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Abstract We analyze the pulses in high-frequency drift radio structures observed by the
spectrometer at Purple Mountain Observatory (PMO) over the frequency range of 4.5-7.5
GHz during the 18 March 2003 solar flare. A number of individual pulses are determined
from the drifting radio structures after the detected gradual component subtraction. The
frequency distributions of microwave pulse occurrence as functions of peak flux, duration,
bandwidth, and time interval between two adjacent pulses exhibit a power-law behavior, i.e.
dN/dx o« x~*. From regression fitting in log-log space, we obtain the power-law indexes,
ap = 7.38 1+ 0.40 for the peak flux, ap = 5.39 & 0.86 for the duration, and ag = 6.35 £0.56
for the bandwidth. We find that the frequency distribution for the time interval displays a bro-
ken power law. The break occurs at about 500 ms, and their indexes are ay; = 1.56 £ 0.08
and awy = 3.19 £ 0.12, respectively. Our results are consistent with the previous findings
of hard X-ray pulses, type III bursts, and decimetric millisecond spikes.
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1. Introduction

Drifting radio structures and their individual bursts (or pulses) have been well studied in the
decimetric and microwave range before (e.g., Karlicky and Odstr¢il, 1994; Karlicky, 1998,
2004; Kliem, Karlicky, and Benz, 2000; Hudson et al., 2001; Jificka et al., 2001; Kundu et
al., 2001; Khan et al., 2002; Karlicky, Farnik, and Mészarosova, 2002; Karlicky and Kosugi,
2004; Karlicky et al., 2005; Karlicky and Béarta, 2007). They were found to be a radio
signature of a plasmoid ejection at the beginning of some eruptive solar flares (e.g., Karlicky
and Odstr¢il, 1994; Khan et al., 2002; Karlicky, Farnik, and Mészarosovd, 2002). The global
frequency drift of the structure was explained by a plasmoid propagation upward in the
solar corona toward lower plasma densities. Based on MHD numerical simulations, Kliem,
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Karlicky, and Benz (2000) suggested that each pulse in the drifting structures is generated
by a beam of superthermal electrons accelerated by the electric field in the reconnection
region.

We presented the observational characteristics of high-frequency drift radio structures
observed by the spectrometer at Purple Mountain Observatory (PMO) over the frequency
range of 4.5—-7.5 GHz during the 18 March 2003 solar flare in our previous paper (Ning et
al., 2007; henceforth Paper I) in detail. These radio structures are observed before the soft
X-ray maximum, almost at the peak of hard X rays at 25—50 keV. The microwave pulses
of drifting structures show an average duration of 36.3 ms. In this paper, we will study the
frequency distributions of pulse occurrence as functions of the peak flux, the duration, the
bandwidths and the time interval between adjacent pulses.

Frequency distributions have been calculated for various types of flare-associated activi-
ties, such as radio bursts, soft X rays, hard X rays, interplanetary type III bursts, interplane-
tary particle events, and CMEs (e.g., Dennis, 1985; Lu and Hamilton, 1991; Lu et al., 1993;
Crosby, Aschwanden, and Dennis, 1993; Aschwanden, Schwartz, and Alt, 1995; Boffetta
et al., 1999; Wheatland and Sturrock, 1996; Wheatland, Sturrock, and McTiernan, 1998;
Wheatland and Litvinenko, 2002; Wheatland, 2000, 2003; Craig, 2001; Paczuski, Boettcher,
and Baiesi, 2005; Aschwanden, Dennis, and Benz, 1998; Aschwanden and Parnell, 2002;
Veronig et al., 2002; Nita, Gary, and Lee, 2004; Qiu et al., 2004; Baiesi, Paczuski, and
Stella, 2006; de Arcangelis et al., 2006; Su, Gan, and Li, 2006). It has been shown that
above a certain threshold (often attributed to the sensitivity of the observations) most of
these frequency distributions can be represented by power laws of the form dN oc x ™% dx,
where dN denotes the number of events recorded with the parameter x of interest in the
interval [x, x + dx] and «, is a constant, which can be determined from a fit to the data.

2. Observations and Data Analysis

The data we use here are collected by the radio spectrometer at PMO, China. It has 300
frequency channels, each with a 10-MHz bandwidth and a time resolution of 10 ms. Its daily
working time is between 1:00 and 9:00 UT. This spectrometer has recorded many events
during the 23rd solar cycle since 1998 (e.g., Xu and Wu, 2004; Wu, Xu, and Huang, 2004;
Ning et al., 2003, 2005). A good description of this instrument can be found in the paper by
Xu et al. (2003).

On 18 March 2003, the GOES satellite observed a soft X-ray flare that started at 05:51
UT, reached its maximum at 06:00 UT, and ended at 06:02 UT. This class M2.5 event was
localized at the active region NOAA AR 10314. According to Hot observations the 1N flare
was detected from 05:54 UT (start) to 06:00 UT (maximum) to 06:21 UT (end) at SISW46.
Figure 1 shows the soft X-ray and microwave emissions of this event. An impulsive peak
is simultaneously observed by the PMO spectrometer and the Nobeyama Radio Polarimeter
(NoRP; Nakajima et al., 1985) between 05:59 and 06:00 UT, which is the same time as
the maximum of soft X rays. The dynamic spectra of radio bursts display four groups of
drifting structures (bottom panel). It is clear that these structures are drifting out of the high-
frequency limit of 7.5 GHz of the PMO spectrometer. NoRP observations suggest that the
drifting structures extend, at least, to a frequency of 9.4 GHz. The EUV, hard X-ray, and
microwave radio images were presented in Paper 1.
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Figure 1 An overview of solar flare detected by soft X-ray and microwave emissions on 18 March 2003.
Top panel: Flux of GOES soft X rays at 1-8 A. Second panel: Microwave bursts observed by NoRP at
9.4 GHz. Third panel: Microwave bursts observed by the PMO spectrometer at 4.5 GHz. Bottom panel:
Dynamic spectra of the positively drifting structures observed by the PMO spectrometer. (This figure has
been previously published in Paper I.)

2.1. Microwave Pulses

To investigate pulses of drifting structures, we first have to decompose the drifting struc-
tures from the flare gradual component. However, to properly measure the gradual com-
ponent from the observations is very difficult, and it can never be done perfectly. In our
previous Paper I, the gradual component is determined as a constant background emission.
In fact, the gradual component of microwave emission should be a function of time. Based
on the method by Aschwanden, Dennis, and Benz (1998) for determining the pulse in hard
X-ray emission, the lower envelope of the bursts is identified as the gradual component.
Drifting structures are determined by the microwave bursts after subtraction of the detected
gradual component. Figure 2 shows the microwave bursts, the detected gradual component,
and the drifting structures at 6.8 GHz in a short time interval between 05:59:45.300 and
05:59:45.600 UT.
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Then we have to determine the profile of each pulse. First, we have to determine the flux
peak of each pulse. A value of 3o is used as the criteria of pulse peaks, where sigma is com-
puted from the quiet Sun emission at each frequency channel. If a point represents a local
maximum of the flux above the 3o level, it is identified as the flux peak of a pulse profile.
Thus seven pulse peaks are determined at 6.8 GHz during 05:59:45.300 to 05:59:45.600 UT,
as shown in Figure 2 marked by the triangle. Then, we have to determine the start and end
times of each pulse. For a given pulse profile, if there is only one point following its peak
before the flux rises again, this point is thought to be the end time of this pulse. Otherwise,
if there are two or more points following this peak before the flux starts increasing again,
we choose the end of a pulse as the point whose flux is close to the value of exponent of
peak flux. The start time of the pulse is determined by the same method. Figure 2 (bottom
panel) shows the details of how to determine the start and end times of pulses. The start and
end times are marked by stars and diamonds, respectively. For example, the start time of the
pulse with peak P (X = 561) is the preceding point marked with a star (X = 560), which is
the only point before peak P. However, the end time of this pulse is the point at X = 564,
which is chosen from the following four points (X = 562, 563, 564, and 565) whose flux
values are monotonically decreasing with time. The point at X = 564 has a flux close to the
value of the exponent of peak flux at P (where the dot-dashed line represents the level of
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exponent of peak flux at P). In this case, the start and end times of the pulse are related to
the peak flux of the pulse. It is possible that the end time of the preceding pulse is the same
as the start of the following one. Finally, the duration of an individual pulse is calculated
by subtracting the end and start times, and the time interval is between the start times of
the preceding and following pulses. Figure 2 (bottom panel) explains their definition in this
paper. Figure 3 plots the dependence of pulse duration versus peak flux.

2.2. Pulse Bandwidth

To investigate the frequency bandwidth of each individual pulse, we assume that the mi-
crowave burst spectrum is a pulse spectrum superimposed on the background spectrum.
However, to properly measure the background spectrum from the observations is very diffi-
cult. As in the method to determine the gradual component before, Figure 4 shows that the
lower envelope of the burst spectrum is identified as the background spectrum. The pulse
spectrum is the microwave burst spectrum after the detected background spectrum subtrac-
tion. If a point represents a local maximum of the flux above the 30’ level, it is identified
as the peak of a pulse spectrum. Here o is the standard deviation of quiet Sun emission at
a limited frequency range, i.e., between 4.5 and 5.5 GHz in Figure 4. There are seven pulse
spectral profiles to be determined. For a given pulse spectrum, if there is only one point at
higher frequency whose flux is smaller than peak value, this point is thought to be the upper
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Figure 4 Top panel: Microwave spectrum at the frequency range between 4.5 and 7.5 GHz at 05:59:45:500
UT. Second panel: Microwave spectrum (pluses) and the detected background spectrum (squares) at the
frequency band between 6.5 and 6.8 GHz. Bottom panel: Determination of each individual pulse bandwidth
in this paper. The points marked with stars after the peaks (triangles) are identified as the low-frequency limits
of pulses; the diamonds before the peaks are the high-frequency limits. The dot-dashed line represents the
level of the exponent of the peak flux at 6.72 GHz (see details in text). The number e is the base of the natural
logarithm.
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limit of this pulse spectrum. Otherwise, if there are two or more points at higher frequencies
whose fluxes are monotonically decreasing with increasing frequency, we choose the upper
limit of a pulse spectrum as the point whose flux is close to the value of the exponent of
peak flux. The lower limit of the pulse spectrum is determined by the same method. The
pulse bandwidth is thought to be the frequency interval between the upper and lower limits.
Figure 4 (bottom panel) shows the details of how to determine the pulse bandwidth. The
lower and upper limits are marked by stars and diamonds, respectively. For example, the
lower limit of pulse spectrum with a peak at 6.72 GHz is the preceding point marked with
a star at a frequency of 6.71 GHz, which is the only point below 6.72 GHz before the flux
starts increasing with decreasing frequency. However, the upper limit of the pulse spectrum
is 6.74 GHz, which is chosen from the three points (F = 6.73, 6.74, and 6.75 GHz) whose
flux values are monotonically decreasing with increasing frequency. The point at 6.74 GHz
has a flux close to the value of the exponent of the peak flux at 6.72 GHz (dot-dashed line).
It is possible that the upper limit of the preceding pulse is the same as the lower limit of the
following one.

3. Results

Using the method in Section 2, we determine the profile and spectrum of each individual
pulse are for 300 frequency channels between 05:59:44 and 05:59:50 UT. Thus we get the
peak flux, duration, and bandwidth of each pulse and time interval between adjacent pulses.
Our results show that the peak flux of microwave pulses is independent of the duration,
as shown in Figure 3. Figure 5 gives their number histograms, which are similar to the
distribution of peak time separations found by Karlicky, Farnik, and Mészarosova (2002).
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Figure 5 Histograms of pulse peak flux, duration, time interval, and bandwidth.
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Figure 6 Frequency distributions as functions of the peak flux, duration, time interval, and bandwidth.

The number histogram of pulse duration is similar to the result in Paper I. But many more
pulses are detected than before owing to the smaller criteria value to determine the pulse.

Figure 6 shows the frequency distributions as functions of the peak flux, the duration,
the time interval, and the bandwidth. They exhibit a power-law behavior as dN /dx oc x~**
(where x represents the peak flux or duration or time interval or bandwidth). This is con-
sistent with the previous findings for hard X-ray pulses, type III bursts, and decimetric mil-
lisecond spikes (e.g., Aschwanden, Dennis, and Benz, 1998). From the slopes of the distri-
butions in log-log space we obtain the power-law indexes ap = 7.38 & 0.40 for peak flux,
ap = 5.39 £ 0.86 for duration, and ag = 6.35 & 0.56 for bandwidth. The frequency distrib-
ution of time interval displays a broken power law. The break occurs at about 500 ms, and
their indexes are oy = 1.56 & 0.08 and ay, = 3.19 £ 0.12.

The fact that the frequency distribution of the time interval exhibits a broken power-law
behavior is related to the observational characteristics of this event. As noted earlier, four
groups of drifting structures are observed. The pulses with a big time interval could be at
the time between the end of the preceding group and the beginning of the following one,
while most of the pulses within each group are separated by a short time interval. Thus,
their frequency distribution shows a break at 500 ms, which is the same as the average time
interval between the adjacent groups.
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4. Discussion

Sturrock et al. (1984) pointed out that a flare is a consequence of many small reconnection
events (or elementary bursts) and that sub-bursts (pulses) are an observational signature of
the elementary bursts in solar flares. Later, Parker (1989) modified this concept by adding the
spontaneous current sheets that arise throughout the field subject to any continuous random
displacement of the footpoints at the photosphere. Based on previous observations, Karlicky
(2004) suggested the fragmentation process to explain the decimetric or microwave drift
radio structures. In such a scenario the microwave pulses can be considered as the radio
emissions from the turbulent reconnection region plasma. The duration and bandwidth of
the detected pulses might be related to the time and spatial scales of turbulence, whereas
the time interval between two adjacent pulses might be determined by the tearing instability
process (Karlicky, 2004).

A general way to derive information about elementary processes in solar flares is to study
the pulse in hard X-ray and microwave emissions. Aschwanden, Dennis, and Benz (1998)
found that the frequency distributions of hard X-ray pulses, type III bursts, and decimetric
millisecond spikes follow a power-law behavior. The microwave pulses display a shorter
duration than that of the decimetric radio structures. For the first time, we find that the
frequency distributions of microwave pulse occurrence as functions of peak flux, duration,
time interval, and bandwidth exhibit a power-law behavior. From the regression fitting, we
get the power-law index ap = 7.38 £ 0.40 for the peak flux of microwave pulses, which
is bigger than that for hard X-ray pulses (1.46 £ 0.34) or type III bursts (1.45 4+ 0.31) or
decimetric pulsations (1.33 = 0.11) or that for decimetric millisecond spikes (2.99 £ 0.63)
(Aschwanden, Dennis, and Benz, 1998). This suggests many more pulses are observed with
small flux during the 18 March 2003 flare. It is possible that the power-law index would be
related to frequency.
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