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Abstract. Two events demonstrating periodic narrowband millisecond pulsations of radio emission both in in-
tensity and polarization degree are analyzed. Large time delays between L- and R-polarization components are
found. The radio emission is shown to be generated as unpolarized by a plasma mechanism at the second harmonic
of the upper-hybrid frequency. Observed oscillations of the radiation polarization degree arise due to group delay
between extraordinary and ordinary modes along the line of sight. The theoretically predicted dependence of
the group delay on frequency (∼f−3) agrees excellently with the observed delay frequency dependence. Physical
parameters of the emission source and “delay site” are determined within the proposed model.
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1. Introduction

Solar flares are known to produce various types of deci-
metric and microwave solar radio bursts, both grad-
ual (smoothed) and rapidly fluctuating. The large va-
riety of radio emission types has been challenging for
many decades because of the lack of physical classifica-
tion providing clear discrimination between the different
types, self-consistent interpretation and reliable plasma
diagnostics.

We emphasize that considerable efforts have been re-
cently made to improve instrumentation and methods of
data analysis, to develope radio emission mechanisms and
their respective models. As a result, the radio emission
measurements and analysis can now be done very care-
fully providing much deeper and more detailed plasma
diagnostics than before.

Decimetric and microwave solar radio bursts fre-
quently produce millisecond fine structures (Slottje 1981;
Güdel & Benz 1988; Allaart et al. 1990; Isliker & Benz
1994; Jǐrička et al. 2001; Fu et al. 2000). Some of them
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appear as quasiperiodic pulsations. The short time scale of
the pulsations can be naturally interpreted in terms of the
pulsating mode of the underlying coherent emission mech-
anism (Aschwanden 1987; Fleishman & Melnikov 1998).
Loop oscillations usually provide radio pulsations with
longer periods (τ > 1 s, Aschwanden 1987) and smaller
modulation depth and are accompanied by pulsations of
the same period in other bands of electromagnetic waves
(for example, at mm-wavelengths, hard X-rays).

This paper analyzes events that reveal quasiperiodic
millisecond pulsations in both intensity and polarization.
While the pulsations with τ ∼ 50 ms in the range
f ∼ 3 GHz have been recorded many times (Stepanov
& Yurovsky 1990; Isliker & Benz 1994; Fleishman et al.
1994a), the cases with a time delay between opposite po-
larizations have not been reported yet.

Actually, a delay between ordinary (O) and extraor-
dinary (X) waves must arise in magnetized plasma due
to wave dispersion providing different values of group ve-
locities of O and X waves. The effect of radio wave dis-
persion has been widely used in Astrophysics for cosmic
plasma diagnostics. For example, we mention the well-
known investigations of the dispersion measure in the
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interstellar medium from the dispersion of radio pulsar
signals (Cordes et al. 1991) and the rotation measure
from polarization of galactic and extragalactic objects
(Pynzar’ 1993).

For the solar case the effect of group delay between
waves of opposite polarities has been recently evaluated
by Benz & Pianezzi (1997). The typical group delay has
been found to be of the order of tens of ms if (i) the ra-
dio emission is generated as partly polarized and (ii) the
frequency of the radio emission is close to plasma eigenfre-
quencies (plasma frequency ωpe and gyrofrequency ωBe).

Benz & Pianezzi (1997) studied the delay between
different polarities of partly polarized millisecond radio
spikes and found the delay to be of the order of 100 µs.
They concluded that radio spikes are generated in their
source as fully polarized while the observed polarization
degree arises in a different region in the corona where the
plasma frequency and gyrofrquency are much less than the
spike frequency.

It is important to note that the delay found in obser-
vations may consist of both group delay and other con-
tributions. For radio spikes the total (observed) delay is
very small, consequently, the group delay is very small as
well. So, the main conclusion of Benz & Pianezzi (1997)
about strong polarization of spikes in their source is cor-
rect independent of the bulk contribution to the observed
delay – the group effect or other effects.

Unlike to millisecond radio spikes, the millisecond pul-
sations under study reveal a large total delay. Thus, it is
very important to prove if the bulk of the delay is group
delay or not. For this purpose we will use the frequency
dependence of the observed delay. The expected frequency
dependence is easy to find from the general expression

∆tg =
∫ ∞

0

(
1
vx
− 1
vo

)dz (1)

where vx, vo are the group velocities of extraordinary and
ordinary waves respectively, z is the coordinate along the
ray path, and ∆tg is the group delay between the two
magnetoionic modes at the frequency ω. If we substitute
here the approximate values of the group velocities valid
for ω2 � ω2

pe, ω
2
Be (ωpe, ωBe are the plasma frequency and

gyrofrequency of electron):

c

vx,o
≈ 1 +

ω2
pe

2ω2
− σ

ω2
peωBe||

ω3
, (2)

where c is the speed of light and ωBe|| = ωBe sin(θ), θ
is the angle between the line of sight and magnetic field;
σ = 1 for O-mode and σ = −1 for X-mode. Equation (1)
together with Eq. (2) provides:

∆tg =
2
c

∫ ∞
0

ω2
pe(z)ωBe||(z)

ω3
dz. (3)

Thus, the group delay is proportional to f−3; this predic-
tion is tested and found to be correct for the events in the
paper.

Note that the integral (3) can easily be expressed from
the rotation measure RM:

RM =
e3

2πm2
ec

4

∫ ∞
0

n(z)B||(z)dz

= 2.7× 10−17nsB||sH, (4)

where ns, B||s are the electron number density and longi-
tudinal component of magnetic field at the source and H
is an effective scale of gradual coronal inhomogeneity,
RM is in rad/cm2. We do not assume here any specific
laws for variations of n(z) and B||(z) with the altitude z.
Further analysis just assumes the physical values to be
free from any exotic (e.g., singular) behavior, so the effec-
tive scale H is of the same order of magnitude as the real
scales of n and B variation in the solar corona.

The organization of the paper is as follows. Section 2
describes the observations. Data analysis (periodicities,
frequency dependences etc.) is done in Sect. 3. The in-
terpretation and diagnostics of coronal plasma are done
in Sect. 4, where we suggest a model describing observa-
tional properties of the events naturally and derive physi-
cal paramerers of both the radiation source and the region
producing the time delay between L and R polarizations
along the line of sight (the delay site). Finally, we discuss
the results obtained in Sect. 5.

2. Observations

2.1. Instrumentation

The events were recorded with the spectrometer at
2.6−3.8 GHz of the Beijing Astronomical Observatory (Fu
et al. 1995). The sampling interval of the instrument is
8 ms for the full frequency range in two polarization modes
(R and L). The range is divided into four 300 MHz bands
consisting of 30 parallel channels each. A computer takes
data from the first to the forth channel in the first half
time interval (4 ms) for the left circular polarization, and
then, in the second half interval (4 ms), for the right cir-
cular polarization. The first 0.8 ms of 1 ms time interval
for every 300 MHz band is the integration time, and the
last 0.2 ms is for other tasks (sampling, keeping, etc) for
all 30 channels.

2.2. Overview of the events

Two narrowband pulsation trains were recorded on the
rising phase of a continuum microwave burst on 02
November 1997 at frequencies f = 2.80−2.89 GHz
and 3.02−3.09 GHz from 03:02:17 UT to 03:02:21 UT
(Figs. 1–2). At the time of the burst an impulsive mi-
crowave emission near 3 GHz was also detected at the
Hiraiso station, with the maximal flux density of 5 sfu,
and an intense group of type III bursts was observed in
decimetric and metric wavelengths (SGD 1997). GOES
detected a short impulsive soft X-ray burst as well. A cor-
responding Hα flare (SB) occured near the center of the
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solar disc (S20 E01). At the Beijing observatory the mi-
crowave burst was observed at noon, when the Sun was
high in the sky, so the probability of interference arriving
at side lobes was quite low. On other days we did not find
any interference similar to the pulsations. All this provides
ample evidence for the phenomenon under discussion to
be of solar origin.

The dynamic spectra of the pulsations are shown in
Fig. 2 for L and R polarizations. In Fig. 3 time profiles of
total intensity, L intensity, R intensity, and polarization
degree at f = 2.85 GHz are shown. Extended fragments
of the curves in Fig. 4 clearly display that for both events
the pulsations in opposite polarizations are shifted with
respect to each other for a considerable part of the period.
Such a delay has never yet been reported for millisecond
pulsations of solar radio emission. The distinctive feature
of both events (trains) is that both intensities and the
polarization degree oscillate with a period of τ ≈ 40 ms.
From Fig. 3 we can note that the record of total inten-
sity seems to be more irregular than that for each of the
polarized components (L or R). The polarization degree
reaches values close to 100 %. Averaging the records over
time does not reveal any significant polarization degree,
so the emission is unpolarized on average (the mean value
is 1–10%, depending on the integration time).

3. Data analysis

3.1. Observed periodicity and Fourier spectra
of the oscillating events.

To analyze the pulsation events quantitatively we ap-
ply the method of Fourier analysis and cross-correlation.
Fourier spectra of both high- and low frequency events
(see Fig. 2) are shown in Fig. 5. Narrow spectral peaks
are well distinquished near τ = 40 ms and τ = 20 ms for
both events. Their magnitudes considerably exceed the
noise level. The second (two times less intense) peak is
the second harmonic in the Fourier transform of the pul-
sations. The second peak becomes the largest for the total
intensity (Fig. 5, central panels) because here we have two
peaks per main period, the first from R-waves and the sec-
ond from L-waves. Unlike the lower frequency event, the
high-frequency one displays three additional weak spectral
peaks at τ ≈ 29, 67 and 100 ms, which reflects the more
irregular temporal behavior of oscillations in the event.
Detailed profiles of the main spectral peak for both events
are shown in the lower panels of Fig. 5. They are obtained
with the method of adding zeros that allows one to im-
prove the precision of spectral peak frequency estimates
when using the Fast Fourier Transform (FFT) (Marple,
Jr. 1987). The width of the peak at the level of half a
magnitude (FWHM) is about 1 ms.

The position of the spectral maximum and, therefore,
the period of pulsations, τp, varies slightly (0.2−0.4 ms)
depending on the duration of a selected segment of the
event, the sense of polarization and the observing fre-
quency (Fig. 6). However, in this case we cannot say that

the differences in periods are genuine. Indeed, relatively
short durations of the pulsation trains, ∆t ∼ 2−3 s for
our events, put basic limitations on the error of period
determination ∆τ :

∆τ ∼ τ2/∆t ∼ 0.8 ms. (5)

This value agrees well with the FWHM of the main spec-
tral peak, which is about 1 ms (Fig. 5). The period devi-
ations found in our analysis do not exceed 0.8 ms, so we
conclude that the analysis does not reveal any confident
period variations.

It is possible to get the shape of the general frequency
spectrum of the oscillating events using a Fourier magni-
tude of pulsations at each observing frequency. Such spec-
tra for both polarizations are displayed in Fig. 7. We can
see that the general spectra of R- and L-polarized compo-
nents have well-defined maxima at 2.85 GHz and 2.87 GHz
respectively; the first is higher in magnitude than the sec-
ond one. For both components the spectral bandwidth at
half a magnitude is about 40–50 MHz, that is about 1.5%
of the observing frequency. The shapes and positions of
Fourier spectra for both L- and R-components are almost
the same for any segment of the pulsation event with a
duration of more than 0.5 s, as well as for both of the
slightly different periods of L- and R-components.

3.2. Frequency dependence of the observed time delays

It is easy to estimate from (3) that the difference between
the group delay at the lowest (f = 2.81 GHz) and the
highest (f = 2.89 GHz) frequency is about

δtg = ∆tg(2.81 GHz) · 3∆f
fo
≈ 2 ms (6)

for δtg(2.81 GHz) ≈ 20 ms, ∆f ≈ 80 MHz, fo =
2.81 GHz.

The available sampling interval of the spectrometer,
8 ms, does not allow us to check directly the prediction of
the model. However, it is well known (see, e.g., Max 1981)
that for quasiperiodic oscillations with a narrow spectral
peak (Fig. 5) the Fourier method of precise phase deter-
mination can be applied. This method has widely been
used in interferometry (Thompson 1990). According to the
method, a digitized signal carries quite precise information
on parameters of a quasiperiodic real signal, including the
phase, if the sampling rate provides more than two data
points per period of the signal (Nyquist theorem). For our
case this condition is fulfilled perfectly: we have 5 data
points per period. Thus, we expect to obtain the preci-
sion of delay estimates sufficient to verify the theoretical
predictions.
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Fig. 1. Time profiles integrated over 200 ms of the microvawe burst on 2 November 1997. The narrowband pulsation events
occured on the rise phase of a continuum microwave burst during the time 03:02:17 UT to 03:02:21 UT.

3.2.1. Fourier method of delay determination

The Fourier analysis allows us to calculate the phase of
each of the frequency components of the complex signal
spectrum I(ν) using the following expression (Max 1981):

φ(ν) = arctan
(
Im[I(ν)]
Re[I(ν)]

)
, (7)

where Re[I(ν)] and Im[I(ν)] are the real and imaginary
parts of the Fourier transform at the frequency ν. For
quasiperiodic signals like the narrowband oscillations un-
der analysis, the problem is to find the phase of the signal
at the frequency of the spectral peak νp = 1/τp (Fig. 5).
After calculating the phases of R and L polarized oscil-
lations in a given time segment, we can get a time delay
between the two signals as follows:

∆td =
φR(νp)− φL(νp)

2πνp
, (8)

where νp = νpL or νp = νpR is one of the two values
of the slightly different peak frequencies calculated sepa-
rately for R and L polarized oscillations respectively (see
Fig. 6). The further analysis uses both values.

Consider a simple case when real signals have only one
true delay. The physical delay ∆tph can be either less than
value of the pulsation period, τ , or larger than it, either
positive or negative. How should the unique delay manifest
itself in the Fourier analysis applied? It is important to
understand that even if the physical delay is larger than
the period,

∆tph > τ, (9)

we will detect a delay, ∆td, which belongs to the interval

0 < |∆td| < τ, (10)

so that

∆tph = ∆td +mτ, (11)

where m is an integer number (positive or negative).
Moreover, we cannot distinguish between the values ∆td
and τ −∆td; both of them belong to the interval (10).

So, we obtain a series of values, while we know that
one of them only is true. To specify it we should invoke
some additional ideas. We discuss this later. However, we
could expect a priori that the number m cannot be large.
Actually, for m = 1 we have ∆tph ≈ 60 ms, for m = 2 we
have ∆tph ≈ 100 ms etc. These values (if being typical for
pulsations) must have been found long ago by instruments
with a time resolution lower than 8 ms.

3.2.2. Delay errors

The calculated delay values are found to vary considerably
for different lengths of chosen time segments as well as for
different observable frequencies (Fig. 8). For very short
segments and for channels with weak signals the value of
the delay becomes too unstable. For the low frequency
pulsation event the stable values could be obtained only
for durations of segments of more than 0.5 s and for fre-
quencies in the range of 2.81−2.89 GHz where the signal
is quite strong (see Fig. 7). It is clear that before going on
we have to define what influences the stability of the delay
determination and how to estimate its possible error.
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Fig. 2. Dynamic spectra of the pulsations for L and R polarizations. Two narrow-band pulsation events are clearly seen around
2.85 GHz and 3.05 GHz. At these frequencies the pulsation signal-to-noise ratio achieves values of 5–7 during the events. Some
channels (around 2.95 and 3.00 GHz) are noisy.

The phase error for an oscillating function, with some
noise superimposed on it, is defined as follows (Thompson
et al. 1990):

δφ =
noise
signal

1√
K

(12)

where K is the total number of periods along the oscillat-
ing function.

To get an estimate of the error in the time delay be-
tween R and L quasiperiodic components we use the ob-
vious relation δtd = δφ/(2πνp) and obtain the following
expression:

δtd =
σN√
2σS

1
(
√
K2πνp)

(13)

where σN is the standard deviation of a noise signal before
the beginning of pulsations or after the end of them; σS is
standard deviation of the signal during the pulsations.

So, the delay error depends strongly on the specific
signal-to-noise ratio and on the number of periods of os-
cillations. For instance, the delay error is 0.3 ms for the
second, low frequency, pulsation event at f = 2.85 GHz
during the first 50 periods where the signal-to-noise ratio
is ∼5. The error increases up to 0.8 ms for the same time
interval at lower frequency, 2.81 GHz, because of a lower
signal-to-noise ratio.

As mentioned in Sect. 2, the artificial 4 ms delay
in sampling the L-polarized signal with respect to the
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Fig. 3. Time profiles of L intensity, R intensity, total intensity, and polarization degree at f = 2.85 GHz. The total intensity
curve looks more irregular than the other curves.

R-polarized signal at every frequency inside the band
2.60−2.90 MHz arises systematically due to the sampling
procedure. So, to get real delays between R and L com-
ponents of pulsations, we made a correction for this 4 ms.

3.2.3. Delay-frequency dependence

We analyzed different time segments of the oscillation
records for both oscillating events and found quite sta-
ble negative frequency dependence of the delays with
the shape of a power law. The most reliable dependence
has been found for the second (low frequency) oscillating
event, which is characterized by a single strong Fourier

spectral peak. For this event the dependence shape is the
power law with the exponent −(2.8±0.8). The slope varies
at the limits depending on the start time and duration of
a chosen (restricted) time segment.

A typical plot of the frequency dependence of the de-
lays for one of the 1 s duration segments being analyzed is
shown in Fig. 9. The delays are taken at the frequencies of
the Fourier spectral maxima for R (asterisk) and L (trian-
gle) components. As is seen from the plot, the frequency
dependence of the delay is very prominent. Normally, for
various 1 s time segments, correlation coefficients vary in
the range of 0.80−0.96.
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Fig. 4. Selected time segments of the pulsation events at f = 2.85 GHz and f = 3.05 GHz during a 1 s time segment in R (solid
line) and L (dotted line) polarizations. A time shift between components is clearly visible.
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Fig. 6. Dependence of the pulsation period τp at different observing frequencies on the duration of a time segment for R (solid
line) and L (dotted line) components.

The correlation plot in Fig. 9 is compatible with the
theoretical prediction ∆tg ∝ f−3. The calculated linear
regression lg(Delay) = a + b · lg(Frequency) gives, with
a 95% probability, b = −2.99 ± 0.89 and the correlation
coefficient r = 0.95 for the points taken at L-component
Fourier maxima, and, respectively, b = −3.35± 0.68 and
r = 0.94 for the points taken at R-component Fourier
maxima. These numbers are compatible with the aver-
aged b value for the whole event given above.

Note that the differences between delays taken at the
pulsation frequencies of spectral maxima for R and L po-
larized components are quite small, normally inside the
error bars. This demonstrates the stability of the delay de-
termination method. Larger error bars at low frequencies
reflect the weaker signal-to-noise ratio at these frequen-
cies. This ratio varies with frequency considerably for R-
(L-) polarization mode: from 1.8 (3.1) at 2.81 GHz to 6.3
(7.5) at the peaks of the spectra (see Fig. 7) and 3.8 (3.1)
at 2.89 GHz. In general, the full size of the error bars,
0.5−1 ms, is remarkably smaller than the dynamic range
of the delay change, 2 ms, related to the frequency change
across the band of the pulsation event.

Figure 9 displays the values of the delay from Eq. (11)
for m = 0. To confirm this choice we used cross-correlation
analysis of the records. Indeed, the cross-correlation func-
tion of two oscillating signals displays oscillating behav-
ior with local peaks separated by an integer number of

periods, which corresponds to the series (11). However,
any real oscillating signal has an envelope. Such envelopes
must correlate for two correlated signals as well as the
oscillations themselves. So we concentrate now on this as-
pect of the cross-correlation.

For this purpose we can neglect the small differences of
the delay at different frequencies and study the L and R
signals integrated over all frequency channels. This inte-
gration improves the signal-to-noise ratio.

Figure 10 (top) displays the peaks of the cross-
correlation function for the integrated signals as well
as the respective Gaussian fit. The maximum of the fit
(∆t = −26 ms, the sign “-” means that R polarized waves
arrive first) is marked by the arrow. Figure 10 (bottom)
displays the correlation function and the fit for a restricted
lag region.

To study the stability of the results we (i)varied the
number of integrated channels, (ii)added additional noise
into the records, (iii)selected different time segments of
the records, and found the delay to be

∆t = −20± 15 ms. (14)

Obviously, this value is compatible with our choice m = 0,
so the actual delay equals the found delay

∆tph = ∆td ≈ −20 ms. (15)

We omit the sign “–” for convinience and will keep in mind
that R polarized waves arrive before L polarized waves.
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Fig. 7. Dependence of the Fourier magnitude of pulsations on frequency for R (asterisk) and L (triangle) polarized components.
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Fig. 9. Frequency dependence of the delay between R- and L-polarized components of oscillations on a log-log scale. The delays
are taken at the frequencies of Fourier maxima for R (asterisk) and L (triangle) components. The solid line is the theoretical
prediction for the group delay effect, ∝ f−3.

4. Physical model and plasma diagnostics

4.1. Emission mechanism

Let us discuss the emission mechanism that could gener-
ate the pulsations under study. Aschwanden (1987) dis-
cusses a lot of different possibilities providing pulsations
of solar radio emission based on both coherent and inco-
herent mechanisms. The analyzed pulsations have a very
narrow spectral bandwidth, which requires for a coherent
mechanism to be involved. Oscillations of coherent radio
emission can be produced either when periodic injection
of fast electrons into the radio source occures or when un-
derlying instability operates in a oscillatory regime. The
first possibility can obviously be excluded because no sim-
ilarity with type III or IIIdm bursts is found.

There are two coherent mechanisms producing pul-
sating radio emission, electron cyclotron maser emission
(Aschwanden & Benz 1988) and nonlinear plasma mecha-
nism (Zaitsev & Stepanov 1983). To specify which of the
mechanisms is responsible for our events, let us consider
polarization of the pulsations.

The observed polarization degree displays quasiperi-
odic oscillations. In Section 3, the oscillating behaviour of
the polarization degree has been shown to result from the
shift between L and R records connected with group delay
between X and O modes in the corona. This means that
the radio emission is generated as weakly polarized in the
radio source.

Electron cyclotron maser emission at any har-
monic as well as fundamental plasma emission produces
strongly (100%) polarized radio emission, while plasma

emission at the second harmonic is moderately or weakly
polarized. Thus, we conclude that the pulsations are gen-
erated by a plasma mechanism at the second harmonic of
the plasma frequency (to be more correct, at the second
harmonic of the upper-hybrid frequency).

We should emphasize that the conclusion is the di-
rect consequence of the observed large group delay be-
tween two magnetoionic modes. It is important as well
that the production of oscillating emission patterns is an
intrinsic property of the plasma mechanism, so we do not
need any additional assumption to explain the oscillations
themselves.

The plasma mechanism of radio emission includes two
steps. The first is excitation of plasma (Langmuir, upper-
hybrid, lower-hybrid etc.) waves by unstable fast electron
distribution (say, beam-like or loss-cone). The second one
is transformation of the plasma waves into radio waves
(ordinary or/and extraordinary). If nonlinear wave-wave
interactions are important during the first step, we have
a nonlinear plasma mechanism of radio emission (Zaitsev
1971; Zaitsev & Stepanov 1983).

Numerical study of the nonlinear plasma mechanism of
radio emission (Korsakov & Fleishman 1998; Fleishman
& Korsakov 1999) shows that the energy density of ex-
cited plasma (upper-hybrid) waves displays either irregu-
lar pulsations or quasiperiodic oscillations depending on
the shape and scale of the initial instability region pro-
vided by fast electron distribution. Actually, quasiperiodic
solutions arise for narrow instability regions, irregular pul-
sations appear for broader instability regions, and transi-
tions from one regime to the other are possible.
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Fig. 10. Cross-correlation function R(t) for the pulsations integrated over nine frequency channels. Top: squares are the local
peaks of the cross-correlation function, the solid line is the Gaussian fit. The arrow shows the maximum of the fit. Bottom: the
cross-correlation function and the Gaussian fit for a restricted lag region.

To apply the mechanism to the solar case we should
take into account that the effective growth rate of plasma
waves is the difference between the growth rate provided
by unstable fast particles and the collisional and the col-
lisionless damping rates provided by thermal plasma. A
narrow instability region (producing quasiperiodic oscilla-
tions) can arise if the instability operates slightly above
the threshold (defined by the damping rate). In this case
we could expect that the instability conditions are ful-
filled in some restricted region of nonuniform magnetic
loop, while in most of the loop the damping rate exceeds
the growth rate, which prevents the generation of plasma
waves. Probably, this is the reason for the very small spec-
tral bandwidth of the pulsations under study.

The modulation depth is very high (close to 100%)
for each polarization. This means that the group delay
inside the source of radiation is negligible: in the case of
considerable group delay inside the source, the record of
the corresponding X-mode should be smoothed out and
have a smaller modulation depth. Therefore, we conclude
that the source size should be small enough,

Ls � cτ ≈ 109 cm (16)

where τ is the period of oscillations.

4.2. Plasma diagnostics

Let us apply the theory of nonlinear plasma mechanism
for the pulsations to extract the physical parameters of
the radio source from observations.

The upper hybrid (UH) frequency is defined by the
dispersion relation

ω2
UH =

1
2

(1 + 3k2d2
e)

×
{

(ω2
pe + ω2

Be) +
[
(ω2

pe + ω2
Be)

2 − 4ω2
peω

2
Be cos2 θ

]1/2}
(17)

and it depends on the angle between the respective wave
vector k and magnetic field B and on the wave vector
itself; de is the electron Debye radius. Loss-cone distribu-
tion of fast electrons produces UH-waves in quasitrans-
verse directions (Korsakov & Fleishman 1998; Fleishman
& Korsakov 1999),

ωUH ≈ (ω2
pe + ω2

Be)
1/2, (18)

so the radio emission frequency ω is close to 2ωUH

ω ≈ 2ωUH. (19)

Depending on the ratio Y = ωpe/ωBe (Y ≥ 1) the UH
frequency varies from ωpe (if Y � 1) to

√
2ωpe (if Y = 1).

Actually, we would expect ωpe ≈ ωBe (Y ≈ 1) to provide



682 G. D. Fleishman et al.: Large group delay in millisecond pulsation events

the observed time delay between opposite polarizations.
Furthermore, extraordinary waves are known to have large
cyclotron absorption if ω ≤ 3ωBe. Because the averaged
polarization degree is very small we must conclude that
ωBe ≤ ω/3 in the source and along the line of sight. This
requirement (together with Eqs. (18), (19)) yields:

ωBe ≤ 0.89ωpe. (20)

Taking into account that for the low frequency event

ω ≈ 2π(2.85± 0.04)× 109 c−1 (21)

and (18, 19, 20), we find the lower limit of the electron
number density in the source:

n ≥ 1.3× 1010 cm−3. (22)

The upper limit can be found if we accept Y � 1 (which
is however incompatible with the large shift observed):

n < 2.5× 1010 cm−3 (23)

in the source.
Furthermore, these equations provide us with the up-

per level of the magnetic field

B < 325 G (24)

in the source and along the line of sight.
As it is shown below, at the frequencies closed to

twice upper-hybrid frequency the X and O waves have
the largest difference of group speeds if

Y =
√

2 ≈ 1.4. (25)

The observed time shift between the oppositely polarized
waves is rather large. Thus, we suppose the physical con-
ditions to be preferable for the effect to be observed, so
that Y ≈ 1.5. The assumption gives rise to the estimates
(with an accuracy better than 30%):

n ≈ 1.7× 1010 cm−3 (26)

B ≈ 290 G (27)

in the source.
The bandwidth of the emission consists from natu-

ral bandwidth and broadening due to source inhomogene-
ity. Obviously, the theoretically predicted natural band-
width of generated plasma waves should not exceed the
bandwidth of the observed pulsations. If the upper-hybrid
waves were distributed isotropically, the respective natural
bandwidth (under the condition Y ≈ 1.5) were

∆ω
ω
∼ 10−20%, (28)

while the observed full bandwidth is ∼3%.
The model developed in (Korsakov & Fleishman 1998;

Fleishman & Korsakov 1999) calculates the characteris-
tic values of the angle θ and wave-vector k of generated
upper-hybrid waves and the respective scatter ∆k and ∆θ:

kde ∼ 0.1, (29)

θ ∼ 80o (30)

∆kde ∼ 0.1 (31)

∆θ ≤ 30o (32)

so ∆k ∼ k, and provides the natural bandwidth

∆ω
ω
∼ 1−2%. (33)

This could mean that the source inhomogeneity contribu-
tion into observed bandwidth is comparable with (or less
than) the natural bandwidth of the emission mechanism.

Numerical and analytical study of the nonlinear
plasma mechanism of radio emission shows that the pe-
riod of plasma wave oscillations is defined by their effective
damping rate:

τ = ln(Wmax/W0)/γeff (34)

for large oscillations (Zaitsev 1971; Zaitsev & Stepanov
1983; Korsakov & Fleishman 1998; Fleishman & Korsakov
1999), where W0 and Wmax are the initial and maximal
levels of plasma wave energy density. The effective damp-
ing rate can be provided by either thermal plasma or fast
electrons themselves. In the first case it equals the colli-
sional damping rate, in the second case it is close to the
maximum growth rate. In our case the period of the pul-
sations is very stable, so we can conclude that the colli-
sional damping rate dominates. On the other hand, the
maximum growth rate and the damping rate should be
comparable in value, γmax ∼ γeff . Indeed, if the growth
rate were much larger than the damping rate, the upper-
hybrid waves would be excited in a more extanded region
of the loop providing a larger spectral bandwidth of the
radio emission than observed.

Using the found value of period τ , Eqs. (26, 34), and
the collisional damping rate

γeff ≈ νei ≈ 60 nT−3/2 (35)

we obtain the electron temperature in the source

T ≈ 3× 106 K. (36)

Accordingly, we can estimate the maximum growth rate
of the upper-hybrid waves as

γmax ≈ (2−3)× 102s−1 ≈ (3−4)× 10−8ωpe. (37)

This value gives rise to the estimates of trapped electron
number density

nb ∼ 105 cm−3 (38)

because

γmax ∼ 10−2(nb/n)ωpe. (39)

The dimentionless energy density of the plasma waves is
connected with the frequency and period of oscillations
according to the equation (Zaitsev & Stepanov 1983):

w =
W

nT
∼ 100

fτ
≈ 10−6. (40)
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The brightness temperature of the radiation generated
by the plasma mechanism at the second harmonic equals
(Zaitsev & Stepanov 1983):

Tb = aωL|| =
(2π)3

15
√

3

c3L||
f2

peVph

w2

ζ2
nT (41)

where aω is the emission coefficient; Vph is the transverse
wave phase velocity (at f ≈ 2fUH); ζ = (c/ωpe)3(∆k)3 ≈
30 for our case, see Eq. (31), relates to phase volume of
plasma waves, and L|| is the source size along the line of
sight. On the other hand, the brightness temperature Tb

is connected with the observed flux F ≈ 20 sfu:

Tb ≈ 1.4× 1026 Fsfu

f2
GHzL

2
⊥

K (42)

where L⊥ (cm) is the source scale transverse to the line of
sight. To apply these two equations we assume that the
source sizes along and transverse to the line of sight are
comparable in value:

L|| ∼ L⊥. (43)

This provides us with estimates of both brightness
temperature

Tb ∼ 5× 1012 K (44)

and the source scale

L ∼ 107 cm (45)

in agreement with (16).
We should note that the frequency of radio emission,

its flux and period of oscillations are very close to the pul-
sating event of November 17, 1991 (Fleishman et al. 1994a,
1994b). Nevertheless, here we found a larger value of the
brightness temperature (44) and smaller source size (45)
due to the smaller spectral bandwidth of the event under
study.

4.3. Mode shift due to group delay

The time delay between O and X polarized waves origi-
nates naturally due to differences in group velocities of the
waves in a magnetized plasma. The value of the magnetic
field should be large enough for the effect of group delay to
be observable. Let us evaluate plasma parameters of the
region (along line of sight) providing most of the observed
delay of ∼20 ms.

In the Introduction we evaluated the group delay for
an arbitrary frequency (ω2 � ω2

pe). Here, we take into
account the dependence of (twice) the upper-hybrid fre-
quency on plasma frequency and gyrofrequency (18). If we
introduce by definition the effective scale of inhomogene-
ity as

H =
∫ ∞

0

ω2
pe(z)ωBe||(z)
ω2

psωBs||
dz =

∫ ∞
0

n(z)B||(z)
nsBs||

dz (46)
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Fig. 11. Relative group delay between ordinary and extraor-
dinary waves at frequency f(Y ) = 2fUH = 2

√
f2

p + f2
B, which

arises when propagating through a homogeneous magnetoac-
tive plasma of the thickness L = 4.5× 109 cm along the mag-
netic field, and its dependence on the ratio of plasma frequency
to gyrofrequency. The curve is plotted with the use of exact ex-
pressions of the group velocities in cold magnetized plasma.

then the value of the group delay takes the form:

∆tg =
H

4c

(
2fUHs

f

)3 1
(1 + Y −2

s )
√

1 + Y 2
s

(47)

where fUHs, Ys are the respective averaged (over the
source) values, 2fUHs/f ≈ 1. Obviously, Eq. (47) reaches
its maximum as a function of Y (see Fig. 11) under condi-
tion (25). Now we can express the effective scale H from
Eq. (47):

H ≈ 4c∆tg(1 + Y −2
s )

√
1 + Y 2

s . (48)

Under the condition (25) and for ∆tg ≈ 20 ms we find

H ≈ 5× 109 cm. (49)

The respective Rotation Measure is

RM = 5.3× 105 rad/cm2. (50)

Benz & Pianezzi (1997) calculated the dependence of
group delay on plasma parameters. In particular, they
found that the delay can be very (infinitely) large at fre-
quencies closed to X-mode cut-off frequency. Our calcula-
tions do not display such extremely large delays because
the emission frequency (19) is no longer an independent
variable within the plasma mechanism and it cannot be
too close to the X-mode cut-off frequency. This is the rea-
son for the qualitative difference in behaviour of the group
delay in Fig. 11, this paper, (the curve has a maximum),
and in Fig. 5, Benz & Pianezzi (1997) (the delay can be-
come arbitrarily large).
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5. Discussion

Birefringence in magnetized plasma reveals itself particu-
larly as the group delay effect. This paper discovers a good
agreement between theoretical and observed frequency de-
pendence of the delay, which proves reliably its group ori-
gin for the first time. The finding of a large group delay
between two magnetoionic modes allows us to specify the
microscopic emission mechanism providing the oscillating
radiation. Namely, the nonlinear plasma mechanism oper-
ating close to twice upper-hybrid frequency provides pul-
sations of weakly polarized radio emission, while propaga-
tion effects lead to a considerable time delay between L
and R radio emission, which results in a large and oscil-
lating polarization degree.

The model developed here provides us with the follow-
ing physical parameters.

For the source site:
– background plasma density: n ≈ 1.7× 1010 cm−3;
– magnetic field: B ≈ 290 G;
– kinetic electron temperature: T ≈ 3× 106 K;
– number density of fast electrons: nb ∼ 105 cm−3;
– plasma wave growth rate: γmax ∼ 300 s−1;
– spectral bandwidth of generated plasma waves:
∆ω/ω ≤ 3%;
– the wave number of generated plasma waves: kde ≈ 0.1;
– the range of wave vectors of generated plasma waves:
c∆k/ωpe ≈ 3 or ∆kde ≈ 0.1;
– the direction of maximal amplification of plasma waves:
θ ≈ 80o;
– angular bandwidth of generated plasma waves:
∆θ ≈ 30o;
– the level of plasma turbulence: w = W/nT ≈ 10−6;
– brightness temperature: Tb ≈ 5× 1012 K;
– linear scale of the source: L ≈ 100 km.

For the delay site:
– rotation measure: RM = 5.3× 105 rad/cm2;
– effective scale of inhomogeneity: H ≈ 5× 109 cm;
– variation of the group delay from lowest to highest fre-
quency: δtg ≈ 1.5−2 ms.
Therefore, the careful interpretation of radio data ob-
tained with high temporal and spectral resolution provides
very detailed diagnostics of the plasma both inside the
emission source and along the line of sight. Particularly,
the exited upper-hybrid waves are found to be anisotropi-
cally distributed, preferentially transverse to the magnetic
field. Thus (as it is easy to see from the conservation laws),
the radio waves are generated mainly along the magnetic
field. This agrees well with the discovered earlier direc-
tivity of the radio pulsations: no flares connected with
pulsations were observed between 70o and 90o (both east
and west) away from the central meridian (Zlobec et al.
1987). We should note that the plasma parameters ob-
tained here are consistent with the parameters derived by
Huang & Nakajima (2001) from the analysis of spike emis-
sion observed for the same event at a later phase.

Pulsations of solar radio emission with millisecond
time scales have been recorded for many years by vari-
ous radio observatories. Why has the effect of group delay
between opposite polarizations of solar millisecond radio
pulsations not been discovered before? The first reason is
that millisecond pulsations are observed more frequently
in the decimetric range, f < 1 GHz, higher in the so-
lar corona, where the values of Ys can be typically larger
than the optimal value Ys = 1.4, providing lower values of
predicted group delays (see Fig. 11). On the other hand,
the time resolution of most of the spectrometers used is
of the order of 100 ms for the full band (Güdel & Benz
1988; Allaart et al. 1990; Isliker & Benz 1994), which is
not enough to discover the effect. Single frequency obser-
vations of the pulsations in the m−dm band revealed some
events with a delay of about 30 ms that is close to the in-
strumental digitization rate (Zlobec et al. 1987). However,
the origin of the delay was not established, particularly,
the effect was not interpreted as the group delay.

Many pulsating events have been recorded at the
Crimean Astrophysical Observatory at 2.5 and 2.85 GHz
with 10 ms resolution (Stepanov & Yurovsky 1990;
Yurovsky 1992a, 1992b). Unfortunately, the observations
have been conducted in the total intensity only, which did
not allow discovery of the effect as well.

The group delay effect has been studied for solar radio
spikes. Benz & Pianezzi (1997) found a rather small de-
lay (of order of 100 µs) between different spike polarities.
On the other hand, Zlobec & Karlický (1998) and Wang
et al. (2000) reported larger delays for solar radio spikes
(2−8 ms), so the situation is not clear now and further
study of the subject is strongly required.

Nevertheless, we can conclude that the group delay
effect can be used as a very powerful tool for the interpre-
tation of solar radio observations.
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