and to other fine
structure of type IV bursts, incidentally, it is
necessary to consider strong turbulence of plasma
waves.
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a type IV source consists of a magnetic trap. A structure of
the filament type will not be washed out due to averaging over
the cross section under the actual condition that wave packets
of whistlers occupy almost the entire transverse size of a
trap (v 10° cm) (see Ref. 5 for more detail).

2)Transfer of the whistler spectrum due to scattering from
thermal electrons was analyzed in detail in Refs. 10 and 11.
Local increments for whistlers and the gain along propagation
trajectories in the corona were calculated in Ref. 18 on the
basis of the well-known methods that are used for magnetospheric
whistlers. 19,20
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