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Abstract: Spikes are typical radio bursts in solar flares, which are proposed to be the signal of energy
release in the solar corona. The whole group of spikes always shows different spectral patterns in
the dynamic spectrum. Here, we present a special new feature at 0.6-2 GHz in a confined flare.
Each group of spikes is composed of many quasi-periodic sub-clusters, which are superposed on
the broadband quasi-periodic pulsations (QPPs). The quasi-periodic cluster of spikes (QPSs) have
very intense emissions, and each cluster includes tens of individual spikes. When the intensity of
background pulsation is increased, the intensity, duration and bandwidth of the spike cluster are
also enlarged. There are 21 groups of QPSs throughout the confined flare. The central frequency
of the whole group shifts from 1.9 to 1.2 GHz, and the duration of each cluster shows a negative
exponential decay pattern. We propose that nonthermal electron beams play a crucial role in emitting
both pulsations and spikes. The tearing-mode oscillations of a confined flux rope produce periodic
accelerated electron beams. These electron beams travel inside the closed magnetic structure to
produce frequency drifting pulsations via plasma emission and scattered narrowband spikes by
electron-cyclotron maser emission (ECME). The slow rise of flux rope makes the source region move
upward, and thus, QPSs shift towards low frequency. We propose that the confined flux rope may
provide the essential conditions for the formation of QPSs.

Keywords: solar flare; solar radio burst; spike; quasi-periodic pulsation; particle acceleration

1. Introduction

The radio emission from millimeter to meter wavelengths brightens up by more
than an order of magnitude during solar flares, which shows various features at different
wavelengths. Based on the spectral parameters, such as emission frequency, bandwidth,
duration and frequency-drifting rate, etc., plenty of radio fine structures (FSs) such as
zebra pattern, fiber, quasi-periodic pulsations, spikes are identified in the dynamic radio
spectrum (i.e., [1-12]). These radio bursts are supposed to be produced by a wide vari-
ety of emission processes, which are related to energy release, plasma heating, particle
acceleration, and particle transport in magnetized plasmas [13-15].

In these bursts, solar radio spikes appear as very short and bright structures in the
spectrum, which have been followed with interest for many years [16-24]. The spikes
are recorded in a very broad frequency band from 0.01 MHz to 8.4 GHz. Each cluster
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would contain millions of individual bursts with short durations (1-100 ms), narrowband
(0.05-100 s MHz), brightness temperature (up to 10,000 s sfu) and a high degree of polariza-
tion (>60%) [25-28]. The radio spikes normally appear as one single group in the observed
bands. Sometimes, the clusters manifest harmonic structures with the ratio of the harmonic
spike groups at about 1.4 [29-31]. The whole cluster would also drift towards high or
low-frequency bands in some events [32]. In the spectrum, the temporal and frequency
distribution of spikes is not homogeneous in each cluster. In reference [33], four clusters of
spikes at 1-1.25 GHz occur intermittently in about 20 s, with a large number of spikes at low
frequency. Reference [34] found the clusters of spikes show as quasi-periodic pulsations,
and each individual pulsation contains plenty of spikes with a large amount of bursts at
low frequency.

The narrowband spikes often occur together with type IV burst, type Il burst, type
II burst, pulsations, fiber or other fine structures [28,35-37]. Reference [27] analyzed the
spikes superposed on the microwave gyrosynchrotron continuum. It is found that the
spikes and gyrosynchrotron emission (thin limit) continuum have the same sense of polar-
ization and the flux intensity is tightly correlated with the high-frequency spectral index
of the microwave continuum. Reference [38] found the spikes at 282-330 MHz occur si-
multaneously with the type III bursts lower than 276 MHz. The temporal coincidence of
spikes at 450-550 MHz and pulsations at 300-450 MHz has also been reported by refer-
ence [35]. In addition, the spikes are found inside or close to type II bursts, which coexist
with herringbone and pulsating structures [28,39]. Based on the multi-band images of the
Sun, the locations of spikes sources are found to be far from the site of hard X-ray or soft
X-ray emission [35]. In the limb events, the spike sources are also at higher altitudes than
the main flaring region [23,32,40,41]. In reference [32], the pulsations and spikes occur
simultaneously but with different senses of polarization. The locations of spike sources
also originate from pulsations and the continuum.

The short duration and narrowband intense spikes are proposed to be produced by
the coherent emission of the energetic electrons during the flaring process. They would be
a signal of electron acceleration or transportation on millisecond timescales. The electron-
cyclotron maser emission (ECME) [42—44] is one possible theory, which is caused by the
loss-cone instability of energetic electrons in the strong magnetic field area. Another possi-
ble mechanism is plasma emission in the frame of the Bernstein modes [45] or upper-hybrid
waves [46,47], which would take place in the weak magnetic field region. Reference [48] pro-
posed that the microwave drifting spikes are produced by a group of solitary kinetic Alfvén
waves of small cross-field scales, in which the electrons are accelerated self-consistently.

The MingantU SpEctral Radioheliograph (MUSER) of China is a broadband radio
spectral-imaging array for the Sun [49]. The low-frequency array (MUSER-I) has the
observing frequency range from 0.4 to 2.0 GHz with a frequency resolution of 25 MHz and
the temporal resolution of 25 ms. It recorded very special spectral structure of spikes during
a confined flare on 21 June 2015. These spikes include many quasi-periodic sub-clusters,
which coexist with quasi-periodic pulsations (QPPs) in the same sense of polarization.
The new configurations of spikes and the spectral analysis are presented in Section 2.
The results and discussion are included in Section 3. Section 4 is the summary.

2. Observations
2.1. The Spectral Observations during the Flares on 21 June 2015

On 21 June 2015, two M class flares occurred in the active region (AR) 12371. The M2.0
flare started firstly at 01:02 UT and ended at 01:42 UT. Then the M2.6 flare occurred from
02:06 UT to 03:02 UT. At the same period, LASCO/C2 recorded a halo coronal mass ejection
(CME) at 02:36:05 UT, which originated from the same region as the flares. MUSER-I
observed the Sun from 00:30 UT to 07:50 UT at 0.4-2 GHz on 21 June 2015. It recorded the
whole burst process of these two flares. Figure 1 presents the soft X-ray (SXR) flux at 1-8 A
(a) from the Geostationary Operational Environmental Satellites (GOES) and the spectrum
in the left-circular polarization (LCP) and the right-circular polarization (RCP) of MUSER-I
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(Figure 1b,c) from 01:00 UT to 05:00 UT. The black gaps at 0.725-0.75 and 0.8-1.0 GHz in
the spectra are bad channels. The spectral data have been calibrated in solar flux unit (sfu,
1 sfu = 10,000 Jansky) by the bandpass calibration method in References [50-52].

107 T

(a) GOES 1-8 A

107°

SXR (W m™)
T
I S|

1078

MZ2.0 class flare MZ2.6 class flare

The LCP Spectrum of the No. 5 antenna

400
300

200

Frequency (GHz)

100

sfu

400

300

200

Frequency (GHz)

100

sfu

01:00:00 02:00:00 03:00:00 04:00:00 05:00:00
20150621 (UT)

Figure 1. (a) The GOES SXR flux at 1-8 A from 01:00 UT to 05:00 UT. (b) The LCP spectrum at
0.4-2 GHz observed by the No.5 antenna of MUSER-I. (c) The RCP spectrum at 0.4-2 GHz observed
by the No.5 antenna of MUSER-I.

In Figure 1b,c, it is found that the LCP and RCP spectrum has similar large-scale
structures. By zooming in on these spectra, lots of short bright structures are distinguished,
such as QPPs, lace, spikes, fibers and slow drifting bursts and so on. From these bright
bright structures, we sort out 64 groups of spikes, which present two different spectral
features. From 01:31 UT to 01:58 UT, 21 groups of spikes are recorded in RCP spectrum.
Each group of spikes is divided into many quasi-periodic clusters and each cluster contains
many individual spike bursts. From 01:58 UT to 02:55 UT, the spikes are found to be
randomly scattered in a broader frequency band. There are 34 groups in the LCP spectrum,
3 groups in the RCP spectrum and 6 groups in both LCP and RCP spectrums. They have
the common spectral feature as in former work. In this work, we focus on the spectral
analysis of the 21 groups of QPSs during the M2.0 flare.

2.2. The Spectral Analysis of the QPSs

We select four samples during the rise phase (sample I1&II), peak (sample III) and
decay phase (sample IV) of the M2.0 flare for detail analysis. Then, we make a statistical
analysis of all the 21 groups of QPSs to study the evolution of the spectral parameters. We
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also compare the spectral characters of QPSs and QPPs in sample III to understand their
relationship. The following sections present a detailed analysis.

2.2.1. Sample I

Figure 2a,b presents the first group of QPSs at 1.5-1.975 GHz during the impulsive
phase of the M2.0 flare. It occurred before the impulsive radio emission. The QPSs are
only recorded in the RCP spectrum, and there are 35 sub-clusters in it. Figure 2c shows
the detailed distribution of each cluster. It can be seen that the spectral structure of each
cluster is discontinuous but contains many random bright points. In view of the very short
duration and narrow bandwidth of individual spikes recorded by spectrometers in the
former work [25-28], the 25-ms and 25-MHz resolution of MUSER-I, devoted to spectral
imaging of the radio sources, is incapable of resolving the spike structure. Each bright
point would be overlaid by several spikes. In our analysis, each bright point is regarded
as a single spike burst. This would affect the value of the intensity of individual spikes.
However, it does not affect the primary analysis of the clusters of spikes.
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Figure 2. (a,b) The LCP and RCP spectrum from 01:31:58.597 UT to 01:32:13.597 UT observed by No.5
antenna of MUSER-I. (c) The zoomed-in spectral structure of QPSs from 01:32:07.846 UT. (d) The
temporal evolution of the intensity of spikes by subtracting the continuum emission. (e) The frequency
distribution of the intensity of spikes by subtracting the continuum emission.

We plot the flux of each frequency band at 1.5-1.975 GHz in Figure 2d. The component
of the continuum emission in the selected period has been subtracted, and the diamond
represents the emission of spikes. They appear as solid black diamonds due to many
overlaid cases. It can be seen that the intensity of spikes ranges from several sfu to about
54 sfu. The duration of each cluster is about 100 ms. There are tens of individual spikes in
each cluster, and the strongest spikes are more likely to appear in the middle of each cluster.
For comparison, the flux at 2 GHz, with no spike being recorded, is plotted with a red solid
line. It presents a similar temporal evolution with small enhancement (several sfu) during
each cluster of spikes. Figure 2e presents the frequency distribution of the QPSs. We plot all
the points of the whole frequency band during the selected period in Figure 2d. It is obvious
that the QPSs appear at 1.5-1.95 GHz, and the emission bandwidth of sample-I is about
450 MHz. We set the central frequency of this group of QPSs as 1.75 GHz. The intensity
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distribution of spikes has a semi-Gaussian distribution with frequency. The strongest spikes
are likely to appear around the center of the emission bandwidth.

2.2.2. Sample II

Sample II shows the QPSs before the peak of the M2.0 flare (Figure 3). In the RCP
spectrum, the QPSs at 1.5-1.75 GHz are recorded synchronously with a group of broadband
QPPs at 0.7-2 GHz. The QPPs are composed of plenty of smooth, bright pulses and each
pulsation drifts rapidly from high to low frequency. In these bright pulses, there are
about 41 clusters of spikes superposed on with particularly strong intensity over a narrow
frequency band. Each cluster coincides with one piece of pulsation, and they have the same
lifetime. However, not all of the pulsations coincide with the intensive spikes. The flux of
QPSs of sample II are also plotted by subtracting the continuum in Figure 3d. The intensity
of QPSs also ranges from several sfu to about 50 sfu. The duration of each cluster increases
to 125 ms but includes fewer spikes. The flux at 1.9 GHz without the spike (red solid line)
also shows a small enhancement during each cluster. In Figure 3e, two prominent emission
components are distinguished in the whole frequency band. The emission of QPSs covers
from 1.5 to 1.75 GHz, and the bandwidth of the whole cluster is about 250 MHz, with
the center frequency at 1.625 GHz. The emission of the smooth QPPs is enhanced from
1 to 1.4 GHz and has a peak at 40 sfu. The bright emission below 0.7 GHz is from another
burst at the low-frequency band.
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Figure 3. (a,b) The spectrum from 01:39:41.97 UT to 01:39:56.97 UT in LCP and RCP observed by
the No.5 antenna of MUSER-I. (c¢) The zoomed-in spectral structure of QPSs from 01:39:54.847 UT.
(d) The temporal evolution of the intensity of spikes by subtracting the continuum emission. (e) The
frequency distribution of the intensity of spikes by subtracting the continuum emission.

2.2.3. Sample III

Figure 4 plots another sample of QPSs around the peak of the M2.0 flare, which is also
recorded in the RCP spectrum. The main emission of QPSs covers the frequency range at
1.3-1.7 GHz and a group of QPPs at 0.6-2 GHz appears simultaneously. This group of QPSs
lasts for about 40 s and more than 100 clusters of spikes are distinguished. Figure 4 presents
part of the QPSs for about 25 s. In Figure 4c, each cluster contains more individual spikes
than sample I1&II. The flux of QPSs at 1.3-1.7 GH is plotted by subtracting the continuum in
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Figure 4d. The intensity of spikes also ranges from several sfu to about 50 sfu. However, the
duration of each cluster increases to 250 ms. The distribution of the intensity of individual
spikes has no distinct evolution in time. The strongest spikes seem to appear in the middle
of the cluster. The flux at 1.85 GHz without a spike shows a similar intensity enhancement
during each cluster of QPSs. In Figure 4e, we also found two components as sample IL
The emission bandwidth of QPSs is about 425 MHz with the center frequency at 1.5 GHz.
The intensity of spikes are also randomly distributed at different frequencies, and the most
intensive ones seem to appear at the center frequency of the QPSs. The emission of the
pulsations is weaker than QPSs, which has a peak of 25 sfu at about 0.775 GHz.
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Figure 4. (a,b) The spectrum from 01:47:26.135 UT to 01:47:51.135 UT in LCP and RCP observed by
the No.5 antenna of MUSER-I. (c¢) The zoomed-in spectral structure of QPSs from 01:47:39.585 UT.
(d) The temporal evolution of the intensity of spikes by subtracting the continuum emission. (e) The
frequency distribution of the intensity of spikes by subtracting the continuum emission.

2.2.4. Sample IV

We select the sample-IV of QPSs in the decay phase of the M2.0 flare at
01:53:38.635 UT. As seen in Figure 5a,b, the QPSs shift to a lower frequency at 1.05-1.25 GHz
in RCP, coinciding with QPPs at 0.6-0.8 GHz. This group of QPSs lasts for 30 seconds, and
there is a smooth tail of spikes at the end. In the enlarged spectrum (Figure 5c), each cluster
of spikes corresponds to one bright pulse. Although the emission of QPPs above 1.25 GHz
can not be clearly distinguished, the flux at 1.85 GHz (red line in Figure 5d) shows similar
oscillations as QPSs. The peak intensity of sample IV is about 58 sfu, and the duration of
each cluster grows to about 300 ms. Figure 5d shows that the bandwidth of sample IV is
about 250 MHz, and the central frequency shifts to 1.15 GHz. The maximum emission of
QPPs is about 22 sfu at 0.675 GHz (Figure 5d). As per the above samples, the strongest
spikes of QPSs would occur in the middle time and at the central frequency of each cluster.
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Figure 5. (a,b) The spectrum from 01:53:38.635 UT to 01:54:11.135 UT in LCP and RCP observed by
the No.5 antenna of MUSER-I. (c¢) The zoomed-in spectral structure of QPSs from 01:53:47.260 UT.
(d) The temporal evolution of the intensity of spikes by subtracting the continuum emission. (e) The
frequency distribution of the intensity of spikes by subtracting the continuum emission.

2.3. The Statistical Analysis of QPSs

Among the 21 groups of QPSs, we found that 17 groups are concurrent with the
broadband QPPs, and four groups present only periodic-narrowband clusters as sample-I.
Figure 6a shows the light curves at 0.6 (blue), 1.1 (red) and 2 (black) GHz from 01:30
to 02:00 UT during the M2.0 flare. It can be seen that the light curves have three main
peaks with plenty of pulses superposed. The main peaks correspond to three broadband
continua in both LCP and RCP spectrums, and the pulses are related to the fast-changing
fine structures at different frequency bands. All the QPSs are labeled as green boxes on
the spectrum in Figure 6b. Each box labels the lifetime and bandwidth of each group of
QPSs. It is found that the QPSs appear in the whole process of the M2.0 flare, and all the
QPSs are inclined to appear beyond the three main peaks. The durations of each group of
QPSs before the peak are shorter than that after the peak. The bandwidth becomes larger
in the decay phase of the flare. Furthermore, the center of the emission band of QPSs shifts
towards a lower frequency. The peak flux of each group of QPSs ranges from 10 to 60 sfu,
which has a random distribution in the whole process.



Universe 2022, 8, 348

8 of 14

60F
£(c) E
s
-
= £ 40p E
X I o o ]
2 LS ® ¢
g & o ]
® 200 AN < 3
= E o> <&
T o <©
& 10F o o 3
oF E
E L L
1.0 1.2 1.4 1.6 1.8 2.0
:
r(ad)
~
I
4 1000 i
> —_ E 3
A %
g E IS
& g %\é)& o -1.33
N | : o 008
] -
Bl e 3w Pt
e | LA i S
" i |
. L
01:30 01:40 01:50 02:00 1
20150621 (UT) Frequency(GHz)

Figure 6. (a) The radio flux at 0.6 (blue), 1.1 (red) and 2 (black) GHz by the No.5 antenna of MUSER-I
from 01:30 UT to 02:00 UT. (b) The RCP spectrum at 0.4-2 GHz observed by the No.5 antenna of
MUSER-I. The white dashed line is the GOES flux, and the green boxes cover the temporal and
frequency range of QPSs. (c) The spectral distribution of the relative bandwidth of the whole group
of QPSs. (d) The spectral distribution of the duration of the clusters in QPSs.

We analyzed the spectral distribution of the relative frequency bandwidth of the
whole group of QPSs and the duration of each cluster in QPSs of all the events (Figure 6).
The relative frequency bandwidth is the ratio between the bandwidth and the central
frequency of the whole group of the narrowband QPSs. It can be seen that the relative
bandwidth ranges from 9% to 35%, and it tends to be larger at the low-frequency band.
We collected the typical values of the duration of the cluster (Tc) in each group of QPSs,
which ranges from 50 to 425 ms. Figure 6d presents the distribution of Tc with the central
frequency. It shows a negative exponential decay pattern with the central frequency. We
made the exponential function fitting and obtained the value of the index of about —1.33.
The wavelet analysis of sample I, Il &IV at selected frequencies has been performed, and
the QPSs show oscillating features as QPPs at about 0.2 s (1.75 GHz of sample I), 0.4 s
(1.575 GHz of sample III) and 0.7 s (1.125 GHz of sample IV), respectively. The oscillating
period grows longer at the low-frequency band, which evolves a similar change to that of
the duration of the cluster.

In the above analysis, we set the biggest bandwidth as the typical value for each group
of QPSs for the statistical analysis. In some groups, the bandwidth of the cluster is not
exactly the same. In particular, when a group of QPSs lasts for a long period, and there
is no other fine structure mixing in the spectrum (such as sample I11&IV), the bandwidth
of the cluster has an obvious temporal evolution. We analyzed the duration, bandwidth,
intensity of the clusters in sample III (Figure 7). It is found that the clusters with long
duration would have larger bandwidth. We compared the sum of the emission of QPPs
at 1.85 GHz and the sum of the flux of all the spikes in each cluster. It is found that their
light curves have a similar evolution, i.e., the emission of QPPs and QPSs are enhanced
and weakened synchronously. In addition, we found the bandwidth would become larger
when the emission of both the QPPs and QPSs becomes more intensive.
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Figure 7. (a) The plot of the duration and the bandwidth of the clusters in sample III. (b) The plot of
the sum of the flux at 1.85 GHz of QPPs and the bandwidth of the clusters in sample III. (c) The plot
of the sum of the flux of spikes and the bandwidth of the clusters in sample III.

3. Results and Discussion
3.1. Summary of the Observed Features

During the M2.0 flare on 21 June 2015, the microwave emission at 0.4-2 GHz contains
plenty of fine structure bursts in the entire flaring process. Among these bright structures,
we distinguished 21 groups of spikes in the RCP spectrum, which are composed of many
quasi-periodic subclusters. We summarize the spectral features as follows:

(1) Each group of QPSs contains many quasi-periodic sub-clusters, and almost all of
the QPSs occur synchronously with QPPs. They have the same oscillating period
and both of them appear only in the RCP spectrum. Three groups of QPPs are not
accompanied by QPPs, but have an in-phase enhanced background.

(2) All the QPSs cover a narrow group bandwidth (150-550 MHz), which grows larger
when the QPSs shift to low-frequency band. In contrast, QPPs occur over a broader
frequency band, with the largest one covering 0.625 to 2 GHz. Each pulse in QPPs has
a cut-off frequency at the low-frequency band, and it has a relatively strong emission
around the cut-off frequency.

(3) The duration of each cluster of spikes ranges from 50 to 425 ms in different groups,
which increases at low-frequency bands. This duration has a negative exponential
decay pattern with the central frequency, with a fitting index of —1.33. When the
cluster has a longer lifetime, it would include a larger amount of spikes.

(4) The emission of QPSs is stronger than that of QPPs. The intensity of individual
spikes ranges from 10 to 60 sfu by subtracting the continua component, which has
a Gaussian-like distribution in both time and frequency. The light curves of QPSs
include two components: the intensive scattered emission of spikes and the smooth
weak enhanced background. For the emission without spikes at a higher frequency,
the light curve also presents a similar periodical enhancement as QPSs.

(5) In one group of QPSs, the duration, bandwidth and intensity of the cluster have a
symbiotic mode of evolution. When the emission of QPPs is enhanced, the dura-
tion, bandwidth and intensity of QPSs would increase correspondingly. However,
the central frequency of the cluster does not show any significant change.

(6) All the QPSs took place in a confined flare, and they appear throughout the entire
process. The central frequency of the QPSs shift towards lower frequency bands,
resulting in longer duration and broader bandwidth of the cluster. The radio emission
presents four main peaks during the flaring process and QPSs would prefer to appear
out of the peak time. At the end of the flaring process, the central frequency of QPSs
shifts somewhat to a high frequency.

(7)  After that, the M2.6 flare took place in the same region, which is accompanied by a
fast CME. In this flare, most of the spikes appear in the LCP spectrum, which covers
almost the whole frequency range and shows an irregular distribution. In the decay
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phase of the M2.6 flare, most of the fine structures appear at the low-frequency band
with no or weak polarization degree.

3.2. Discussion

QPPs are a common signature in solar flares, which exist over a broad wavelength
range and have an oscillating period ranging from sub-second to several minutes (see,
e.g., [63-58]). The QPPs with long periods could be produced by MHD oscillations in
magnetic structures of different scales. The sub-second QPPs are always recorded in
radio and HXR emission, which are proposed to be related to the wave—particle or wave—
wave interaction in plasma or the resistive tearing-mode oscillations in current-carrying
magnetic loop. In this event, QPPs and QPSs present the synchronous sub-second (0.1-0.9 s)
oscillation. The oscillating period becomes larger when QPPs or QPSs appear at a low-
frequency band.

Most of QPPs cover a broad frequency band, and the individual bright pulse drifts
from high to low frequency with a frequency drifting rate of about 2 GHz/s. The global
structure of each group of QPPs has no obvious shift or change, which suggests that the
source region is at a stable location. The decay time of the bright pulse at different frequency
has a negative exponential decay pattern, which has the similar decay feature as type III
bursts. Thus, we propose that the bright pulses are produced by nonthermal electron
beams via a plasma emission mechanism as type III bursts. The radiation intensity is
closely related to the density and speed of electron beams. In addition, the pulsations have
bright tails at the low-frequency band, where the emission is cut off and the intensity is
significantly enhanced. These features would indicate that the electron beams have traveled
in a closed magnetic structure, and they are accumulated around the region where they
stop motion. The quasi-periodic acceleration or injection of electron beams would generate
the quasi-periodic bright pulsations.

The M2.0 flare is a confined flare, which could exactly provide a stable and closed
flux rope. The oscillating period of QPPs is in the range of sub-seconds, and thus, we rule
out the possibility of MHD oscillations of a flux rope. The tearing-mode oscillations of a
current-carrying flux rope would be a reasonable choice. The nonthermal electron beams
are quasi-periodically accelerated in the magnetic islands and transported inside the flux
rope to produce QPPs.

For most of QPSs bursts, a narrowband cluster of spikes is found to be superposed
on the smooth broadband pulse. In the early phase, the QPSs appear in the middle band
of the pulse, while in the late phase, they appear beyond the starting high frequency of
QPPs. In either case, the spikes are found to superpose on an in-phase smooth background.
When the background is strong enough to be distinguished, they are shown as bright
pulsations. When it is very weak, we could diagnose it in the light curves (see Sample
1&IV). In particular, when the background emission becomes more intensive, the intensity,
duration and global bandwidth of the cluster would also be enlarged. We may conclude
that the enhanced background, which is emitted by electron beams, would be the essential
condition for the occurrence of spikes. Thus, the fast moving electron beams would also
produce spikes on the way of traveling.

We think the Electron Cyclotron Maser Emission (ECME) could be the alternative
mechanism for this kind of QPS. In the closed flux rope, the loss cone distribution of electron
beams could be easily generated. The duration and bandwidth of each spike depend on the
lifetime of the loss cone distribution and its spatial scale. In this event, QPSs have a high
polarization degree and there is no harmonic structure in them. The observed frequency is
proposed to be at the low harmonic frequency of the electron cyclotron frequency. In the
flaring process, the whole group of spikes shifts from high to low frequency; thus, we could
speculate that the magnetic field of the source region becomes weak during this period.

In each cluster, the spikes have larger intensity in the middle of the frequency band
and in the middle of the lifetime. There is no regulation for the appearance of spikes in each
cluster. That is to say that the loss cone distribution of electrons may be generated randomly,
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without any systematic modulation. However, when the background emission is enhanced,
a larger amount and stronger spikes would appear at a wider frequency range. This may
indicate that a larger density of electron beams would not only produce intenser emission
of spikes but also provide a greater possibility of generating a loss cone distribution of
electron beams.

As shown in Figure 6b, these QPSs prefer to appear out of the main peaks. It suggests
that QPS is more liable to occur when the flaring process is relatively stable. In that case,
it may be easier to generate a loss cone distribution of electron beams in the flux rope.
The global group shift of spikes from high to low frequency may indicate that the region
with the loss cone distribution of electrons moves smoothly upward. The expansion or
rise of the flux rope may result in this movement. However, around the end of this flare,
QPSs shift reversely towards high frequency. This means that the flux rope stops rising
or expanding, and it collapses downward a bit. Thus, this flare manifests as a confined
flare. In the M2.6 flare, the flux rope ejected outward and QPSs disappeared. The spikes
then have a random distribution at a wider range in the LCP spectrum, which could be
produced in an entirely different condition.

In an M2.0 flare, both QPPs and QPSs are recorded in the RCP spectrum. They have
the same sense of polarization and a relatively high polarized degree. The plasma emission
at fundamental and ECME at lower harmonics can exactly produce QPPs and QPSs with
high polarized degrees, respectively. The LCP and RCP spectrum recorded the signals in
the opposite rotation direction of the electric vector of electronic waves. The polarized
degree of the observed signals is also decided by the angle between the line of sight and
the magnetic field direction. Thus, the same sense of polarization of QPPs and QPSs would
suggest that they originated from the regions of similar magnetic field direction. They may
be emitted from the same leg of the confined flux rope. Based on their emission process,
the source of QPSs would have a stronger magnetic field and that of QPPs need a relatively
weak magnetic field. Thus, they should originate from different locations in the flux rope.

4. Summary

Spikes are very important radio emissions in solar flares, which show different spectral
patterns in the dynamic spectrum. In this paper, we present a new signature of spikes, that
is, each group of spikes is divided into many quasi-periodic clusters with high polarization
degree. Each cluster includes tens of individual spikes and coexists with one pulsation
of QPPs. We study the spectral characters of the clusters of QPSs to understand their
radiation process.

Most QPSs are concurrent with QPPs, and they appear in the middle or around the
starting frequency of the pulsations. The emission of QPSs is stronger than that of QPPs,
and the light curves include many bright short peaks and a smooth enhanced background.
The pulses of QPPs clearly present frequency drifting from high to low frequency. There is
a cut-off at the low-frequency range, and the emission is also enhanced there. The cluster
of spikes has the same duration as the pulsations, and both of them present a negative
exponential decay pattern as type III bursts. Thus, QPSs are closely related to the electron
beams that also produce QPPs.

In each group of QPSs and QPPs, the global structure has no evident shift, so the
source region may have a stable location. In addition, QPSs appear throughout the confined
flare, but they appear out of the bright main peaks. QPSs disappear after the ejection of
CME in the M2.6 flare. Hence, we conclude that both of QPSs and QPPs are emitted by
nonthermal electron beams in the confined flux rope, not from the main flaring region.
In the current-carrying flux rope, the tearing-mode oscillations modulate the evolution of
small scale magnetic islands, which produce a periodical acceleration of electrons. These
electron beams are transported inside the flux rope and generate QPSs and QPPs in the
proper regions, respectively. When they stop in the closed magnetic field, the accumulated
electrons may produce enhanced emissions there.
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When fast electron beams travel in the thermal plasma, they generate pulsations via
plasma emission (stream instability) and spikes via ECME (loss cone instability). They
originated from the same leg of flux rope and presented the same sense of polarization.
However, they are produced from different locations with different conditions of magnetic
field and plasma. Both of them are modulated by the same acceleration process of electron
beams. In each cluster, the spikes have no systematic distribution, both temporal and
frequency. Hence, the formation of loss cone instability of electron beams could be stochastic
around the suitable region. The increased density of electron beams would generate intenser
emission and produce more sites of loss cone distribution of electrons. Therefore, more
spikes are emitted in a wider frequency band. When the flux rope slowly rises, the source
region of spikes would also shift upward. The evolution of the confined flux rope dominates
the global change of the group structure, which provides the essential condition for the
formation of QPSs. We did not present the image of QPSs and QPPs in this work, so we
can not determine the exact locations. Our future objective is to process the imaging results
to study the detailed distribution and evolution of QPSs.
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