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Abstract The problem of strong polarization of the zebra-type fine structure in solar radio
emission is discussed. In the framework of the plasma mechanism of radiation at the levels
of the double plasma resonance, the polarization of the observed radio emission may be due
to a difference in rates of plasma wave conversion into ordinary and extraordinary waves
or different conditions of escaping of these waves from the source. In a weakly anisotropic
plasma which is a source of the zebra-pattern with rather large harmonic numbers, the degree
of polarization of the radio emission at twice the plasma frequency originating from the
coalescence of two plasma waves is proportional to the ratio of the electron gyrofrequency
to the plasma frequency, which is a small number and is negligible. Noticeable polarization
can therefore arise only if the observed radio emission is a result of plasma wave scattering
by ions (including induced scattering) or their coalescence with low-frequency waves. In
this case, the ordinary mode freely leaves the source, but the extraordinary mode gets into
the decay zone and does not exit from the source. As a result, the outgoing radio emission
can be strongly polarized as the ordinary mode. Possible reasons for the polarization of the
zebra pattern in the microwave region are discussed.
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1. Introduction

Polarization of radiation is a very important part of the theory of any solar radio emission.
This paper is devoted to interpretation of the polarized fine structure in the dynamic spec-
tra of solar radio emission, namely, polarization of the so-called zebra pattern (ZP). It is
usually recorded against the background of type IV continuum as quasi-harmonic stripes
of enhanced and lowered radiation drifting synchronously in time. The stripes are almost
equidistant (the frequency spacing slightly increases with frequency), and the number of
stripes in different events changes from three to several tens. ZP is seen in the whole fre-
quency range of the observed solar radio emission – from microwaves to meter wavelengths.

Measurements of polarized radio emission in the zebra stripes have experienced signif-
icant problems. Note that we will deal with circular polarization only: even if a linearly
polarized component is contained in the radiation escaping from the source, it is impossible
to detect it in the radiation passing through the solar atmosphere and arriving at the Earth
because of the strong Faraday effect on the propagation path in the solar corona.

At present the data on the ZP polarization are rather poor. This is due to the fact that,
first, not all spectrographs recording dynamic spectra are equipped with polarimeters. The
second reason is that in order to detect the polarized radiation in zebra stripes, measurements
with high frequency resolution are necessary. Indeed, if the frequency band of the receiver
is rather wide, both enhanced radiation in zebra stripes and the background can be recorded
together, but their polarization is possibly different. From this point of view, the single fre-
quency measurements appear to be rather useful if they are combined with dynamic spectra
which make understandable the temporal change of the polarization associated, for example,
with the transition from one zebra stripe to another. Further, in order to obtain reliable in-
formation about polarization inside zebra stripes, measurements with high spatial resolution
are desirable. Otherwise, the antenna pattern contains not only the ZP source, but also the
surrounding corona that can influence the polarization of recorded radio emission. Finally,
to determine the sense of polarization, that is, to identify the normal mode, it is necessary to
know the direction of the magnetic field in the source (for example, in the north polarity of
the magnetic field, the right-hand polarization corresponds to the extraordinary mode). This
means that the polarization study requires combination of radio and optical measurements.
It is clear that there is a significant problem in finding the location of the ZP source in active
regions with a complicated structure at the photosphere.

Thus, obtaining reliable information about the polarization of enhanced radiation in zebra
stripes is a really difficult problem, and only few observers managed to get some data about
the degree and sense of ZP polarization.

The results of measurements at metric and decimetric wavelengths are described mainly
by Chernov, Korolev, and Markeev (1975), Chernov and Zlobec (1995), and Chernov
(2006). In the bulk of described events (90 %) the radiation in zebra stripes is strongly
polarized: the degree of polarization is, as a rule, very high up to 100 %. The sense of
rotation is the same for the ZP and the background (as well as for other kinds of fine struc-
ture observed in the frequency band coinciding with that of ZP). According to the opinion
of the above authors the sense of rotation corresponds to the ordinary mode. The results
are obtained mainly by records at a frequency of 237 MHz in Trieste combined with the
spectrographic data. A few events were simultaneously recorded by the Nançay Radioheli-
ograph, which gave an idea about the source location. But in most cases the mode type was
related to the polarity of the leading sunspot in the corresponding active region, under the
assumption that the ZP source is located just above the leading sunspot. From a statistical
analysis, the authors also conclude that the ZP emission is polarized as the ordinary mode.
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This conclusion was confirmed by the first interferometric observation of a ZP radio burst
with simultaneous high spectral and high time resolution performed by the Frequency-Agile
Solar Radiotelescope Subsystem Testbed and the Owens Valley Solar Array (Chen et al.,
2011). These observations clearly demonstrated that the property of ZP is quite consistent
with the model of the double plasma resonance (DPR) and is strongly polarized in the sense
of the ordinary mode.

ZP at microwaves is observed not so often as at meter and decimeter wavelengths and
demonstrates a large diversity of spectral and polarizational features. The data on microwave
ZP are obtained mainly by a spectrograph of China Academy of Science (Huairou) in the
frequency band of 5.2 – 7.6 GHz. The observations with high spatial resolution at a fre-
quency of 5.7 GHz are performed by Siberian Solar Radio Telescope (Irkutsk). Results of
such observations are given, for example, Huang et al. (2003), Huang (2004), Altyntsev et
al. (2005, 2011), Chernov (2006, 2010), Ning et al. (2007), and Tan et al. (2012). In the
recorded events the ZP consists of both small and large numbers of stripes, being weakly
or strongly polarized in the sense of both ordinary and extraordinary modes, and its fre-
quency spacing is constant or grows weakly with the frequency. In some cases, even the
inversion of polarization over the frequency band was observed (Huang and Lin, 2006;
Huang, Song, and Li, 2013). The possibility is not excluded that some of the recorded
events originate from the DPR effect similar to ZP at longer wavelengths (see, for example,
Kuznetsov, 2007). But evidently, all this variety of the ZP spectral-polarizational properties
at microwaves cannot be explained in the framework of a single source model and with one
generation mechanism. In order to develop the theory of the microwave ZP it is necessary to
select some general regularities and formulate the most important properties of this structure.
Also, the analysis of individual events is worth studying. Therefore, in Section 3, devoted to
the theory of the polarized ZP, we consider only one carefully studied event which permits
clear interpretation.

2. ZP Polarization at Meter and Decimeter Wavelengths

Prior to the interpretation of polarized zebra structure we recall the main points of the theory
of ZP. At present, the main ZP features are explained best of all in the framework of the so-
called plasma mechanism of radiation containing a kinetic instability of plasma waves due
to the presence of non-equilibrium electrons and transformation of these plasma waves into
electromagnetic emission.

It is well known that the non-equilibrium electrons with velocities exceeding the ther-
mal velocity in a plasma are easiest to excite plasma waves at the frequency f ≈ fp (or
f ≈ fUH in the magnetoactive plasma), which are longitudinal electrostatic modes. Here
fp = (e2N/πme)

1/2 is the plasma frequency, fUB = (f 2
p + f 2

B)1/2 is the frequency of the
upper hybrid resonance for the waves propagating perpendicularly to the magnetic field B ,
fB = eB/2πmec is the electron gyrofrequency, e and me are the electron charge and mass,
respectively, c is the velocity of light, and N is the electron number density. The longitudinal
plasma waves are distinguished by the fact that their refractive index is greater than unity,
i.e., the phase velocity is less than the velocity of light, so that the electrons with velocity
equal to or greater than the phase velocity can give part of their energy to the wave in a
resonant manner. For the electromagnetic waves with phase velocity exceeding the velocity
of light, such a resonant interaction is impossible, and it is the reason why plasma waves
are excited more effectively. It is important that this is true for any kind of non-equilibrium
distribution of electrons whether it represents electron beams or trapped particles.
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ZP events last for a rather long time and cannot be associated with transient particles.
Therefore for its interpretation it is necessary to invoke electrons which are non-equilibrium
over velocities perpendicular to the magnetic field, namely, the electrons trapped by the mag-
netic field. The best explanation for the whole observational ZP properties is provided by a
theory based on the double plasma resonance effect. About comparative analysis of different
theories for the origin of ZP, see Zlotnik (2009). This effect can be realized in a magnetic
trap filled with weakly anisotropic equilibrium plasma where the following inequality is
valid:

p ≡ fB/fp � 1, (1)

and a group of trapped electrons which are non-equilibrium over velocities transverse to
the magnetic field. The effect of double plasma resonance is that the growth rate of insta-
bility stimulated by such electrons greatly increases in the regions where the upper hybrid

frequency fUH =
√

f 2
p + f 2

B (or plasma frequency fp in weakly anisotropic coronal plasma

under condition given by Equation (1)) coincides with the harmonics of electron gyrofre-
quency:

fp = sfB, (2)

where s is a harmonic number. It is these levels that are the sources of resolved ZP stripes.
In this case the longitudinal plasma waves are excited in the directions nearly perpendicular
to the magnetic field. The calculation showed (Zheleznyakov and Zlotnik, 1975a, 1975b;
Winglee and Dulk, 1986; Kuznetsov and Tsap, 2007) that under typical conditions in coronal
traps the frequency distance �fs between zebra stripes is

�fs ≈ fB(LB/LN), (3)

where LB and LN are the characteristic scales of the variation in magnetic field and elec-
tron number density in a non-homogeneous source. Under typical coronal conditions, the
inequality LB � LN is usually valid, which implies that the frequency spacing �fs is much
less than the gyrofrequency fB . The calculations performed in the above works showed that
the frequency interval δf where the plasma waves are excited due to the DPR effect is less
than both of the two intervals given above: δf < �fs � fB . It is exactly this condition that
provides the appearance of resolved stripes in the dynamic spectrum.

An excess of the growth rate γ ≈ (Ne/N0)fB over the effective electron-ion collision
frequency νei ≈ (5.5N0T

−3/2) ln(104T 2/3N
−1/3
0 ) determines the lower boundary of the non-

equilibrium electron number density necessary for the excitation and weak damping of
plasma waves (Zheleznyakov and Zlotnik, 1975a, 1975b): Ne/N0 > 3×10−6 for typical val-
ues representing the ZP source; T = 106 K, fp = 1.5 × 108 s−1, s = 10 – 20, and ve/vT = 20
(ve and vT are the mean velocities of the non-equilibrium and thermal coronal electrons, re-
spectively). It is clear that for appropriate plasma parameters, the considered DPR instability
is easily excited even at a very low number density of the non-equilibrium electrons.

The excited longitudinal plasma waves cannot escape the plasma source because they
are strongly absorbed in the rarefied layers due to Landau damping. Therefore, outside
the plasma source such radiation can be detected only if it is transformed (in a linear or
non-linear manner) into electromagnetic emission which freely escapes the plasma source.
In the theory of solar radio emission this problem is thoroughly studied, and for some
types of bursts, such conversion mechanisms are elaborated and confirmed by observations
(Zheleznyakov, 1970, 2000). As the analysis showed, it is the non-linear coalescence of
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plasma waves which is the most effective process in the solar corona, as well as scattering
of plasma waves by plasma particles or non-linear interaction with low frequency waves:

l + l → t, fp + fp ≈ 2fp, (4)

l + i → t, fp + flf ≈ fp. (5)

The process given by Equation (5) results in the appearance of electromagnetic radiation
at a frequency which only slightly differs from the frequency of the plasma wave. It is the
so-called fundamental emission. Coalescence [Equation (4)] of two plasma waves leads to
the emergence of electromagnetic emission at twice the plasma frequency. This concept was
brightly confirmed by observations of type II and III solar radio bursts which often display
emission at frequencies with a ratio of 1:2 (Wild, Smerd, and Weiss, 1963; Kundu, 1965;
Zheleznyakov, 1970).

Our problem is how radiation emerging in the solar corona as a result of DPR effect
can be polarized. In an isotropic plasma, the electromagnetic emission originating from the
coalescence of longitudinal plasma waves (by processes represented by Equations (4) and
(5)) is non-polarized. In a magnetoactive plasma, transformation into two normal transverse
waves, i.e. ordinary and extraordinary waves, can proceed with different rates depending on
the probability of non-linear coalescence of longitudinal waves (which is a function of the
magnetic field), as well as dispersion properties of transverse modes. Hence, the polarization
of radio emission received on the Earth is determined by different rates of transformation of
plasma waves into transverse waves and different conditions of propagation and escape of
ordinary and extraordinary waves from the corona.

2.1. Polarization of Emission at Twice the Plasma Frequency

Spectral intensity of the electromagnetic emission emerging as a result of coalescence
[Equation (4)] of two plasma waves with wave numbers k1 and k2, frequencies ω1 and
ω2, and spectral energy densities Wk1 and Wk2 , is determined by (Tsytovich, 1970)

I obs
ω = (4π)4

ω3
p

c3

L

n|∂(ω2n2)/∂ω|
∫

|S|2Wk1Wk2δ	, (6)

δ	 = δ(ω − ω1 − ω2)δ(k − k1 − k2)dk1 dk2, (7)

where ω = 2πf and L is the source size along the line of sight. The right-hand-side of Equa-
tion (6) involves two terms which are different for ordinary and extraordinary waves. The
first is |S| which is a contraction of the non-linear conductivity tensor determining the prob-
ability of plasma wave coalescence. The second term is in the denominator of Equation (6)
and contains the refraction index n which is different for ordinary and extraordinary waves
in the magnetoactive plasma.

Obviously, in a weakly anisotropic plasma where the condition given by Equation (1) is
valid, all the terms which are included in Equation (6) and depend on the magnetic field can
be regarded as the first (linear) term of the expansion with respect to the small parameter p

[Equation (1)]. For the plasma waves concentrated both inside and outside the cone aligned
along the magnetic field with the opening angle θ0, and under the condition that their energy
density inside the cone does not depend on θ0, the intensity of emission [Equation (6)] into
ordinary and extraordinary modes can be written as

Iω = I 0
ω

[
1 ± pA(α, θ0)

]
, (8)
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where I 0
ω does not depend on the magnetic field, and the parameter A is determined by the

width of the angular spectrum of plasma waves θ0 and the angle α between the magnetic
field and the line of sight. The upper and lower signs in Equation (8) refer to extraordinary
and ordinary modes, respectively. Equation (8) results in the following degree of polarization
of radiation at twice the plasma frequency:

ρ = I (e)
ω − I (o)

ω

I
(e)
ω + I

(o)
ω

= ±pA(α, θ0). (9)

The parameter A(α, θ0) was calculated by Melrose and Sy (1972), Melrose, Dulk, and
Smerd (1978), and Zlotnik (1981). It appears that for the plasma waves localized outside the
cone with the opening angle θ0, i.e., under the conditions appropriate to the ZP source, the
value A is always positive (independently of the angles α and θ0) and does not exceed a few
units (Melrose, Dulk, and Gary, 1980). This result differs form the calculations of A(θ0, α)

for the plasma waves concentrated inside the cone (Melrose, Dulk, and Smerd, 1978, 1980;
Zlotnik, 1981). In the latter case, the parameter A can be positive or negative, depending
on the angles α and θ0, but the absolute value does not exceed a few units. At small values
of θ0, the polarization can correspond to the ordinary mode, and it explains the observed
polarizational data of type III bursts. For the emission arising from the coalescence of plasma
waves whose wave vectors are outside the cone, the polarization always corresponds to
the extraordinary mode, and the polarization degree is insignificant in a weakly anisotropic
plasma under the condition given by Equation (1), that is,

0 < ρ � 1. (10)

In reference to the ZP polarized as the ordinary mode with ρ = 50 – 100 %, this means
that the observed emission cannot be the result of coalescence [Equation (4)] of two plasma
waves.

2.2. Polarization of Fundamental Emission

Here we consider possible polarization of electromagnetic emission at the fundamental fre-
quency arising as a result of scattering of plasma waves by plasma ions or their coalescence
with low frequency waves [Equation (5)]. From a general point of view it is evident that in
a weakly anisotropic plasma when Equation (1) is satisfied, the difference in the conversion
rates into ordinary and extraordinary modes, as well as the difference in the dispersion prop-
erties of the normal waves, can lead to a small effect of the order of p = fB/fp � 1, which
can hardly explain the observed strong ZP polarization. However, a significant difference
in the intensities of the ordinary and extraordinary waves in the emission coming to an ob-
server can be associated with the essentially different conditions of escape of ordinary and
extraordinary waves from the corona at a frequency close to the plasma frequency. Indeed,
the ordinary and extraordinary waves do not penetrate into the plasma deeper than the lev-
els where the refractive indices become zero: n2 = 0. These points of reflection are located
at different levels (see Figure 1) and are determined by the following equations (Ginzburg,
1964; Zheleznyakov, 1970, 2000):

v = 1; fpo = f (ordinary mode); (11)

v = 1 − √
u; fpe = f

√
1 − fB

f
(extraordinary mode), (12)
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Figure 1 The levels of ordinary
(o) and extraordinary (e) mode
reflection in the solar corona. The
dotted line is the DPR level.

and also the location of the reflection points does not depend on the angle α between the
magnetic field and the line of sight. In Equations (11) – (12), the standard notations of plasma
parameters are used: v = f 2

p /f 2 and u = f 2
B/f 2. It is important that the level above which

undamped ordinary waves can propagate is always located lower in the corona than the
corresponding level for extraordinary waves: fpe < fpo . This means that if the source of
radiation at frequency f is located higher in the corona than the level given by Equation (12)
of the extraordinary mode reflection, then both waves freely propagate in the coronal plasma.
In this case, the outgoing emission is not polarized. If this source is located lower than the
level given by Equation (11) of the ordinary mode reflection, then both modes exponentially
decay in such a dense plasma. But if the source is located between these two levels, then
the only ordinary wave can leave the plasma. In this case, the emission can be completely
polarized as the ordinary mode. In a weakly anisotropic plasma, the difference in plasma
frequencies at the reflection levels is

fpo − fpe ≈ fB/2. (13)

Thus, the emission is polarized as the ordinary mode if the wave frequency slightly exceeds
the local plasma frequency but no more than fB/2.

The idea that a polarized component in solar radio emission emerges due to different
condition of escape of the ordinary and extraordinary waves from a source in the corona
was put forward fairly long time ago (Fomichev and Chertok, 1968; Zheleznyakov, 1970).
It was successfully used for the interpretation of the polarization of type II and III bursts. In
this paper, we study possible realization of this effect in the ZP sources in the framework
of the DPR model. For this purpose it is necessary to estimate how the frequency of the
electromagnetic wave originating, for example, from scattering of plasma waves by ions
differs from the frequencies fpo and fpe and to find whether the source of electromagnetic
emission can be located between the reflection levels given by Equations (11) and (12) of
the ordinary and extraordinary waves.

Let us assume that the DPR level corresponding to the harmonic number s is located at a
height hs (Figure 1). First we consider the idealized case where the plasma wave is excited
only at a given specified height. In this region the DPR condition

fp(hs) + f 2
B(hs)

2fp(hs)
= sfB(hs) (14)

is fulfilled and the frequency of excited plasma waves is

fpl ≈ fp(hs) + f 2
B(hs)

2fp(hs)
+ 3

2

k2
plv

2
T

(2π)2fp(hs)
. (15)
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Note that in the framework of the DPR model the frequency fpl slightly differs from the
local plasma frequency fp(hs), and fpl > fp(hs). This means that if the plasma waves are
transformed into electromagnetic waves without changing the frequency, the level of the
ordinary mode reflection would have been located in the corona lower than the DPR level,
that is, h0 < hs . If in this case the difference in the plasma wave frequency fpl and the local
Langmuir frequency fp(hs) is not greater than fB/2, then the DPR level would have been
located at a height lower than the level he of the extraordinary mode reflection.

Let us demonstrate that this condition is fulfilled under conditions typical of the ZP
sources. Indeed, the second term on the right-hand side of Equation (15) is about fB/2s,
which for typical harmonic numbers of the ZP, s = 10 – 20, is certainly much less than
fB/2. When estimating the third term of the sum in Equation (15) we take into account that
the magnitude of the wave vector kpl is determined by the non-equilibrium electron velocity
ve and is about kpl ≈ 2πfp/ve. In this case, the estimate of the mentioned term leads to the
value 1.5(k2

plv
2
T)/(4π2fp) ≈ 1.5sfB(v2

T/v2
e ) = (0.01 – 0.04)fB (here, the numerical values

are obtained for s = 10 – 20 and ve/vT = 10 – 20). Thus, for typical parameters of the ZP,
the condition fpl − fp(hs) � fB/2 is easily realized. Hence, the source of the zebra stripe is
located between the reflection levels of ordinary and extraordinary waves, so that the radia-
tion at the frequency fpl, which coincides with the frequency of the plasma wave excited at
the height hs , escapes from the source being polarized as the ordinary mode.

In the actual case of a non-uniform plasma with plasma waves excited in some frequency
range with a possible frequency shift due to transformation into electromagnetic emission,
the situation described above will not change, if the mentioned frequency shifts do not re-
move the DPR level from the height interval between ho and he. Here, the critical point is
that the DPR level is close to the ordinary wave reflection point because this DPR level is
quite far from the extraordinary reflection level. This follows from the fact that even the
frequency spacing between zebra stripes described by Equation (3) under typical conditions
does not exceed fB/2, since in real solar sources the magnetic field changes along the height
much faster than the electron number density, i.e., LB/LN � 1. This means that even the
neighboring DPR level with the harmonic number (s + 1) is located lower than the height
he of the extraordinary mode reflection, and the existence itself of the resolved zebra stripes
proves that their bandwidth δfs is much smaller than the frequency spacing between the
stripes: δfs � �fs ≈ fB(lB/LN).

Further, we estimate the influence of the non-zero frequency interval in which plasma
waves are excited on the location of the ZP source relative to the levels ho and he. It follows
from the analysis of plasma wave instability in a homogeneous plasma with different ratios
of fp and fB (Zheleznyakov and Zlotnik, 1975a, 1975b) that the DPR effect is realized
in a narrow frequency range neighboring the harmonic frequency sfB from above. Such a
“detuning” �fUH = fUH − sfB does not exceed (0.01 – 0.1)fB . This is exactly the condition
that determines the frequency range of plasma waves excited due to the DPR effect in an
inhomogeneous source. Outside this range, the double resonance vanishes, and the growth
rate of the plasma waves becomes much less. But for any bandwidth of the plasma wave
spectrum, its broadening leads to an increase in fpl compared to the plasma frequency fp(hs)

at a given height hs . This means that corrections due to the plasma inhomogeneity and
the non-zero bandwidth of the plasma wave spectrum do not move the DPR level away
from the source of the polarized radiation between the reflection levels of the ordinary and
extraordinary waves.

We now consider a possible frequency change due to transformation of plasma waves
into electromagnetic waves. According to Tsytovich (1975), such a process reduces the fre-
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quency:

f obs = fpl − �fi, (16)

where �fi can be estimated in order of magnitude as

�fi ≈ (kpl/2π)vTi (17)

(vTi = √
(me/mi)vT is the mean velocity of thermal ions in the plasma). A decrease in the

electromagnetic wave frequency compared to fpl results in that the reflection level ho of
the ordinary mode shifts to the lower electron number density. If such an effect was com-
pared with fpl − fp(hs) or �fUH, then the reflection level ho of the ordinary mode could
have been located higher in the corona than the DPR level at the height hs . In this case,
the electromagnetic emission could not leave the source, that is, the occurrence itself of
the observed ZP proves that such frequency change does not happen. Such a conclusion
is confirmed by numerical estimations. Taking (kpl/2π) ≈ fp/ve in Equation (17), we ob-
tain �fi ≈ sfB

√
(m/mi)(vT/ve), which reduces to �fi ≈ (0.01 – 0.04)fB at s = 10 – 20,

ve/vT = 10 – 20. This interval is substantially less than the values fpl − fp(hs) and �fUH

which increase the frequency fpl in Equation (16) compared to fp(hs). Thus, the most part
of the ZP source is located in the region from which the electromagnetic emission polarized
as an ordinary mode escapes.

2.3. Test of Induced Scattering Predominance

Thus, the ZP cannot be highly polarized if it is due to the coalescence [Equation (4)] of
plasma waves into electromagnetic emission at twice the plasma frequency. Conversely, the
observed polarization is quite explainable if the detected ZP emission is the fundamental
emission.

The scattering by ions into the fundamental emission can be spontaneous or induced de-
pending on the energy density of excited plasma waves. If the energy density is rather small,
then the scattering proceeds in a spontaneous way, and in this case the emission at twice the
plasma frequency prevails. This is due to the fact that only the plasma waves with almost op-
positely directed wave vectors can participate in the process of coalescence resulting in the
emission at twice the Langmuir frequency. Under the DPR conditions, the plasma waves are
excited almost perpendicularly to the magnetic field, that is, the wave vectors are concen-
trated in a disk, perpendicular to the magnetic field (more exactly, in a narrow angle interval
around this disk). In this case, each wave vector can choose the oppositely directed partner,
so that the combinational scattering occurs at the waves of the overthermal level. This means
that the emission intensity is greater than that from spontaneous scattering of plasma waves
by thermal ions. However, if the energy density of the excited plasma waves is large enough
and the scattering by ions becomes induced, then the intensity at the fundamental frequency
can appear to be greater than the emission intensity at twice the plasma frequency.

We now estimate if the energy density of plasma waves in typical ZP sources is large
enough to ensure the induced character of the scattering by ions. The scattering becomes
induced if the optical depth of the source relative to the process of induced conversion is
greater than unity (Zaitsev, 1975):

τind =
∫

μind dl > 1 (18)
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(here, μind is the corresponding absorption coefficient, and integration is performed for the
scattering layer along the line of sight). In principle, when estimating the possible part of in-
duced scattering, it is necessary to compare the value τind with the optical depth τcoll relative
to collisional wave damping. However, estimations show that in the source of ZP τcoll < 1 is
satisfied, so that it is enough to take into account the only condition given by Equation (18).

The coefficient of absorption (amplification) of electromagnetic waves due to induced
conversion is determined by the following relation (Tsytovich, 1975; Zaitsev, 1975):

μind ≈
√

π

8

4π2f 2
p

mivgrNv2
Ti

∫
sin2 ϑ

|k − kpl|
f − fpl

fpl

· exp

{
−2π2(f − fpl)

2

|k − kpl|2v2
Ti

}
Wkpl dkpl, (19)

where vgr is the group velocity of electromagnetic waves, ϑ is the angle between the wave
vectors k and kpl of the electromagnetic and plasma waves, and Wkpl is the spectral energy
density of the excited plasma waves. If we take into account that in the DPR model the
plasma waves are excited in a narrow angle interval across the magnetic field, then for ap-
proximate estimations we can put Wkpl dkpl ≈ W(kpl)k

2
pl dkplδ(θ −π/2) sin θ dθ dϕ/2π (here

θ and ϕ are the angles in a spherical system of coordinates (kpl, ϕ, θ) defining the variable
vector kpl in the space of wave vectors), and put cosϑ = cosϕ sinα. Besides, we take into
consideration that the width of the plasma wave spectrum exceeds the width of the kernel in
Equation (19), so that the condition of differential scattering

3

2

(
vT

2πfpl

)(
k2

plmax
− k2

plmin

)
> kpl

√
me

mi
(20)

is satisfied.
The total energy density of plasma waves is Wpl = ∫

W(kpl)k
2
pl dkpl = ∫

Wkpl dkpl, where
the designation Wkpl = W(kpl)k

2
pl is introduced. Then Equation (19) is reduced to the follow-

ing relation (Zlotnik, 1977):

μind ≈ π

144
· (2πfp)

3(1 + cos2 α)

vgrmiNkplv
4
T

· d

dkpl
(kplWkpl). (21)

In order to perform integration in Equation (18) we passed from integration over the
coordinate l to integration over the absolute values of the wave vector kpl taking into account
the non-uniformity of the source along the line of sight. Such substitution is determined by
the dispersion relation of plasma waves fpl = (f 2

p + f 2
B + 3k2

plv
2
T/4π2)1/2 at fpl = const and

has the form:

dl ≈ − 3kplv
2
T

(2π2f 2
p /LN) + (4π2f 2

B/LB)
dkpl. (22)

Comparison of the two terms in the denominator of Equation (22) shows that for the pa-
rameters typical of ZP (for example, s ≈ 10, LN/LB = 5 – 10), the second term rewritten as
(4π2f 2

p /LN)(f 2
B/f 2

p )(LN/LB) ≈ (4π2f 2
p /LN)(2LN/s2LB) is much smaller than the first

one, so we can use the expression coinciding with that for the isotropic plasma:

dl ≈ −3kplv
2
TLN

2π2f 2
p

dkpl. (23)
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Substituting it into Equation (18) and using an approximate expression for the group velocity

vgr ≈ c
√

4π2f 2
B + 3k2

plv
2
T/(2πfp), we reduce Equation (18) to the following form:

τind = π3

2

me

mi

f 2
p (1 + cos2 α)LNv2

T

cNκT

∫
k2

pl√
4π2f 2

B + 3k2
plv

2
T

d

dkpl
(kplWkpl)dkpl. (24)

Performing integration by parts and taking into account that the width of the wave number
spectrum is �kpl ≈ kpl (when the dispersion of the hot electron velocities is of the order
of the mean velocity, that is, �ve ≈ ve (see Zheleznyakov and Zlotnik, 1975a, 1975b for
details), we transform Equation (24) in the following way:

τind ≈ π3

2

me

mi

f 2
p (1 + cos2 α)LN

c

v2
T

v2
e

1

[(f 2
B/f 2

p ) + (3v2
T/v2

e )]3/2

Wpl

NκT
. (25)

For approximate estimations we put kpl ≈ 2πfpl/ve and took it out of the integral when
passing from Equation (24) to Equation (25). If fB → 0, then the above relation within the
accuracy of the numerical multiplier coincides with the formula for τind for the isotropic
plasma (Zaitsev, 1975; Zaitsev and Stepanov, 1983):

τind = π3

6
√

3

me

mi

f 2
p (1 + cos2 α)LN

c

ve

vT

Wpl

NκT
. (26)

For parameters typical of the ZP sources, both terms in the denominator of Equation (25)
are of the same order of magnitude, but the second one is slightly larger: f 2

p /f 2
B ≈ s2 =

100 – 400 and 3v2
e /v

2
T = 300 – 1200 at s ≈ ve/vT = 10 – 20. Thus, for approximate estima-

tions it is acceptable to use Equation (26) for the isotropic plasma.
In order to estimate the energy density Wpl of plasma waves which ensures the im-

plementation of criteria given by Equation (18), we put parameters fp = 1.3 × 109 Hz
(N = 2 × 1010 cm−3) and LN ≈ 1.4 × 1010 cm found by Chen et al. (2011) for the ZP
event on 14 December 2006 into Equation (26), and choose the ratio ve/vT = 10 – 20 which
is optimal for ZP generation. Then we get the following inequality criteria for the induced
character of the non-linear scattering process:

Wpl

NκT
> (2 − 4) × 10−7 (27)

or at the temperature T = 106 K

Wpl > (0.5 − 1.0) × 10−6 erg cm−3. (28)

For understanding how large or small is the estimated value of the plasma wave energy
density [Equation (28)] it is reasonable to compare it with the total kinetic energy of the
electrons responsible for the excitation of plasma waves. If we take a lower boundary of
the electron number density of trapped hot electrons, Ne ≈ 3 × 102 cm−3 (it is the value
necessary for the instability growth to exceed the collisional damping), and the velocity of
hot electrons ve/vT = 20, which are the optimal values for the DPR mechanism, then we
obtain the kinetic energy

Ne
mev

2
e

2
≈ 10−1 erg cm−3, (29)
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which is in several orders of magnitude higher than the required energy density of plasma
waves. This means that in the course of plasma wave excitation hot electrons have to give
only a small part of their energy to plasma waves. Thus, the value given by Equation (28)
looks quite reasonable.

Assuming that such an energy is reachable, that is, the criterion given by Equation (18) is
valid, and the scattering becomes the induced one, the brightness temperature of the resulting
electromagnetic radiation is (Zaitsev, 1975)

Tb ≈ 3
mi

me
T ≈ 5.5 × 109 K (30)

and appears to be very close to the brightness temperature Tb ≈ 1.6 × 109 K measured for
the event observed by Chen et al. (2011).

Hence, the observed ZP polarization is quite explainable by the induced scattering of
plasma waves by ions for reasonable parameters of the coronal plasma and the electrons
trapped by the magnetic field. Once again this confirms that the DPR mechanism can be
responsible for the origin of the ZP features.

2.4. Possible Reasons for Depolarization of Radiation at the Fundamental Frequency

Thus, the observed highly polarized ZP can be explained by the difference in conditions
of escape of the ordinary and extraordinary modes from the source at a frequency close
to the local plasma frequency. According to the concept given in Section 2.2, the escaping
radiation is polarized in the sense of the ordinary mode, and the degree of polarization must
be about 100 %, since the extraordinary emission does not go away from the DPR region,
but the ordinary waves freely propagate and escape from the source. Observations show (see
Section 1) that in most recorded events the sense of polarization really corresponded to the
ordinary mode, but the measured degree of polarization was often less than 100 %, although
its value was usually rather high.

One of the reasons for such a depolarization was considered by Chernov and Zlobec
(1995) who discussed the effect of linear coupling of eigenmodes in the region of transverse
(relative to the magnetic field) propagation where the WKB approximation is not applica-
ble. This effect is well known in the theory of solar microwave emission (Cohen, 1960;
Zheleznyakov and Zlotnik, 1964). Indeed, the totally polarized emission can be depolarized
when passing through such a layer: if a wave with 100 % circular polarization of a given
sense falls on the layer of transverse propagation and partly transforms into another mode
(of the opposite sense), then at the output the circular polarization degree is less than 100 %.
However, it can be shown that this effect cannot be effective for the waves of meter and
decimeter waveband and cannot ensure the observed depolarization of the ZP.

As a matter of fact, according to Cohen (1960) and Zheleznyakov and Zlotnik (1964),
if the 100 % circularly polarized radiation falls on the region where the magnetic field is
perpendicular to the line of sight, then the polarization degree at the output of the layer is

ρ = 1 − 2e−2δ0 , (31)

where the coupling parameter 2δ0 depends on parameters of the background plasma (mag-
netic field B⊥) and the wave (frequency f and the gradient of the angle α between the
magnetic field and the line of sight) in the following way:

2δ0 = e5

32π2m4c4
· NB⊥
(dα/dz)f 4

. (32)
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It is evident that at frequencies f � ft where the transitional frequency ft is found from
Equations (31) – (32) under the condition ρ = 0 (or 2δ0 = ln 2 ≈ 0.7), the parameter 2δ0 is
large enough, which corresponds to weak coupling. In this case, the WKB approximation
is valid, and the wave propagates following the change of the medium parameters. This
means that when crossing the region of transverse magnetic field, the type of the wave does
not change, but due to the sign reversal of the magnetic field projected on the line of sight
the sense of polarization also reverses. Thus, if, for example, the left-hand radiation with
the frequency f � ft falls on the region of transverse propagation, then the right-hand
polarization will be detected at the output of the layer, and vise versa.

At comparatively high frequencies f � ft the parameter 2δ0 is rather small, that is,
strong coupling happens, and one wave is fully transformed into another. In this case, the
sense of the rotation of the electric field is preserved when crossing the transverse magnetic
field. Obviously, at the frequency f ≈ ft one mode is partly transformed into another, and
in the case where the totally polarized radiation falls on the layer, the escaping emission can
be partly polarized. Of course, the total degree of polarization will be 100 % as at the input
of the layer, but here the linearly polarized component will be a part of the output radiation
(at f = ft the radiation is fully linearly polarized), but this component is not detectable in
the solar radio emission because of the strong Faraday effect along the propagation path in
the corona (Zheleznyakov, 1970).

However, the observed ZP depolarization is hardly explained by the linear coupling ef-
fect. The reasons are the following. First, for reasonable parameters of the corona, the value
ft gets into the microwave band. For the frequency ft to be in the meter waveband it is nec-
essary that the magnetic field B⊥ does not exceed a fraction of a gauss which is unrealistic
under the coronal conditions. It is this fact that finds difficulty in explaining the existence
of bipolar sources of noise storms in the meter solar radio emission by the effect of linear
coupling in the transverse magnetic field (Gopalswamy, White, and Kundu, 1991; White,
Thejappa, and Kundu, 1992). Second, the interaction parameter 2δ0 is so sharply depen-
dent on the frequency (∝ f −4) that the depolarization can be detected only in a very narrow
frequency range, but on both sides of this range the radiation is completely polarized with
the opposite senses of rotation. In particular, when the frequency differs from ft as little as
10 %, the degree of polarization changes by 60 %. This means that even if the frequency ft

gets into the observed ZP frequency range, the depolarization may be detected only in one
or two stripes, but on both sides of these stripes the radiation would be completely polarized
with the opposite senses of rotation. Such features have never been observed in ZP at meter
and decimeter wavelengths.

Another reason for the possible depolarization seems an accumulation of radiation from
zebra stripes and the background between stripes (on-stripe and off-stripe, following the
terms introduced by Chen et al. (2011)) in the frequency band of the receiving equipment.
Indeed, if the off-stripe radiation was unpolarized, the total polarization of both components
would have been lowered. However, the off-stripe radiation also owes its origin to the plasma
mechanism, so that if the on- and off-stripe sources are closely located, then the off-stripe
emission should also be strongly polarized with the same sense of rotation. According to
a few observations described by Chernov (2006), the sense and degree of polarization are
the same for the on- and off-stripe emission. However, the selection of on- and off-stripe
polarization is a very difficult problem which can be solved only by high frequency reso-
lution measurements. Thus, the similarity of the on- and off-stripe polarization cannot be
considered as a well-established fact.

At the same time, the observations by Chen et al. (2011) clearly indicate the spatial sepa-
ration of the sources of the ZP and the background sources. In this context, it is not improba-
ble that the observed depolarization may be associated with the input of the layer fp′ = fp/2
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into radiation at the frequency f = fp. As was shown in Section 2.3, the induced scattering
into the wave at the fundamental frequency prevails over the combinational scattering into
radiation at twice the plasma frequency under the condition of a sufficiently high intensity
of plasma waves arising as a result of instability. It is quite probable that in the DPR regions
(the sources of on-stripe emission) such a high level of energy density of plasma waves can
be achieved, but the energy level of the plasma waves excited outside the DPR region (the
sources of off-stripe emission) is not sufficient for the induced scattering; thus, the escaping
off-stripe emission at the frequency f = fp is a result of combinational scattering of the
plasma waves. This means that the radiation originating from the region between two neigh-
boring DPR regions at a frequency close to fp is observed at the frequency f ≈ 2fp, and
the off-stripe radiation at the frequency close to fp is excited in the layer fp′ = fp/2 located
higher in the corona. In this case, the total radiation can be partly polarized. The mentioned
difference in the spatial location of the on- and off-stripe sources, which was observed by
Chen et al. (2011), can be an argument in favor of this point of view.

2.5. ZP Polarization in Microwave Band

As was pointed out in Section 1, in the microwave region there was observed one exclusive
event with the sense of rotation corresponding to the extraordinary mode. This case can-
not be understood as the difference in output conditions for the ordinary and extraordinary
waves, and is therefore worth special study.

The event on 5 January 2003 described in detail by Altyntsev et al. (2005) was also dis-
tinguished by some other features. It contained a small amount of stripes (no more than
four), in which the time variations occurred simultaneously. The analysis of many ZP events
in which the changes seemed to be simultaneous revealed a time delay (a peculiar kind of
frequency drift) of such changes from one stripe to another, and it confirms the possibility
of separated sources of different stripes in the DPR model of ZP. However, a more thorough
analysis of the 5 January 2003 event showed that the changes in frequency were quite simul-
taneous, which proves that the total ZP was generated in the same source. This fact (together
with a small quantity of stripes) permits the authors Altyntsev et al. (2005) and Kuznetsov
(2005) to conclude that this event is understood as the generation of Bernstein modes in
a compact source with a uniform magnetic field and their subsequent transformation into
electromagnetic radiation by coalescence with the plasma waves at the upper-hybrid fre-
quency or coalescence of Bernstein modes with different harmonic numbers (Zheleznyakov
and Zlotnik, 1975a, 1975b). The frequency of the observed radio emission is determined by
the sum of the frequencies:

f = fUH + sfB or f = s1fB + s2fB. (33)

The excitation of Bernstein modes and their possible role in the ZP were investigated by
Zheleznyakov and Zlotnik (1975a, 1975b), Altyntsev et al. (2005), and Kuznetsov (2005).
It is important that the growth rate of Bernstein modes is an order of magnitude lower than
that of the DPR effect, but the constraints for the velocity of the non-equilibrium electrons
is weaker. In particular, the resolved zebra stripes arising due to the Berstein mode instabil-
ity can exist for the velocities ve = (4 – 6)vT, which conforms with the electron energy of
30 – 50 keV observed at the temperature of flaring plasma T ≈ 10 MK.

Calculations of the intensity of electromagnetic radiation arising from the coalescence
of Bernstein modes with the upper hybrid plasma wave give the following value (Zlotnik,
1976, 1977; Kuznetsov, 2005):

If ≈ I 0
f (1 ∓ cosα)2, (34)
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where α is the angle between the magnetic field and the line of sight, the upper and lower
signs correspond to the extraordinary and ordinary modes, and the multiplier I 0

f is the same
for both waves. It is clear from Equation (34) that the ratio between the ordinary and extraor-
dinary mode intensities depends essentially on the angle under which the radio emission is
observed. The degree of circular polarization is

ρ ≈ 2 cosα

1 + cos2 α
, (35)

and depending on the angle α can adopt a value from −1 up to +1. In a wide angle interval
α ≤ 60◦ the degree of circular polarization acquires high values (more than 80 %). The sense
of rotation can correspond to both ordinary (ρ > 0 at 0 < α < π ) and extraordinary (ρ < 0
at π < α < 0) modes. Thus, the polarization of the ZP corresponding to the extraordinary
mode, which was observed in the 5 January 2003 event, is quite understandable in the model
of generation of Bernstein modes in the compact sources and their coalescence with plasma
waves.

We emphasize once more that when identifying the type of the wave using the observed
sense of rotation and the polarity of the magnetic field at the photosphere it is necessary
to take into account the possible reversal of rotation in the magnetoactive plasma in the
solar corona (Cohen, 1960; Zheleznyakov and Zlotnik, 1964; Zheleznyakov, 1970). Assume,
for instance, that in the source of the north polarity we have left-handed rotation, that is,
the ordinary mode. Further, the wave can get into the region where the magnetic field is
perpendicular to the line of sight. In the absence of linear coupling, that is, when the WKB
approximation is valid, the wave remains the ordinary one, but the projection of the magnetic
field on the line of sight reverses, so that the rotation becomes the right-handed one. From
the point of view of an observer at infinity, the right-handed rotation in the north polarity
corresponds to the extraordinary mode. Thus, such configurations can sometimes lead to an
incorrect identification of the type of the wave prevailing in the observed radio emission.
However, in the microwave region the condition of strong linear coupling is usually realized
for the reasonable coronal parameters. In this case, the wave propagates through the region
of transverse magnetic field “ignoring” the reversal of the projection of the magnetic field on
the line of sight (the type of the wave changes and the sense of rotation holds). Therefore,
in the considered event the polarization, most probably, corresponds to the extraordinary
mode.

It should be noted also that together with the effect of linear coupling in the transverse
magnetic field, the polarization of microwave emission may be changed due to greater ab-
sorption of the extraordinary wave compared to that of the ordinary wave, along the prop-
agation path in the corona (Meshalkina et al., 2004). This effect is probably not important
for radio emission at meter and centimeter wavelengths, but in the microwave band it can
increase predominance of the ordinary mode.

3. Conclusions

The consideration above permits us to make the following conclusions.

i) The radiation with ZP spectrum is as a rule strongly polarized, and the sense of rotation
corresponds to the ordinary mode (except for one exclusive event at microwaves).

ii) In the framework of the plasma mechanism of ZP radiation the prevalence of the or-
dinary mode is possible only in the case where the conversion of longitudinal plasma
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waves into transverse electromagnetic ones is more effective at the fundamental than
at twice the Langmuir frequency. Strong polarization is explained by the hindered es-
cape of the extraordinary mode and free escape of the ordinary mode from the source of
plasma radiation at a frequency close to the upper hybrid one.

iii) Depolarization of the radio emission propagating in the corona cannot be associated
with the effect of linear coupling of electromagnetic waves in the region of transverse
magnetic field. One of the possible reasons for depolarization is the contribution of the
weakly polarized component escaping from the level fp/2.

iv) Strong ZP polarization at microwaves corresponding to the extraordinary mode cannot
be explained in the framework of the DPR model. The most probable origin of this
kind of spectrum is the excitation of Bernstein modes in a compact uniform source and
their coalescence with the plasma waves. It does not imply, however, that the suggested
mechanism is the prevailing one for the microwave ZP. A large variety of the ZP spectral
and polarizational properties does not allow a single interpretation and requires further
investigation.

It should be emphasized once more that measurements of the ZP polarization are the
reliable way to learn whether the observed ZP frequency is the fundamental or the sec-
ond harmonic of the plasma frequency. In the case of strong polarization with the sense
of the ordinary mode, the observed ZP frequency certainly corresponds to the fundamen-
tal. The ZP observations are actually the only way to get information about the struc-
ture and magnitude of the magnetic field immediately in the sources of electron accel-
eration. New radio telescopes which permit to localize the radio sources relative to the
photospheric magnetic structure and, therefore, to determine the mode type at several fre-
quencies simultaneously and for both right-hand and left-hand modes (Chen et al., 2011;
Altyntsev et al., 2011) can be very helpful for this purpose.
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