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Abstract. This paper addresses the fine structure of so-
lar decametric type II radio bursts in the form of drifting
narrowband fibres on the dynamic spectrum. Observations
show that this structure appears in those events where there
is a coronal mass ejection (CME) traveling in the near-solar
space ahead of the shock wave responsible for the radio burst.
The diversity in observed morphology of fibres and values
of their parameters implies that the fibres may be caused by
different formation mechanisms. The burst emission propa-
gates through extremely inhomogeneous plasma of the CME,
so one possible mechanism can be related to radio propaga-
tion effects. I suggest that the fibres in some events represent
traces of radio emission caustics, which are formed due to
regular refraction of radio waves on the large-scale inhomo-
geneous structure of the CME front. To support this hypoth-
esis, I have modeled the propagation of radio waves through
inhomogeneous plasma of the CME, taking into considera-
tion the presence of electron density fluctuations in it. The
calculations, which are based on the Monte Carlo technique,
indicate that, in particular, the emission of the fibres should
be harmonic. Moreover, the mechanism under consideration
suggests that in solar observations from two different points
in space, the observed sets of fibres can be shifted in fre-
quency with respect to one another or can have a different
structure. This potentially can be used for identifying fibres
caused by the propagation effects.
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1 Introduction

Solar radio observations show that dynamic spectra of type II
bursts in the decametric and hectometric wavelength ranges
quite often have fine structure in the form of irregular narrow-
band emissions. In some events, the fine structure is re-
lated to the interaction of two coronal mass ejections (CMEs)
(Gopalswamy et al., 2001). In some cases, the burst fine
structure has the form of narrowband drifting fibres (Fig. 1).
The analysis of observational data has revealed that in these
cases there was a CME on the propagation path of the shock
wave generating the burst (ahead of the shock) (Chernov et
al., 2007a, b). In some LASCO SOHO coronal images corre-
sponding to such events, narrow elongated structures located
behind the apparent leading edge of the CME can be seen.
Chernov et al. (2007 a, b) suggest that these narrow struc-
tures (they refer to them as streamers or jets) are located in
the CME tail and associate the appearance of the fibres with
the passage of the shock wave through these jets. The fibres
are hypothesized to represent enhanced resonance transition
emission from the jets, caused by accelerated particles in the
inhomogeneous plasma. Thus, it is assumed that the formed
fine structure is due to properties of the emission source.

On the other hand, the process of radio waves propagation
from the source to the point of observation can give rise to
features in observed dynamic spectra. For instance, Wild and
Roberts (1956) reported about an observation of strips in dy-
namic spectra of emission from a distant cosmic radio source.
They associated the appearance of stripes with focusing and
interference of the emission due to inhomogeneities in the
Earth’s ionosphere. Another example is a fine structure in
the form of “nested arches”, observed in dynamic spectra of
Jovian decametric radio emission. This fine structure is likely
to represent the combined effect of focusing and diffraction
of the radio emission by some plasma formation in Jupiter’s
magnetosphere (Lecacheux et al., 1981).
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Fig. 1. Dynamic spectrum of type II burst with fine structure in the
form of drifting narrowband fibres.

In the case under consideration, when a shock wave prop-
agates in the wake of a CME, the emission generated at the
shock front passes through CME’s regions with increased
electron density. In the case of a three-component CME,
the electron density in the CME frontal structure exceeds the
density of ambient plasma, on average, by an order of magni-
tude (Thernisien et al., 2006). Under such conditions, if one
assumes that the generation of the radio emission occurs at
the fundamental frequency or harmonic then even relatively
small variations of the electron density in the CME frontal
structure can give rise to significant refraction of radio waves
and caustic focusing. Such density variations in the CME
front could be related to the flux rope structure of the CME,
if plasma concentrates in filamentary magnetic loops consti-
tuting the flux rope.

It should be noted that the formation of radio emission
caustics has been studied in the context of various plasma
media: in particular, as mentioned above, in the magneto-
sphere of Jupiter (Lecacheux et al., 1981) and in interstellar
plasma (Melrose and Watson, 2006; Watson and Melrose,
2006). These investigations are based on the deterministic
phase screen model (the latter paper considers a particular
realization of a random phase screen), i.e. a problem of ra-
dio emission diffraction on a deterministic lens-like structure
is considered. But for all that, the effect of electron density
fluctuations lies beyond the bounds of examination. How-
ever, the scattering by density fluctuations results in smear-
ing deterministic (regular) effects; in particular, it gives de-
crease in emission intensity on the regular caustics. Solar
radio burst studies show that scattering effects play a signifi-
cant role in the background (undisturbed) near-solar plasma.
Moreover, solar radio sounding experiments from spacecraft
imply (e.g. Bird et al., 1985; Woo and Armstrong, 1992) that
the CME frontal structure and core have an enhanced level of
turbulence (according to the relation

〈
1N2

〉1/2
∼Nr , where

Nr is the mean electron density of plasma,1N stands for the
density fluctuations). Therefore, the scattering effects should
be taken into consideration when studying the formation of
caustics in the near-solar plasma.

The purpose of this paper is to investigate the possibility
that the fibres of type II bursts can form due to radio propaga-
tion effects, taking into account both focusing properties of
the CME and scattering properties of the near-solar plasma.
For that, I consider the problem in quite general formulation
without referring to any particular event and perform Monte
Carlo modeling of the radio propagation near the Sun. An
additional purpose of this study is to find some characteristic
properties of the phenomena under consideration that could
serve as a signature of the formation mechanism.

In Sect. 2, I state the idea of the fibre formation mecha-
nism in a regular near-solar plasma. In Sect. 3, I give some
details of the Monte Carlo method as applied to the solar
radio emission. I describe models for a CME and random
irregularities, which were used in calculations, in Sect. 4. In
Sect. 5, I present results of calculations and their discussion
and conclude in Sect. 6.

2 Mechanism for the fibre formation

I suggest that the fibers in type II dynamic spectra can be
formed due to the fact that the radio emission generated at the
shock front propagating in the wake of the CME encounters
CME-associated regions with enhanced electron density. Of
particular attention is the expanded frontal structure, which
has inhomogeneous internal structure. Ray-tracing calcu-
lations for a simple regular model of the near-solar plasma
(which specifies large-scale variations in the electron density
distribution only and does not take into account any fluctu-
ations) have shown that a region of enhanced density asso-
ciated with the CME frontal structure can give rise to ray
caustics, if there are some variations in density in such a re-
gion. Figure 2 presents the corresponding ray patterns for an
arbitrary point source.

Type II radio emission is known to be generated at the
shock front at fundamental and/or harmonic frequencies
which, in the simplest case of a spherically symmetric coro-
nal model, are functions of the source height. Therefore, if
we assume that the emission is generated by point sources
distributed throughout the shock front, then each such a
source will emit at some particular frequency (fundamen-
tal and/or harmonic). Furthermore, each such a source will
produce its own caustics which have different positions in
space. Some caustics produced by different sources (corre-
spondingly at different frequencies) can come directly into
the view of the observer and, hence, the observer will record
an increase in intensity at these frequencies. The frequencies
of focusings change with time because of the outward move-
ment of the shock wave and CME, which produces the traces
of fibres on the dynamic spectrum.
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Fig. 2. Characteristic ray trajectory patterns for an individual point source at the shock front. On the left panel, the electron density in the
CME frontal structure gradually falls from its central part towards the edges. Therefore, only a broadening of the ray cone occurs. On the
right panel, there is a local region with decreased electron density in the CME front, which produces a caustic.

3 Scattering

Apart from the regular refraction, the other crucial factor for
the propagation of radio emission in the near-solar plasma
is its scattering by electron density irregularities. The scat-
tering causes smearing of the caustics and thus reduces the
magnitude of focusing. Therefore, it is of importance to take
the scattering into consideration. One way to do this is to
use the geometrical optics (GO) method, which, as is known,
works well in those cases where the ambient plasma is sig-
nificantly inhomogeneous and the effects of regular refrac-
tion are important. I apply the Monte Carlo technique, which
is based on the GO method. This numerical approach gives
one an opportunity to take into account more fully the scat-
tering of radio waves on density irregularities (to include the
large-angle scattering in addition to the small-angle refrac-
tive scattering described by the geometrical optics) and their
refraction in a strongly inhomogeneous medium, i.e. to study
the influence of scattering on the emission focusing.

The Monte Carlo method has been used for many years
to study the scattering of solar radio emissions by density
fluctuations (Fokker, 1965; Steinberg et al., 1971; Steinberg,
1972; Riddle, 1974; Thejappa et al., 2007). Details about the
method and conditions of its applicability can be found in
Steinberg et al. (1971) for the case of a Gaussian power spec-
trum of density irregularities and in Thejappa et al. (2007) for
a power-law (Kolmogorov) spectrum. However, it is worth
indicating some key points of the method, which are neces-
sary in what follows.

The Monte Carlo method approximates the scattering as
irregular refraction of rays. In other words, it deals with trac-
ing rays step by step. At each step1S, it is necessary to

solve the ray-tracing equations, which can be written in the
following form (Kravtsov and Orlov, 1990):

dR

ds
=

T

µ
, (1)

dT

ds
= ∇µ, (2)

whereµ=µ (r) is the refractive index which is a function of
coordinates,s is the ray path length,

R ≡

xy
z

 and T ≡

TxTy
Tz


are the position and direction cosine vectors of the ray, re-
spectively, and

T 2
x + T 2

y + T 2
z = µ2.

The step1S is chosen such that the approximations of small-
angle scattering and quasi-linearity of rays (see, e.g. Stein-
berg et al., 1971) are valid. At the end of each step, a random
vector is added to the direction of the ray, the components of
which are taken from a Gaussian distribution with zero mean
and the variance which for a Kolmogorov power law spec-
trum of irregularities has the form (Thejappa et al., 2007):〈
92

〉
K

= π
f 4
p

f 4

ε2

µ4l
1/3
i l

2/3
o

1S, (3)

wheref is the emission frequency,fp (r)≈9×10−3√Nr (r)

is the plasma frequency in MHz in a regular medium, which
varies directly with the regular electron densityNr (r); ε
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is called the relative level of density fluctuations;li (r) and
lo (r) are the inner and outer scales of plasma turbulence, re-
spectively.

Earlier, the similar calculations of the scattering in the so-
lar corona were conducted based on the assumption that the
power spectrum of density fluctuations is a Gaussian. In this
case, the formula for the characteristic scattering angle has
the following form (Steinberg et al., 1971):〈
92

〉
G

=

√
π

2

f 4
p

f 4

ε2

µ4l
1S, (4)

wherel is the characteristic scale of density inhomogeneities.
It is evident that〈
92

〉
K

=

〈
92

〉
G
, if l (r) =

l
1/3
i (r) · l

2/3
o (r)

2
√
π

. (5)

Since at heliocentric distancesr<10RS (RS is the solar ra-
dius), which are of interest in this study, the power spectrum
of density fluctuations inside the CME is very close to Kol-
mogorov (see Sect. 4), one should use Eq. (3) when modeling
the scattering effects. However, the condition (5) allows us to
apply Eq. (4), which is easier to do in the situation where the
relations forli (r) and lo (r) are not clear (e.g. in the wake
of the CME). The formulas forli (r) and lo (r) valid in the
background medium can be used as a reference.

After tracing a large number of rays from the source to the
Earth’s orbit, the traditional way is to divide the orbit into
small sectors and to count the number of rays arrived at each
particular sector (the size of such a sector is usually char-
acterized by the corresponding central angle1ψ subtending
the sector in the Sun’s center). The inferred distribution of
scattered rays on the Earth’s orbit contains information about
the directivity of the source.

I have found that in order to study how the scattering af-
fects regular caustics in inhomogeneous plasma, it is neces-
sary to trace many more rays as compared with the case of
a spherically symmetric model. Therefore, I have confined
myself to considering a two-dimensional case.

4 The models used

The electron density distribution in the near-solar plasma can
be divided into two components:

Ne(r) = Nr(r)+1N(r), (6)

where the functionNr (r)=Nb(r)+NCME(r) represents a
regular component composed of a spherically symmet-
ric background density distributionNb (r) and a function
NCME (r) specifying the mean density distribution in the
CME; the function1N (r) describes electron density fluc-
tuations in the near-solar plasma. It is assumed that〈
1N2

〉1/2
�Nb (r), and

〈
1N2

〉1/2
�NCME (r).

For the background density distributionNb (r), I adopt the
functional form proposed by Leblanc et al. (1998), which

was also used for estimations by Chernov et al. (2007a, b).
As far as the density distribution in the CME is concerned, I
rely on models used for reproducing its large scale structure.
In this kind of models, the CME represents just a shell with
enhanced electron density (e.g. Thernisien et al., 2006). In
other words, such models reproduce only the frontal struc-
ture of the CME and neglect other features such as the cavity
and core. I consider a two-dimensional case and specify the
model of the CME frontal structure in the form of a semi-
circular plasma layer. In the heliocentric Cartesian reference
frame, it can be written in the following form:

NCME(x, y) = QNb(H)K(x, y)

exp

{
−
(
√
(y −H + R)2 + x2 − R)2

σ 2

}
(7)

R (H) =

(
1 −

1 − κ

1 + sinγ

)
H,

K(x, y) = 1 + δ Q cos2
[

2π

ϕl
arctan

(
x

y

)]
,

whereH is the height (relative to the Sun’s center) of the
maximum of the plasma layer,σ characterizes the layer
thickness,Q defines the mean value of electron density in
the layer. The functionK(y) represents the intrinsic inho-
mogeneous structure of the layer, which may result from the
flux-rope structure of the CME. The parameterϕl specifies
the angular size of the electron density variation andδ char-
acterizes the magnitude of the variation (Fig. 3). The ex-
pression forR(H) is obtained in terms of the CME model
used in calculations reported by Thernisien et al. (2006). The
constantsκ andγ in the model suggested by Thernisien et
al. (2006) characterize the aspect ratio and the angular width,
respectively. Since it is necessary to specify the characteris-
tic geometrical scales of the CME, the typical values of these
parameters:κ=0.43, andγ=25◦ are used.

As far as the electron density fluctuations inside the CME
are concerned, their properties are not known in detail. The
radio sounding experiments using signals from spacecraft
have shown that the slope of the turbulence power spectrum
increases significantly behind the CME front (Woo and Arm-
strong, 1992; Efimov et al., 2008). Specifically, according to
Woo and Armstrong (1992), the power exponentp of the tur-
bulence spectrum at small heliocentric distances (r<10RS)
changes fromp≈3.0 in the region before the leading edge
to p≈11/3 after the leading edge. However, the values of
parametersli , lo andε inside the CME are not clear.

As regards the outer scale of turbulence,lo, I consider the
following well known relation (see, Efimov et al., 2002; The-
jappa et al., 2007):

lo (r) = 8.82× 10−2r0.82 [AU] , (8)

wherer is in units of AU. As for the inner scale,li , it is
known that it increases with the heliocentric distance (Coles
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Fig. 3. Left panel: The regular electron density distributionNe (r) in the near-solar plasma. Right panel: Density variation parameters,ϕl
andδ=q/Q in the CME front.

and Harmon, 1989) from about 1 km atr≈3RS to 50 km at
r≈25RS .

To calculate the scattering, I used Eq. (4), supposing
l=const everywhere in space, and chose values ofl around
l∗= 1

2
√
π
l
1/3
i (r0) l

2/3
o (r0) (herer0 is the heliocentric distance

of the source).
In many papers dealing with the modeling of radio emis-

sion scattering, the parameterε=
〈
1N2

〉1/2
/Nr is assumed

to be constant throughout the medium (e.g. Bastian, 1994).
That was observationally supported by Woo (1978) down to
r≈1.7RS . Bavassano and Bruno (1995) deduced from the
in-situ measurements onboard the HELIOS spacecraft that
ε≈6...10% at the distance of about 65RS from the Sun. On
the other hand, based on the analysis of radio sounding ob-
servations with the VENERA-15, -16 spacecraft, Rubtsov et
al. (1987) obtainedε=3...5% atr≈5.5RS . They also found
that ε decreased with the approach to the Sun. The men-
tioned results indicate that it is reasonable to takeε=3...10%
for the calculations.

5 Results and discussion

To study the effect of scattering on the regular focusing, I
calculated distributions of scattered rays on the Earth’s or-
bit. The rays are assumed to be emitted by point sources
distributed throughout the shock front (correspondingly, at
different frequencies). The calculations have been performed
for different relative positions of the shock wave and CME.
An example of such distributions for the geometry depicted
in Fig. 4 is shown in Fig. 5. The distributions presented suit
a point source located at the apex of the shock front. For the
purposes of this study, it is enough to consider just a small
cone of rays leaving the source in the forward direction (see
Fig. 4). This allows one to reduce the number of rays to be
traced. To obtain the histograms in Fig. 5, 2000 rays uni-

Fig. 4. Geometry adopted for the calculations.

formly distributed within a half of the two-dimensional ini-
tial cone withψ0=40◦ were traced. The averaging interval
for the scattered rays is1ψ=0.25◦.

It is evident from Eq. (4) that the scattering is most sen-
sitive to the “level” of inhomogeneity of plasmaε and the
ratiofp/f . The histograms in the left column of Fig. 5 have
been obtained under the assumption that the source emits
at the fundamental frequencyf=1.05fp and those in the
right column correspond to the assumption of the harmonic
source. The upper histograms (ε=0) correspond to the case
of a regular medium. The peaks in the distributions repre-
sent the effect of radio emission focusing on the caustics.
It can be seen that more intensive density fluctuations pro-
duce stronger smearing of the caustics. However, the focus-
ing of the harmonic emission remains to be clearly seen for
the values ofε consistent with those obtained from the ob-
servations. It is also clear from the histograms that the scat-
tering significantly reduces the focusing on the caustics so
that it is unlikely that the intensity of fibres produced by the
suggested mechanism can exceed the background more than
a few times.
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Fig. 5. Distributions of scattered rays on the Earth’s orbit for the geometry in Fig. 4 for different values of turbulence levelε. The left column
of histograms corresponds to the fundamental emission (f=1.05fp, fp≈4 MHz), the right column – to the harmonic emission (f=2fp).
The values of the turbulence parameters:li=3 km, lo=4.1×105 km, l∗≈2.3×103 km, andl=2.2l∗. The values of the CME regular structure
parameters:Q=7.5; ϕl=2◦, δ=7% (left column);ϕl=4.3◦, δ=50% (right column).

The calculations have also revealed that the formation of
the caustic focusing depends not only on the parameters of
random irregularities but also on the regular structure of the
CME front. If the produced caustics lie close to each other
on the Earth’s orbit, then quite weak irregularities smear the
caustic structure entirely. Thus, the fibres potentially con-
tain information about parameters (the characteristic size and
gradient) of density variations in the frontal structure of the
CME.

Figure 6 shows two distributions of scattered rays emitted
by two sources located on a parabolic-shaped shock front,
which is specified by the relationy=kx2 with k=0.4. For the
calculation, the geometry presented in Fig. 4 was adopted.
One of the sources is located at the apex of the front and the

other one – on the branch of the parabola. One can see the
shift of the distributions with respect to one another, which
implies that the position (or structure) of sets of the “caustic”
fibres on the dynamic spectrum observed from two different
points on the Earth’s orbit will be different. Therefore, mea-
surements of the dynamic spectra of fibres (or other types
of fine structure) at different points in space can be used for
identifying those features that are caused by the propagation
effects.

Note that the density variations along the leading edge of
the CME may not be uniform in magnitude and spacing. In
this case, the distribution of caustic features (produced by
one source on the shock front) along the Earth’s orbit should
be nonuniform. Therefore, the frequency separation between

Ann. Geophys., 27, 3933–3940, 2009 www.ann-geophys.net/27/3933/2009/
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Fig. 6. Relative shift of two distributions of scattered rays from two
different point sources at the shock front.

the adjacent fibres in the dynamic spectrum may be differ-
ent for different pairs of fibres, which is actually observed.
Besides, it is more likely, in this case, to expect a different
structure of sets of fibres (for example, different number of
fibres) observed in two different points in space than just a
relative shift in frequency of the sets.

It should also be noted that in three-dimensional space
the caustics represent surfaces but not curves as in the two-
dimensional problem. The structure of such caustic surfaces
may be complicated, depending on the structure of the den-
sity variations in the CME. Therefore, either some decrease
or increase in the radio wave intensity on the caustics as com-
pared with the two-dimensional case may be possible.

6 Conclusions

The results of this study support the hypothesis that the fine
structure of type II solar radio bursts in the form of drifting
narrowband fibres can be the result of focusing of the radio
emission due to the inhomogeneous structure of the CME
(probably, of its frontal structure). The calculations of the
radio wave scattering based on the Monte Carlo technique
have shown the following.

1. The scattering significantly reduces the magnitude of
focusing so that the fundamental emission becomes to-
tally smeared for reliable values of the plasma turbu-
lence parameters. However, the harmonic emission fo-
cusing remains to be well pronounced in the source di-
rectivity patterns for the values of the turbulence param-
eters consistent with those obtained from the observa-
tions. Therefore, the emission of the “caustic” fibres
should be harmonic.

2. It is unlikely that the intensity of the fibres produced by
the suggested mechanism can exceed the background
more than a few times.

3. The “caustic” fibres potentially contain information
about values of the turbulence parameters inside CMEs
and about the structure of the CME front.

4. In solar observations from two different points in space,
the observed sets of “caustic” fibres can be shifted in
frequency with respect to one another or can have dif-
ferent structure. This potentially can be used for identi-
fying fibres caused by the propagation effects.
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