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Abstract One recent discovery that provides a strong con-
straint on the mechanisms of astrophysical activities is the
correlation between the flux and the root-mean-squared
(rms) variability of X-ray emission. In this work we study
the flux-rms relation of solar radio bursts. Four flares ob-
served by the Solar Radio Broadband Spectrometer (SRBS)
of China are analyzed. In these flares, fine structures (FSs)
emerge at least in one frequency band of SRBS. We find
that the flux-rms relation consists of two components. One
relates to the non-FS emission and the other to the FS emis-
sion. The flux-rms relationship for the non-FS part of the ra-
dio bursts is clearly different from that for the FS part. The
former shows a curve-like behavior, while the latter shows
a dramatic variation. We propose a model to describe the
flux-rms relation of the non-FS part. Our results imply that
the non-FS part emission could be triggered by some mul-
tiplicative processes. On the contrary, multiplicative mech-
anisms should be excluded from the explanations of FSs in
the radio bursts.
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1 Introduction

Solar flares are thought to be consisted of numerous elemen-
tary flare bursts (EFBs) which are considered as the results
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of small-scale reconnections occurring in the coronal mag-
netic field. The observational signature of EFBs is probably
the fast fluctuation called spikes in the light curves of hard
X-ray (HXR) and microwave bursts, which are known to be
emitted by the non-thermal electrons precipitating into the
low corona and the chromosphere through bremsstrahlung
and gyrosynchrotron radiation, respectively. Kiplinger et al.
(1983) found hundreds of spikes with subsecond duration
from a sample of about 3000 HXR solar flares observed
by the HXR burst spectrometer on board the Solar Max-
imum Mission (SMM). The duration of the fastest spikes
can be as short as 45 ms. Aschwanden et al. (1998) sta-
tistically analyzed the HXR and radio elementary temporal
structures and their frequency distributions in solar flares,
and found that the time profiles of the resolved elementary
structures have a near-Gaussian shape while the frequency
distributions can be fitted by power-law or exponential func-
tions. Fine structures (FSs) superimposed on microwave
bursts are also frequently observed in microwave and deci-
metric emissions (e.g., Benz et al. 1992; Fu et al. 1995;
Kliem et al. 2000; Nakajima 2000; Jiřička et al. 2001;
Fu et al. 2003). The typical features of the FSs are very short
duration, narrow frequency bandwidth, high polarization de-
gree and irregular sequence in frequency and time. The du-
ration of the individual FS is comparable to the electron-ion
collision time, ranging from several to hundreds of millisec-
onds. Both the duration and the number of FSs decrease with
frequency increasing (Fu et al. 2003).

However, due to the limitation of the spatial resolution of
observations, one can not observe directly the spatial struc-
tures of the EFBs and FSs. The mechanisms of the EFBs
and FSs are still not well understood. One recent discov-
ery that provides a strong constraint on the mechanisms of
astrophysical activities is the correlation between the flux
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Table 1 Information of the
selected flares

aAn approximation obtained
from our FSs identification

GOES Duration of FSsa

Date Peak Class 1.0–2.0 GHz 2.6–3.8 GHz 5.2–7.6 GHz

2002 Apr. 21 01:30:24 X1.5 no data 7 min no FSs

2004 Nov. 30 06:56:00 C4.8 6 min no bursts no bursts

2005 Jul. 14 11:04:56 X1.2 11 min 3 min no FSs

2005 Jul. 30 06:25:41 X1.3 10 min 34 sec no FSs

and the root-mean-squared (rms) variability of X-ray emis-
sion. Specifically, it was found that the absolute amplitude
of rms increases linearly with the mean flux. A linear flux-
rms relation together with a log-normal flux distribution im-
ply that the underlying physical process is multiplicative,
rather than additive (such as shot-noise), or related to self-
organized criticality, or a result from completely indepen-
dent variations in many separate emitting regions (Uttley
et al. 2005). The linear flux-rms relationship is observed
for many quite different objects, such as active galactic nu-
clei, X-ray binary systems (e.g., Uttley and McHardy 2001;
Edelson et al. 2002; Uttley 2004), neutron stars (Uttley
2004) and even in a gamma-ray burst. Recently, Zhang
(2007) analyzed the X-ray variability in the solar X-ray light
curves collected by the Reuven Ramaty High Energy Solar
Spectroscopic Imager (RHESSI; Lin et al. 2002). The tem-
poral resolution of the RHESSI X-ray data used in his work
is 0.1 s. He also found a similar linear relationship of flux-
rms over multi-scales. The author suggested that the basic
X-ray emission elements are interconnected.

Motivated by these results and considering that both the
hard X-ray and the microwave bursts are produced by non-
thermal electrons accelerated in solar flares, we examine the
flux-rms relation in microwave bursts observed by the So-
lar Radio Broadband Spectrometer (SRBS; Fu et al. 2004)
of China. The high temporal resolution of the SRBS is con-
ducive to the study of variability.

This paper is organized as follows. The observations and
the data reduction are described in Sect. 2. Our results are
given in Sect. 3. Discussions and concluding remarks are
given in Sect. 4.

2 Observations and Data Reduction

The SRBS has five frequency bands: 0.7–1.5 GHz, 1.0–
2.0 GHz, 2.6–3.8 GHz, 4.5–7.5 GHz, and 5.2–7.6 GHz. The
observations are made routinely at all of these bands in flux
and polarization with high temporal and frequency resolu-
tions except for the 4.5–7.5 GHz band, which has only the
flux observations. The observation flow has been described
by Fu et al. (1995). We briefly describe it as follows. After
the emission passes through the antenna system, it reaches a
microwave switch which is installed to perform the selection

of left and right hand circle polarization (LHCP and RHCP)
components by turns. Then, the emission is divided from the
whole frequency band to many narrow frequency channels
by a spectrum analyzer. Finally, after a digitization process,
the dynamic spectrum is recorded.

We select four flares with different importance in the pe-
riod of 2002–2005. In our work, data acquired from three
bands are analyzed. The temporal and frequency resolutions
are 1.25 ms and 4 MHz for 1.0–2.0 GHz band, 8 ms and
10 MHz for 2.6–3.8 GHz band, 5 ms and 20 MHz for 5.2–
7.6 GHz band, respectively. Table 1 gives a summary of the
selected events.

The data calibration is performed according to the
method presented by Yan et al. (2002). The authors pointed
out that the error of the calibration for moderate cases is
below 10%. After the calibration, the two components, e.g.,
LHCP and RHCP, are added together to obtain the flux den-
sity in the solar flux unit (sfu). In order to get the statistic
samples, a time interval is defined beforehand. Note that it
should be long enough to ensure the statistic convincing.
Then, for the light curve of a given frequency channel, we
calculate the average flux density, Flux, and the rms for all
the data points that fall in the time interval. Note the rms is
defined as:

rms =
√
√
√
√

1

N − 1

N
∑

i=1

(Fluxi − Flux)2, (1)

where N is the number of the data points in the given time
interval. To confirm the validity of our analysis on the rms,
we compare the contributions from the instrument and the
quiet-Sun with that acquired in our work. According to Fu
et al. (2004), the sensitivity of the instrument is about 2%
of the solar background radiation. Thus, the noise from
the instrument and the quiet-Sun are estimated to be about
1 ∼ 5 sfu for the frequency ranges involved in our work, ac-
cording to the quiescent flux given by the Solar-Geophysical
Data (SGD). Note that they come principally from the re-
ceiver. Hence we can infer that they are roughly steady dur-
ing the bursts. On the other hand, the rms calculated from
the radio bursts is about 20 ∼ 50 sfu or higher (see the plots
below). Since the rms of the radio bursts is concerned in this
work, we conclude that the contributions from the instru-
ment and the quiet-Sun cannot affect the results much. Other
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Fig. 1 An example showing the
result of our FS identification
method. Upper panel: the light
curve (upper part, left units) of
the 2002 April 21 flare and the
corresponding rms (lower part,
right units) for the given
frequency channel. Two vertical
lines show the period during
which the FSs frequently
appear. Lower panel: an
enlarged plot of the period
indicated in the upper panel.
The blocks on the top of the two
panels show the FSs-related data
points identified by our method

contributions, such as the atmospheric and ionospheric fluc-
tuations, are negligible, as is known for radio emission in
gigahertz bands that is involved in this work.

It is believed that the emission mechanism of the FSs is
remarkably different from that of the non-FS radio bursts.
Hence it is important to distinguish the FS samples from the
non-FS ones in our statistic study. To this end, we develop
a simple method. First, we get the flux curve at a certain
frequency channel with original temporal resolution. Then a
segment of about 10 min duration before the flare onset is
extracted and the standard deviation (δ) of the flux is cal-
culated. Next, for a given time interval used in the flux-rms
sample calculation, we search the data points having flux
larger than the mean value in the given interval plus 4 × δ.

It is noticed that there are some large noises that haphaz-
ard occur during the radio bursts. They appear as isolated
data points and may meet the above criterion. To suppress
the effect of these noises, a time window of 20 ms, which is
comparable with the typical duration of FSs (Fu et al. 2004),
is taken into account. That is to say, only the intervals that
have successive data points, which meet the criterion and
have a total duration no shorter than the time window (e.g.,
16 points for 1.0–2.0 GHz band), are treated as FSs-related
intervals.

Figure 1 gives an example to illustrate the validity of our
FS identification method for the 2002 April 21 flare. From
the upper panel, one can find that most of the FSs distrib-
ute in a short period. The rms for the FSs evidently shows a
behavior different from that for the non-FS part. It suggests
that the division of the two part is necessary. In the lower
panel, the flux curve in the short period is enlarged. To in-
dicate the points that are identified as FSs, we plot for each

point a short line above the light curves. When the FS points
are successive, the short lines will appear as black blocks.
For the cases that there are one or some normal point(s) re-
siding in the FS points, the blocks will interrupt. Thus, one
can clearly find that the FSs are exactly identified. We ex-
perimentally checked this method for the data of the four
flares in different frequency bands and found that it is good
enough for our analysis. Thus we take this simple method as
a good approach to search the FSs in the huge data set.

3 Results

3.1 Flux-rms relation for different time intervals

In order to find out the parametric effect of time intervals, we
investigate first the variation of the flux-rms relation for dif-
ferent time intervals. Figure 2 gives examples showing the
variation for the 2002 April 21 flare. Each flux-rms pair in a
given frequency channel is calculated over a time interval of
200 ms, 500 ms, 1000 ms and 2000 ms respectively. Com-
paring the plots for different time intervals, we find again
that the rms for the two components, i.e., those for non-
FS part emission and those for FS emission, are different.
The dispersion of the non-FS part component decreases as
the increase of the time interval, which can be easily un-
derstood. We emphasize here that the curve-like behaviors
of the flux-rms relationships for the non-FS part are similar.
On the other hand, the relationship of the FS-part component
looks unchanged. This fact confirms that the mechanisms of
the two parts are intrinsically different.
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Fig. 2 Two examples showing
the variation of the flux-rms
relationship with different time
intervals for the radio burst of
the 2002 April 21 flare. Upper
panel: the flux is plotted in the
upper part (left units) and the
rms in the lower part (arbitrary
units). Lower panel: the
flux-rms relationship. Four plots
are given with the time interval
of 200 ms, 500 ms, 1000 ms,
and 2000 ms, respectively. The
crosses represent the FS-part
samples and the dots represent
the non-FS ones

3.2 Flux-rms relation for the four flares

Figures 3–6 give the obtained flux-rms relations for the
four flares at given frequencies. Each flux-rms pair is cal-
culated over 1000 ms time interval. In the figures, the FS-
and non-FS samples are plotted in crosses and dots, respec-
tively.

It can be seen from the upper panels of the figures that
the rms for the non-FS part of the radio bursts varies roughly
with the flux. The samples of this component show a curve-
like flux-rms relationship in the lower panel. However, the
rms for the FS-part obviously deviates from this behavior.
The dispersion of the rms for this part evidently larger than
that for the non-FS part. No obvious flux-rms relationship
can be found for the FS-part.
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Fig. 3 Examples of the
flux-rms relationship for the
2002 April 21 flare. The
notation is similar to that in
Fig. 2. The two vertical lines are
the borderlines which constrain
the samples in the modeling.
The curves show the fitting
result for the non-FS
component. Note that the
independent variable is F, rather
than C used in Fig. 2. The
inserts show the flux
distributions

Fig. 4 Same as Fig. 3, but for the 2004 November 30 flare

3.3 Modeling of the non-FS part

Considering that the dispersion of the rms for the FS-part is
very large within a small flux range, modeling of this com-
ponent is unattainable. Hence, we only model the non-FS
part.

Zhang (2007) pointed out that the flux-rms relationship
for solar HXR bursts can be described by a model of

rms2 = (αC)2 + C, (2)

where C is the average intensity within a time interval. For
a more complicated case, he used a model of

rms2 = (αF )2 + C, F = C − C0, (3)

where a constant parameter of C0 is adopted. It may cor-
respond to the background of the instrument in some cases
(such as the GRB 940217) or represent an intrinsic compo-
nent for some other cases (such as Cygnus X-1).

Comparing with the HXR emission, the radio bursts are
different not only on the emission mechanism, but also on
the level of the background emission. Therefore, for the case
of solar radio bursts, we further generalize the model as fol-
lows:

rms2 = b[(αF )2 + C + k0], F = C − C0, (4)

The additional two parameters, b and k0, make the model
more general than (3).
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Fig. 5 Same as Fig. 3, but for the 2005 July 14 flare

Fig. 6 Same as Fig. 3, but for the 2005 July 30 flare

The fitting of the radio flux-rms relationship is then done
by using the model. We choose a time interval only cover-
ing the radio burst to suppress the effect of the quiescent
emission. The time intervals are shown by the two vertical
borderlines in the upper panels of Figs. 3–6. The results of
the fitting are shown in the lower panels of these figures.

Note that the independent variable is F (in sfu) rather than
C. From the figures one can find that our model works well.

The success of the fitting ensures us to divide the non-
FS component into two terms. The main term (i.e., b(αF)2,
for the larger flux in the radio bursts) is linearly proportional
to the flux. The other one (i.e., bC, or b(C + k0), for the
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smaller flux) is a Poisson fluctuation term, which is propor-
tional to the square of the flux. Moreover, the inserts in the
figures show the distribution of the flux. We find that almost
all distributions can be approximated by one or several log-
normal components, i.e. the logarithm of the flux follows
normal distributions.

It is interesting to notice that the flux-rms relation men-
tioned above is suitable for the flares with different impor-
tance. As is shown in Fig. 4, the behavior of the flux-rms re-
lation for the small flare of 2004 November 30 (Class C4.8)
keeps the same as that for the X-class flares. It means that
the flux-rms relation is an intrinsic property of the solar ra-
dio bursts.

4 Discussion and concluding remarks

By using solar radio observations with high temporal and
frequency resolutions, we have analyzed the flux-rms rela-
tion for four flares. It is shown that the flux-rms relation con-
sists of two components. The non-FS-related component ex-
hibits a curve-like relation and can be modeled. According
to our model, the rms is made up of two terms. For larger
flux during bursts, the majority contribution comes from a
linear component proportional to the flux. For small flux,
the Poisson fluctuation term is non-negligible, which is pro-
portional to the square of the flux. On the other hand, the
flux-rms relation for the FS-part of the radio bursts is com-
pletely different. It can not be described through a simple
model.

The linear component is crucial in the inference of the
constraint on the physical conditions of solar bursts. How-
ever, before the inference, one must rule out the linear effect
of the well-known time-bandwidth product in radio observa-
tions. The effect suggest that fluctuations of radio signals are
proportional in some extent to fluxes divided by the square
of the product of the integration time and the bandwidth.
Thus it is important to correct this contribution before the
data are presented. It should be taken into account the shape
of the bandpass and any DC offsets in the signal chain. This
seems unpractical at present. As a substituted approach, we
compare the slope of the presented component with that of
the linear effect. We find that the ratio of the two slopes are
about 2–3, up to 6 in two cases. We take this as indirect ev-
idence for the existence of linear relationship between the
rms and flux. This may be taken as preliminary results at
present. In the future, more samples of solar radio bursts in-
cluding various types need to be analyzed, and the deduction
of the instrument linear effect should be studied in detail be-
forehand.

As is indicated by Argollo de Menezes and Barabási
(2004), if a dynamical system is externally driving, the rms
should be linearly proportional to the flux; while for an in-
ternally driving system, the rms should be proportional to

the square of the flux. For the cases that the acquired lin-
ear flux-rms relationship is reliable, one may infer that the
non-FS part of radio bursts might be produced by some
multiplicative processes driven externally. Moreover, Parker
(1972, 1979) proposed that current-sheets may form at the
boundaries of the braids, and finally induce topological dis-
sipation, if the footpoints of a serious flux tubes are braided
around one another. Following this scenario, one may in-
fer, for the cases the linear relationship is reliable, that
the bursts might be produced through numerous elementary
ones, which are related with each others. In other words,
the magnetic reconnections responsible for the non-thermal
particle acceleration might somehow connected, rather than
isolated, for the specialized cases.

Moreover, the log-normal distributions of flux showed
in our results are inconsistent with the expectation of the
avalanche model driven by self-organized criticality (Bak
et al. 1988; Uttley et al. 2005). Hence the observations might
suggest that the avalanche model is probably inappropriate
to the explanation of the emission in solar flares.

The FS part in solar radio bursts has a more complicated
flux-rms relationship. Thus, it can not be produced by some
multiplicative processes. As is indicated by many observa-
tions, the characteristics of FSs are short duration, narrow
frequency range, high bright temperature, and fast frequency
drift, etc. Some authors suggested that the FSs are proba-
bly produced by electron cyclotron maser mechanism (e.g.,
Melrose and Dulk 1982) or by the plasma wave-wave inter-
action (e.g., Kuijpers et al. 1981; Vlahos et al. 1983). Any-
how, its physical mechanism is completely different from
the non-FS ones. Moreover, our results indicate that any
mechanism to explain the FSs should not be multiplicative.
This provides a constraint on the emission mechanism of the
FSs.
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