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Abstract Stationary type IV solar radio bursts (IVSs) are broadband continuum emission
observed at decimetric—decametric wavelength without apparent source motions. They are
closely associated with solar flares and/or coronal mass ejections. Earlier studies on IVSs
suffered from limited number of events, frequency coverage and available channels, and
spatial resolution. Here we present an analysis on 34 IVSs using two-dimensional imaging
data provided by Nancay Radioheliograh (NRH) at 10 frequencies from 150 to 445 MHz.
The events are recorded from 2010 to 2014. We focus on general properties including the
spatial dispersion of sources with frequency, brightness temperature (7g) and corresponding
spectra, and polarization. Main findings are: (i) In the majority of events (23/34) regular and
systematic source dispersion with frequency can be clearly recognized. (ii) In most (31/34)
events the maximum brightness temperature (74;,) exceeds 10® K, and exceeds 10° K in
23 events. The histogram distribution of TBQ[, i.e. the maximum brightness temperature of a
source at certain frequency (f) of a specific event (referred to as event- f source, there are
247 such sources in total) exhibits a clear declining trend with increasing frequencies. The
dominant type of Ty spectra is power-law like with a negative index. (iii) In most events
(30/34) the sense of polarization remains unchanged and the number of events with right
and left-handed polarization are comparable. In 57% of all 247 event- f sources the level of
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polarization does not change considerably, in about 39% sources the level of polarization
exhibits significant variation yet with a fixed sense, and in only 4% the sense of polarization
changes. These results provide strong constraints on radiation mechanism of IVSs.

Keywords Corona, radio emission - Radio bursts, Type IV

1. Introduction

Type IV solar radio bursts represent broadband continuum emission from the solar atmo-
sphere at decimetric—decametric wavelength, first classified by Boischot and Denisse (1957),
while the flare continuum represents their counterpart extending to higher frequency. The
two continuum bursts are not separable as seen from the dynamic spectra of some events.
Therefore, it has been suggested that the two bursts are released by the same radiation mech-
anism (e.g. Robinson, 1978; Winglee and Dulk, 1986). Two subgroups have been further
defined, including moving (IVM) and stationary (IVS) bursts (Weiss, 1963). For IVMs the
spectra show an overall drift from high to low frequencies with sources propagating outward
gradually according to available radioheliograph or interferometric data, while for [VSs the
spectra show no overall drift and the sources remain stationary (Weiss, 1963; Dulk, 1985).
The latter group of events is more often observed (Dulk, 1985).

Both subgroups are associated with energetic electrons accelerated during solar erup-
tions. IVSs are closely related to solar flares and/or coronal mass ejections (CMEs) (e.g.
Carley et al., 2017; Salas-Matamoros and Klein, 2020), and IVMs are thought to be origi-
nated from a part of the ejecta of coronal mass ejections, such as outward-moving arcades
of loops, plasmoids, or flux ropes (e.g. Smerd and Dulk, 1971; Vlahos, Gergely, and Pa-
padopoulos, 1982; Stewart, 1985; Carley et al., 2017). They carry valuable information
about the eruptive process, energetic electrons, as well as magnetic and plasma conditions
of the corona, thus, observational characteristics of type IV bursts, as well as other types of
radio bursts, can be used to reveal these information with a good knowledge of underlying
emission mechanism(s) (e.g. Vasanth et al., 2016, 2019; Carley et al., 2017; Morosan et al.,
2019). At present, it is quite controversial regarding whether coherent plasma emission or
incoherent gyrosynchrotron emission plays a dominant role for both groups of type IV bursts
(e.g. Dulk, 1973, 1985; Kai, 1979; Melrose, 1975; Duncan, 1981; Wagner et al., 1981; Gary
et al., 1985; Gopalswamy and Kundu, 1989a; Pick et al., 2005).

To determine the exact emission mechanism for each group of type IV bursts, it is critical
to gather observational characteristics of radio bursts, such as values of brightness tempera-
ture (1), Tp or flux-density spectra, level and sense of polarization, and spatial dispersion
of sources with frequency. A very high Tz (> 10° K) can be used as a good indicator of
coherent emission, besides well-separated and compact sources at different frequencies also
point to coherent emission. The latter point indicates that the emitting frequencies sensitively
depend on source locations, this is an essential result of classical coherent emission mech-
anisms of both plasma emission (Ginzburg and Zhelezniakov, 1958) and electron cyclotron
maser (ECM) emission (Wu and Lee, 1979). In addition, sense and level of polarization
also contain critical information on the nature of the radio wave, i.e. whether it belongs to
X-mode or O-mode or their mixture (e.g. Salas-Matamoros and Klein, 2020).

In an earlier study, Weiss (1963) presented an analysis of 24 type IV bursts using both
interferometric (40 and 70 MHz) and spectral (15-210 MHz) data. According to the move-
ments of sources at different frequencies, they separated the events into two groups, desig-
nated as moving and stationary type IV bursts. They reported no appreciable dispersion of
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source position over the narrow range of interferometric frequencies available then. Clave-
lier, Jarry, and Pick (1968) studied 13 IVSs (or noise storm enhancements) based on inter-
ferometric and flux data recorded at two frequencies (169 and 408 MHz). Particular interest
was the double-source morphology found in seven events. They reported that the source po-
sitions at 169 and 408 MHz do not coincide, and further suggested that the radiation is either
plasma emission related to the plasma frequency or gyromagnetic emission of subrelativistic
electrons related to the gyrofrequency. Note that these earlier data are interferometric and
only for two frequencies with quite limited spatial resolution, thus the results should not be
regarded as conclusive.

To further explore observational constraints on emission mechanisms, it is important to
use 2D radioheliograph data covering more frequencies. It is also useful to make compar-
isons between properties of events of the two subgroups of type IV bursts. One earlier study
with 2D radioheliograph data was conducted for 44 IVMs observed with Culgoora (Duncan,
1981). They investigated the Tg distribution, level of polarization, and source dispersion at
three frequencies (43, 80, and 160 MHz). Signatures of spatial dispersion with frequency
have been reported. From this together with other observations, the author suggested that
the radio bursts are not given by gyrosynchrotron, but through Langmuir-wave conversion
of plasma emission.

Since 1990s, Nancay Radioheliograh (NRH: Kerdraon and Delouis, 1997) conducts rou-
tine observation of metric radio bursts, providing two-dimensional images of solar radio
bursts for ten frequency channels from 150 to 445 MHz. This is extremely useful to exam-
ine relative spatial location of sources at different frequencies, as well as variation of other
properties with frequency and time. In addition, multi-wavelength EUV data from the high-
resolution data of the Atmospheric Imaging Assembly (AIA) onboard the Solar Dynamics
Observatory (SDO: Pesnell, Thompson, and Chamberlin, 2012) can be used to infer plasma
properties such as density and temperature around the radio sources when simultaneous data
from both NRH and SDO are available. In recent years, several studies on type IV bursts
along this line, including IVMs and IVSs, have been reported (e.g. Tun and Vourlidas, 2013;
Bain et al., 2014; Vasanth et al., 2016, 2019; Carley et al., 2017; Liu et al., 2018; Morosan
et al., 2019; Salas-Matamoros and Klein, 2020).

Tun and Vourlidas (2013) and Bain et al. (2014) analyzed the IVM event dated on 14 Au-
gust 2010, combining data from NRH and SDO. They found that the IVM sources present
no spatial dispersion with frequency and the source intensity is relatively weak. This leads
them to conclude that the burst is given by gyrosynchrotron. In two case studies of IVMs
that are observed on 4 March 2012 and 15 June 2014, respectively, Vasanth et al. (2016,
2019) showed that in both events the sources at different frequencies present a regular spa-
tial dispersion with relatively high T (108 —10° K). In addition, the sources are found to
be closely correlated with the top part of the high-temperature bright ejecta of the associ-
ated CME. They concluded that IVMs are coherent emission excited by energetic electrons
trapped within the hot eruptive structure (see Li et al., 2019 and Ni et al., 2020 for latest
studies on emission mechanism relevant to IVMs).

A latest study on an IVS event dated on 24 September 2011 using both NRH and SDO
data by Liu et al. (2018) also revealed an obvious spatial dispersion of sources with lower-
frequency sources being further away from the Sun. In addition, they reported a very high
T over 10! K at 150 MHz, high polarization levels, and a power-law like spectrum. This
leads the authors to suggest that the coherent ECM emission may be relevant.

These case and statistical studies show that emission mechanisms of both IVMs and IVSs
remain debatable. This is partly due to observational limitations of earlier and present radio
instruments, in particular, the quite limited spatial resolution, frequency coverage and/or
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available channels. In this study, we focus on IVS events for simplicity. Characteristics of
34 TVS events observed by NRH from 2010 to 2014 are summarized. The criteria used to
build the data sample are introduced in the following section together with observational
details of one specific event. Classification schemes of event characteristics, and results of
our analysis are presented in Section 3. Summary and discussion are given in the last section.

2. Observational Data

In the present study we consider IVSs observed from 2010 to 2014, keeping in mind that
the SDO data are also available and future studies may further explore their source prop-
erties. The IVSs are selected using dynamic spectral data recorded by the e-Callisto Bleien
Radio Observatory (Benz et al., 2009) in the range of 175—-500 MHz, and data from other
e-Callisto observatories in the range of 100—175 MHz. The selection criteria can be sum-
marized as: (i) the bursts should present a wide-band continuum without an obvious gen-
eral trend of spectral drift; (ii) the bursts should extend to frequency below 300 MHz, with
a bandwidth larger than 100 MHz and a duration of at least five minutes; (iii) the bursts
should be observed with NRH. In addition, if the time separation of two bursts is less than
30 minutes, they are identified as one event, otherwise two events will be counted. Deci-
metric continuum bursts were included as long as the above criteria were satisfied. Sources
observed by NRH were carefully checked to make sure that all bursts belong to the station-
ary type.

NRH provides imaging data at 10 frequencies (150, 173, 228, 270, 298, 327, 360, 408,
432, and 445 MHz). The spatial resolution depends on frequency and time of observation,
being ~ 2’ at 445 MHz and ~ 6’ at 150 MHz in summer and up to three times larger for the
NS direction during winter. The calibration of NRH is performed with one of the strongest
wide-band radio sources in the sky (the radio galaxy Cygnus A; see Kerdraon and Delouis,
1997; Mercier et al., 2015). This is completed with a self-calibration process about every
two weeks. The data with 10s cadence are used. In many cases there appear more-than-
one sources simultaneously for a given frequency at a certain time. For simplicity, we skip
these data and only analyze data with simple single-source morphology at all available fre-
quencies. To lay out the basis for further analysis, we show details of the specific Event
20120304.

In Figure 1, we show NRH images observed at 11:07:07 UT, superposed by four contours
at levels of 65, 75, 85, and 95% of the maximum brightness temperature observed at the
moment and corresponding frequency (7sm). The images have been CLEANed using the
NRH software. The weak features outside of the source with the gy are most likely due to
noise and not real sources. Note that data used in further analysis are directly downloaded
from NRH website solar radio data base, and not CLEANed to the best of our knowledge.
This does not affect our results since we are mainly interested in sources with Tgy. The
values of Tgy are given in the figure. The lower right panel presents the corresponding
dynamic spectrum. The interval of interest has been labeled with two vertical dashed lines
and the solid line represents the moment of NRH images shown in the figure. The wide-
band-continuum nature of the event is clear, and all Tyys are above 10° K.

In Figure 2a and the online movie (M1), we plot NRH source contours at different fre-
quencies together to examine their relative location. It is clear that different sources show
a clear pattern of spatial dispersion. The sources line up regularly in the order of their fre-
quency, with those at higher frequency being closer to the disk. Together they form a mor-
phology of a loop section. The values of Ty have been presented in the figure. Note that
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Figure 1 NRH images at different frequencies and the dynamic spectrum of Event 20120304. The NRH
images were processed using the multi-scale CLEAN algorithm included within the standard NRH software.
The contours are given by the 65, 75, 85, and 95% levels of the maximum 7g (7gm). Values of Ty have
been presented in the figure. The vertical solid line in the spectrum indicates the moment of radio images
and the short horizontal lines represent the corresponding frequencies of NRH. The two vertical dotted lines
indicate the interval of interest.

similar formation of NRH sources has been reported by Liu et al. (2018) for a IVS event and
by Vasanth et al. (2016, 2019) for two IVM events. In further analysis we classify events
into two groups according to whether the source dispersion is obvious or not.

In Figures 2b—c, we plot the temporal profiles of Tgy and the corresponding spectra
given by the variation of one-minute averaged Ty, at two selected moments (10:56:57 and
11:06:57 UT). Values of the maximum 7g); during the whole interval of interest (referred to
as TBfM hereinafter) have been presented in panel b.

From panel b, it can be seen that TBfM varies from 2.9 x 10° to 1.1 x 10'° K, and Tgum
varies similarly for almost all frequencies with a first-increase-then-decrease trend, except
for the two lowest frequencies (150 and 173 MHz) at which the profiles exhibit strong
variability. From panel c, it can be seen that at 10:56:57 UT the spectrum shows a first-
decrease-then-increase profile with increasing frequencies, while at 11:06:57 UT the spec-
trum presents a first-increase-then-decrease profile if neglecting the data at the lowest fre-
quency (150 MHz). The total duration of the interval is 71 minutes, therefore we obtain 71
sets of one-minute averaged spectra of Tgy. These spectra present several types of spectral
shape. Further classification according to the shape will be presented in Section 3.

In Figure 2d we plot temporal profiles of polarization degree (p) at each frequency, with
p given by

> (Ur—1)

TN v
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Figure 2 (a) Contours of NRH sources superposed together, (b) temporal profiles of Tgp., (¢) the corre-
sponding spectra, and (d) temporal profiles of polarization of Event 20120304. The contours in panel a are
given by the 85% levels of the Tgp at all frequencies. The values of Tgp and their maximum during the

interval of interest (TBf M) have been presented on panels a and b. An animation is available as online supple-
mentary material (M1).

with Ir and Iy representing the fluxes of right- and left-handed polarization, respectively,
the sum is over the region within the contour at the level of 85% of Tgy. Note that we
have removed data with | p| larger than 100% for all events investigated here. Such data are
unphysical, likely due to problems associated with the procedures of data processing, such
as Fourier transform, calibration, or removal of radio interference.

It can be seen that during the interval of interest the sense of polarization remains un-
changed while the degree (p) changes significantly for all frequencies. For frequencies
within 150-298 MHz, p first increases to a local maximum about 50—80%, and then
decreases to a weak level around 10-30%; for most frequencies within 327 —445 MHz,
p presents an overall declining trend from a strong level of about 60—-90% to a moderate
level of about 20 —40%. Further analysis will classify events according to p and its variation.

Major characteristics of the 34 IVSs events are listed in Table 1. The different columns
are as follows:
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Figure 3 Histograms of occurrence times (a) and durations (b) of the 34 IVSs.

(1) In column one, we present dates of events, whether it is a limb (L) or disk (D) event,
and its group according to the characteristics of the source spatial dispersion at different
frequencies, with group I for events with clear systematic source dispersion and group
II for those without clear systematic dispersion. In Section 3.1 more details will be
presented to show how we classify events into these two groups.

(ii) In columns two—four, we present the start and end time, and duration of the IVS spec-
trum according to the dynamic spectral data.

(iii) In column five, we present the source location at the highest frequency available for
each event. The source location is represented by the source centroid which corre-
sponds to the location of Tgy;. Averaged location of the centroid has been used during
the interval of interest. For sources outside the limb, position angle (PA) of the averaged
location of source centroid has been used. The PA is set to be 0 along the northward
direction and increases counterclockwise.

(iv) In column six, we present classifications of sources according to the magnitude of TBfM,
with H being high (TBfM > 10°7 K), M being moderate (103 K < TBfM < 10°? K), and
L being low (TBG\/I < 108 K). The figure in brackets indicates the number of frequency
channels available in NRH data. This also applies to numbers in brackets in columns
seven and eight.

(v) In column seven, we present level and sense of polarization at each frequency and
event. ‘+’ means p > 0 and ‘-’ means p < 0 and ‘I’ means sign of p changes signifi-
cantly, i.e. with inversion(s) of sense, during the interval of interest. Numbers between
parentheses represent available numbers of NRH frequencies. According to the value
of p, we have classified the sources into three groups, W for weak level (| p| <~ 30%),
M for moderate level (= 30% < |p| <~ 70%), and S for strong level (| p| >~ 70%) of
polarization.

(vi) In column eight, we present the classification of sources according to their temporal
variation of p during the interval of interest, with A for sources whose p does not vary
significantly and manifests a fixed sense, and B for sources whose p varies significantly
yet the sense still remains fixed, and C for sources with inversion(s) of polarization
sense.

In Figures 3a—b, we present histograms of the occurrence times and durations of all IVSs
events. It can be seen that most events occur in 2012 (12/34) and 2013 (12/34), and only five
(four) events in 2011 (2014). Due to the limited number of events of the database, we do
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not analyze solar cycle dependence of event occurrence. The durations distribute within a
large range, from a few to 120 minutes, with more than half (19/34) events lasting for less
than 20 minutes, and a few (6/34) lasting for more than 60 minutes. In Figure 4, we present
the distribution of source locations. Note that exact locations have been given in Table 1
by the averaged source centroid (corresponding to Tgy) at the highest available frequency
during the interval of interest. We see that all disk sources are located in middle-low latitude
(N28 —S43), and PAs of seven sources outside the solar disk distribute within two narrow
ranges, with three sources within 100—110°, and four within 240—-260°; see Table 1 for
exact values of PA. Among the seven events, five belong to group I with clear systematic
spatial dispersion with frequency, and two belong to group II without clear systematic source
dispersion.

3. Event Classifications and Analysis

In this section, we present the summary of the characteristics of IVS events, including the
source location, spatial dispersion of sources with frequency, brightness temperature and
shape of relevant spectra, and sense and level of source polarization. In each part, we first
classify events according to relevant characteristics, then present numbers and relative pro-
portions of different groups of events. To make the text easy to follow, terminologies of
classification used in the study are summarized in Table 2.

3.1. Classification and Analysis According to Source Location

We first classify all events into two groups according to their locations at the highest avail-
able frequency, either on the disk (D) or limb (L). Events outside the limb have been classi-
fied into the L group. From column one of Table 1, it can be seen that among the 34 events
there are equal number (17) of limb and disk events. See Figure 4 for the location of each
event.
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Table 2 Summary of terminology.

Location L Limb event
D Disk event
I Sources of clear systematic spatial dispersion with frequency
1I Sources without clear systematic dispersion with frequency
Brightness temperature (T) H  High Tg (Thy = 10°5K)
M Moderate Tg (108 K < Tl{M <10%5 K)
L Low Tg (T < 108 K)
Type of T spectra In TBfM increases with frequency
De TBfM decreases with frequency
D TBfM first increases then declines with frequency
DI Tl{ M first decreases then increases with frequency
v Other type of Tg spectra

Level of polarization

S Strong polarization (| p| >~ 70%)
M Moderate polarization (= 30% < | p| <~ 70%)
w Weak polarization (| p| <~ 30%)

Sense of polarization R/+ Right-handed sense (p > 0)
L/- Left-handed sense (p < 0)
w Weak or no discernible sense
1 With inversion of sense (s)

Temporal variation of polarization A No significant variation and a fixed sense
B With significant variation and a fixed sense
C With inversion of sense (s)

In addition, as done in Figure 2a, for each event we have superposed the 85% contour of
Tgwm at all available frequencies together to examine their relative location. As demonstrated
above, this allows us to tell whether sources at different frequencies exhibit any systematic
dispersion. According to this, we separate the events into two groups, of which six typical
events are shown in Figure 5. These are:

@

an

Group I includes events that look like the one presented in the previous section, i.e.
events with clear systematic spatial dispersion of sources with frequency. See Fig-
ures Sa—b for two limb events (Events 20100814 and 20120304), and Figures 5c—d
for two disk events (Events 20131223 and 20140211-1). In these events, the sources
line up to give a regular formation according to their frequencies, similar to a sec-
tion of a loop in morphology, as mentioned above. For the two limb events, sources at
higher frequencies are closer to the disk. For the two disk events, this conclusion can-
not be drawn due to projection effect. In addition, the size of the source exhibits a clear
increasing trend with increasing frequencies, observed for most events. Note that the
spatial resolution of NRH data is higher for higher frequency. This contributes to the
observed size variation with frequency.

Group II includes events that display no clear systematic pattern of sources lining-up
together in order of frequency. The separation of these events from group I is done
mainly through visual inspection. We did measure the distance between source cen-
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Figure 5 NRH images of typical events with different types of spatial dispersion. The contours are given by
the 85% levels of the T at available frequencies. See text presented in Section 2, relevant to column one in
Table 1.

troids at available frequencies of each event, and found that the length of the curved
line connecting all centroids being ~ 200" can be used as a good indicator to separate
most events of the two groups. In Figures 5e —f two events of group II are shown with
one limb (Event 20131026) and one disk (Event 20120710) event. As stated, no sys-
tematic pattern of source dispersion can be identified. This may be partially attributed
to projection effect, or the source spatial dispersion is indeed weak. In addition, limited
frequency coverage in group II events (< 200 MHz in six of 11 events) also contributes
to the absence of dispersion.

Among the 34 events, 23 (68%) can be classified into group I, this means a majority of
the events exhibit a pattern of clear systematic spatial dispersion, and 11 (32%) without clear
systematic dispersion. The numbers of limb events in group I and group II are comparable
to those of disk events. In group I there exist 12 (11) limb (disk) events, and in group II
there exist five (six) limb (disk) events. This result has significant implication on candidate
emission mechanism of IVSs. Further discussion will be presented in the last section.

3.2. Classification and Analysis According to the Brightness Temperatures of
Sources

According to values of the maximum brightness temperature (TBfM) for sources at each fre-
quency during a specific event (referred to as event- f sources), we can separate all sources
into three groups, including the high T, (H) group with T, > 10%° K, the moderate Ty,
(M) group with 108 K < TBfM < 10°3 K, and the low TBfM (L) group with TBGVI <10 K. In
Table 1 we have listed the result of the classification for all available event- f sources.
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Figure 6 Typical profiles of 7gp for two events. The values T]{M are shown on each panel.

In Figure 6, we present profiles of Tgy for two events. The values of TBfM are written
on the figure. For Event 20120614 (panel a), Tgy at all frequencies present an oscillatory
behavior with an overall increasing trend. The sources at 150-228 MHz belong to the H
group with TBfM > 10°3 K, and sources at 270 —327 MHz belong to the M group. For Event
20140821, similar to the one shown in Figure 2b, Ty at all frequencies behave similarly
with a first-increase-then-decrease trend with a local maximum (TBfM). The sources at 270 -
327 MHz belong to the M group, and those at 408 and 445 MHz belong to the L group,
according to our classification scheme.

In Figure 7a we plot the histogram of TBst for all the 247 event- f sources. It can be
seen that TBst for all sources display a single-peak distribution, with the peak lying in the
interval of 108 K < TBfM < 1083 K, where 64 (26%) sources are recorded. In the range of
108K < TBJM < 10°° K, i.e. the M group, we observe 155 (63%) sources in total. This means
that more than half of all sources belong to this group, while sources of the H group are 46
(19%) in number (percentage), being equal to the number (percentage) of sources of the L
group.

In Figures 7b—e, we plot histograms of TBfM for different groups of sources: panel b for
events on the limb (L), panel c¢ for events on the disk (D), panel d for events with clear
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Figure 7 (a) Histograms of TI{M for all event-f sources, (b) for L-group sources, (¢) D-group sources,

(d) group I sources, and (e) group II sources. (f) Histogram of the maximum 7g (T];:M) for the 34 events, red
blocks correspond to group I events.

systematic spatial dispersion of sources (group I), and panel e for events without clear sys-
tematic source dispersion (group II). As seen from panel b 76/122 (62%) sources in limb
events belong to the M group (108 K < TBfM < 10%3 K). In addition, 79/125 (63%) sources
in disk events (panel c), 119/176 (68%) sources of group I events (panel d), and 36/71 (51%)
for group II events (panel e) belong to the M group. This means that sources of the M group
always represent the largest contribution, in comparison to those of the L and H groups.

For each event, we can obtain a maximum brightness temperature among all available
sources (T5,). This represents the highest T of one specific event. In total, we get 34
values of Ty, In the last panel of Figure 7, we show the histogram of these values (black).
The distribution of group I (red, with clear systematic spatial dispersion of sources) is also
presented. There are 31 (91%) events whose Ty, exceed 108 K, 23 (68%) events whose Ty,
exceed 10° K, and only three events whose 75, are lower than 10® K. There are 11 events
whose T, are in the range of 10°— 103 K and seven events in the range of 10°° —10'° K.
In total, about half of all events (18/34) lie in these two intervals. In addition, group I events
seem to provide more high-Tg, events, in particular, nine events of this group are in the
range of 10°—10°5 K and 17 events with 7.5, exceeding 10° K; accordingly, in group I,
only two events whose Ts lie in the range of 10° — 103 K and six events whose TE,;s
exceed 10° K. ‘

In Figure 8, we plot histograms of TBfM for all event- f sources at available frequencies,
except 360 MHz since only nine events were observed by NRH. Two major characteristics
can be listed: (i) distributions of TBfM always manifest one major peak, (ii) values of TJM
at the peaks present a declining trend with increasing frequencies, e.g. T]{M decreases from
10%5-10' K at 150 MHz to 107 — 108 K at 445 MHz.

3.3. Classification and Analysis According to the Spectra of the Brightness
Temperature

At any given time, we can plot the spectrum given by the variation of the maximum bright-

ness temperature (7gy) with frequency. All spectra are classified into 5 types according to
their profiles. Typical spectra have been presented in Figure 9. They are: (i) spectra with
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Figure 9 Typical types of Tg spectra with the corresponding flux-density spectra. See text in Section 2.

TBfM increasing in general with frequency, referred to as In-type for short, see Figure 9a
for an example; (ii) spectra with T{M decreasing in general with frequency, referred to as
De-type, see Figure 9b; (iii) spectra with TBfM first-increasing-then-declining with frequency
with a well-defined maximum, referred to as ID-type, see Figure 9c; (iv) spectra with TB);\/I
first-declining-then-increasing, referred to as DI-type, see Figure 9d; (v) other spectra that
cannot be classified into any of the above four groups, mostly with strong variability, re-
ferred to as V-type for short, see Figure 9e. The corresponding spectra of flux density are
also presented for comparison. The flux-density spectra are also given by the variation of
one-minute averaged maximum flux density (Sy). It can be seen that the two types of spec-
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Table 3 Numbers/percentages of Tg spectra in groups classified according to their profiles. See text in
Section 2.

Event In De ID DI \Y% Total
20100814 (L, I) 5/9% 16/30% 6/11% 26/48% 12% 54
20110307 (D, I) 5/100% 5
20110809 (L, I) 19/100% 19
20110924 (L, I) 47/50% 23/24% 24/26% 94
20120304 (L, I) 1/1% 55/77% 5/7% 10/14% 71
20120305 (L, I) 11/100% 11
20120314 (D, I) 1/20% 4/80% 5
20120418 (D, I) 40/100% 40
20120507 (L, I) 1/33% 2/67% 3
20120613 (D, I) 19/76% 6/24% 67
20120630 (D, I) 1/100% 1
20120708 (L, I) 3/100%

20120710 (D, 1) 6/100% 6
20121214 (D, 11) 14/100% 14
20130411 (D, 1) 3/100% 3
20130605 (L, I) 8/44% 9/50% 1/6% 18
20130812 (D, I) 26/100% 26
20131025-1 (L, II) 7/100% 7
20131107 (D, I) 26/100% 26
20131119 (L, I) 2/6% 18/58% 11/35% 31
20131223 (D, 1) 7/44% 9/56% 16
20140211-1 (D, I) 5/100%

20140211-2 (D, II) 4/80% 1/20%

20140216 (D, 1I1) 1/8% 6/50% 1/8% 4/33% 12

tra exhibit similar profiles which are readily transferred from each other via the well-known
Tg-S relation (see, e.g., Dulk, 1985).

As stated, the spectra are given by the one-minute averaged Ty data. Therefore, the
number of spectra for one specific event is determined by the total duration of the event.
Since the spectra evolve with time, one event can yield a few to several types of spectra. We
have classified all spectral data for 25 events including 19 group I and 6 group II events, and
presented the results in Table 3. Note that the other nine events lack NRH data at frequencies
below 270 MHz and therefore are not analyzed here.

From this table, it can be seen that 21 events contain the De-type spectra, in 14 events this
type of spectra is present in > 50% of the event duration, and in ten events only this type of
spectra is present. In addition, 11 events contain the ID-type spectra, and in eight events this
type of spectra is present in > 50% of the event duration, and in three events only this type
of spectra is present. In seven events the DI-type spectra are present, and in only one event
the DI-type spectra are present in > 50% (100%) of the event duration. At last, numbers of
events with In- and V-type spectra are two and five, respectively. These results indicate that
the dominant type of spectra are the De type, i.e. the power-law like spectra with a negative
index, the less important spectra are the ID and DI types, while In- and V-type spectra are
the minority.
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Figure 10 Typical polarization profiles of four events. See text in Section 2, relevant to column eight in
Table 1.

3.4. Classification and Analysis According to the Level and Sense of Polarization

All the 247 event- f sources can also be classified according to the level and sense of the
polarization. Two classification schemes have been developed, as introduced earlier for Ta-
ble 1. One is according to the level of polarization with three groups, including the S group
(|pl >~ 70%), the M group (~ 30% < |p| <~ 70%), and the W group (|p| <~ 30%); the
other is according to the variation of the polarization level and change of the sense, with
three types: A, B, and C. Please, refer to earlier text in Section 2 for details.

Since at different frequencies the polarization may present different behavior during a
specific event, one event can exhibit different types of polarization profiles at different fre-
quencies. We examined all 247 event- f sources and listed the result in column eight of
Table 1. In Figure 10, we plotted four events with typical variation profiles, as briefly de-
scribed in the following text. These profiles represent most if not all possibilities as revealed
by source polarization.

(1) Event 20120305: at all available frequencies the level does not change much with time
with a fixed right-handed sense (Type A), while the level always maintains a high value
above 70%. In addition, the level increases in general with frequency.

(i) Event 20120708: the value of p at all frequencies does not change significantly with
time, while the level remains below 30%. The sense keeps to be left-handed for all
frequencies, except 327 MHz at which the level is too weak to reveal the sense of
polarization.

(ii1) Event 20120304 this is the reference event introduced earlier. The main characteristics
are that the value of p at each frequency changes significantly with time while the sense
remains to be right-handed (Type-B). For frequencies in the range of 327 —445 MHz,
the levels have a general declining trend from 80% to about 20%, and for frequencies in
the range of 150-298 MHz, the levels present a local maximum and vary in the range
of 10—70%.
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Table 4 Source numbers at —
available NRH frequencies, Frequency Source numbers of different groups (A, B, C)
(MHz)

grouped according to the A B C Total
variation of polarization profiles.
See text in Section 2, relevant to

column eight in Table 1. 150 10 1 0 21
173 10 13 0 23
228 11 11 1 23
270 17 10 2 29
298 21 11 1 33
327 20 12 1 33
360 6 2 1 9
408 16 11 1 28
432 15 8 1 24
445 14 8 2 24
Group I 96 70 10 176
Group 11 44 27 0 71
Group I+I1 140 97 10 247

(iv) Event 20110307: with multiple inversions of sense at most frequencies, except the two
lowest frequencies (150 and 173 MHz) at which the changes of sense are not obvious.
We thus classify sources at these two frequencies to be Type-B and those at higher
frequencies to be Type-C.

In the columns seven and eight of Table 1, we present the polarization characteristics of
all sources. For instance, for the first event in the list (Event 20100814), the words ‘150 —360
(7): B> mean ‘for the seven frequencies in the range of 150 —360 MHz the sources belong to
Type-B’, and ‘408 —445 (3): C’ have similar meaning, and ‘150360 (7) (+); 408 —445 (3)
(D: W, M’ mean ‘the sense is right-handed for the seven frequencies in the range of 150—
360 MHz, the sense is reversed for sources at the three frequencies within 408 —445 MHz,
and all these frequencies have weak to moderate levels of p’.

In Table 4 we summarize the numbers of sources of Type-A, B, and C, which are 140
(57%), 97 (39%), and ten (4%), respectively. This indicates that the C type is almost negli-
gible in number in comparison to the other two types. At the three frequencies of 150, 173,
and 228 MHz, the number of Type-A sources is comparable to that of Type-B sources; at
the other seven frequencies within 270-445 MHz, the number of Type-A sources is consid-
erably larger than that of Type-B sources. The numbers of sources of Type-A, B, and C are
96 (55%), 70 (40%), and ten (6%) in group I, and 44 (62%), 27 (38%), and zero (0%) in
group II. No significant difference exists between the two groups.

From Table 1 we also found that: (i) Type-A sources appear in 24 events, and more than
half of the sources (at different frequencies) belong to this type in 20 events, in particular, all
sources belong to this type in 12 events; (ii) Type-B sources appear in 22 events, and more
than half of the sources belong to this type in 15 events, in particular, all sources belong to
this type in seven events; (iii) Type-C sources appear in four events, and among them in only
one event more than half of the sources belong to this type.

In Table 5, we present the total number with different values of p, and find that there
exist 154, 108, and 88 sources with weak, moderate, and strong polarization, respectively.
Besides, 24, 21, and 16 events contain sources with weak, moderate, and strong polarization,
respectively. Sources with only weak, moderate, and strong levels of p are 86, 28, and 52,
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Table 5 Source/Event number in groups classified according to level and sense of polarization. Numbers
between parentheses represent those with only that corresponding level/sense of polarization. See text in
Section 2, relevant to column seven in Table 1.

Source/Event number in groups Source/Event number in groups

W, M, and S R,L,and W

W M S R L W I
Events (Group I) 18 (7) 13 (0) 10 (3) 11(7) 11 (4) 8(2) 4(0)
(Group II) 6(1) 8 (1) 6(2) 5(5) 5(5) 1(1) 0(0)
(Group I+1IT) 24 (8) 21 (1) 16(5) 16 (12) 16 (9) 9(3) 4(0)
Sources (Group I) 127 (74) 66 (10) 58 (35) 76 52 38 10
(Group 1II) 27 (12) 42 (18) 30 (17) 29 33 9 0
(Group I+1II) 154 (86) 108 (28) 88 (52) 105 85 47 10

respectively. In eight, one, and five events at all available frequencies only weakly, moder-
ately, and strongly-polarized sources exist. In group I, sources with weak polarization are
the most (127), and those with moderate (66) and strong polarization (58) are comparable in
number. While in group II, sources with moderate polarization are the most (42), and those
with weak (27) and strong polarization (30) are comparable in number.

In Table 5, we also present the number of sources classified according to their sense.
Four groups are found including sources with a single sense (left- or right-handed, referred
to as L or R), sources with weak or no discernible sense (W), sources with inversion of sense
(I). We find 105, 85, 47, and ten sources belonging to the four types, respectively. On the
other hand, the number of events containing sources of the above four types (L, R, W, and
I) are 16, 16, nine, and four, respectively. R-type sources are the most (76) in group I, while
L-type sources are the most (33) in group II. In group I events containing R-type and L-type
sources are both 11 in number, and in group II events containing R-type and L-type sources
are both five in number.

Note that in one specific event, the characteristic of p may be different at different fre-
quencies. For instance, for Event 20120507, in the range of 150 —327 MHz sources are of
R-type, and in the range of 408 —445 MHz sources are of W-type; for Event 20100814, in the
range of 150—-360 MHz sources are of R-type, and in the range of 408 —445 MHz, sources
are of I-type, i.e. with inversion of sense. The number of events with only one single type
of p are 12, nine, three, and zero, for types R, L, W, and I, respectively. For instance, Event
20120305 contains only the R-type sources, and Event 20140211-2 contains only L-type
sources.

4. Summary and Discussion

Earlier statistics of IVSs are rare and mostly based on 1D interferometric data. These studies
suffered from a limited number of frequency channels, spatial and spectral resolutions, and
number of events. In this study we analyze 34 events that are observed from 2010-2014
by NRH and the e-Callisto observatories. These events include 247 sources at different fre-
quencies. For simplicity, we only analyze data with simple single-source morphology at all
available frequencies during the interval of interest, and focus on characteristics such as the
source spatial dispersion with frequency, the maximum brightness temperature (7gym), the
Tsm spectra, and the degree and sense of polarization.
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Major results are: (i) The majority of events (23/34) present regular and systematic source
dispersion with frequency. (ii) In most (31/34) events T, is larger than 10 K and in nearly
70% (23/34) of the events it is larger than 10° K; the dominant type of Tgy spectra of the
power-law like with a negative index, observed in 84% (21/25) of the events. (iii) In most
events (30/34) the sense of polarization remains unchanged; the degree of polarization does
not change significantly for a majority (140/247, ~ 57%) of event- f sources, the degree
varies significantly yet the sense remains fixed in 97 (& 39%) event- f sources, and in only
ten sources inversion(s) of the sense of polarization are present. These findings provide
strong constraints on radiation mechanism of IVSs.

When discussing the positions of radio sources and their dispersion with frequency, ef-
fects of ionospheric and coronal refractions should be excluded to avoid spurious results (e.g.
Duncan, 1981; Gary et al., 1985; Gopalswamy and Kundu, 1989b; Vasanth et al., 2016). The
effect of ionospheric refraction decreases with increasing frequencies (e.g. Wild, Sheridan,
and Neylan, 1959; Bougeret, 1981) and is generally small at frequencies above 150 MHz.
After checking the animations of overlapped radio sources like those presented in Figure 5,
positional fluctuation is observed in all cases, which might be attributed to the ionospheric
refraction. However, the fluctuation is in general small and does not affect the pattern of
systematic dispersion of the soruces with frequency. According to Duncan (1981), coronal
refraction would make radio sources look closer to the Sun, the effect might be more se-
vere for sources with lower frequencies and limb events. At least for limb events in group
I, sources at higher frequency are generally closer to the disk as shown in Figure 2a, this is
inconsistent with the mentioned effect of coronal refraction. We therefore suggest that the
systematic source dispersion with frequency in this study is intrinsically associated with the
source properties, and not attributed to ionospheric and coronal refractions.

As mentioned in the introduction, at least two radiation mechanisms of IVSs have been
proposed, which are coherent plasma emission and incoherent gyrosynchrotron. As pre-
sented in Section 3, no significant differences are found between the properties (Tgm, Tpm
spectra, and polarization) of events in group I and group II. This indicates that they may be
generated by the same mechanism. Our results indicate that the majority of events present
regular and systematic source dispersion, with large maximum brightness temperatures
(> 10% K in 31 events and > 10° K in 23 events). This seems to favor coherent plasma
emission which results in high brightness temperature and spatially dispersed sources with
frequency. This is also supported by the conclusion that gyrosynchrotron yields emission at
multi-harmonics of electron gyrofrequency, tending to result in wide-band emission from
one localized source. Thus, radiation at one specific frequency may come from a large
source, leading to weak or no spatial dispersion (see, e.g., Tun and Vourlidas, 2013, and
Bain et al., 2014). Note that the possibility of systematic spatial dispersion of gyrosyn-
chrotron sources due to density and magnetic field inhomogeneities cannot be ruled out
completely.

We show that the IVSs present five different types of Tp spectral profiles. According to
earlier studies (e.g. Nita, Gary, and Lee, 2004; Tun and Vourlidas, 2013; Bain et al., 2014;
Morosan et al., 2019), the spectral profiles of 7 and flux density are also powerful means of
determining emission mechanisms, and complexity of spectral profiles may be indicative of
a combination of emission mechanisms. For example, Bain et al. (2014) reported a similar
De-type spectrum using NRH data and attributed this to the gyrosynchrotron emission; using
NRH and RSTN data Morosan et al. (2019) found spectra similar to our V-type spectra (e.g.
the upper spectrum in Figure 2c) and attributed this to a combination of plasma emission
and gyrosynchrotron emission. Further observational and theoretical studies are required to
clarify the relationship between spectral shapes and specific emission mechanisms.

@ Springer



38 Page 22 of 24 M. Lv et al.

500~ "~ T T T T T T T T T F- -d T t'l' T T 10'0 H- L A
undamental armonic
<O 20111005 Emission & 20111005 Emission & 20111005
<
% .
400F" X ] . E 109‘?E
'g o X 20131119 % X 20131119 20131119 S
= S\ — 1ixsaito 25 x Saito >
N x> >8< S -- 30 x Saito 75 x Saito g
g 300 X ] r AN 7 o
o \ N a
= N g
= N ~ o
= X ~ N 2
AN X AR AN PPY-0-1)
200 E % X NG 10°
X 3 X
X
a b c \
100.(.).|...|... .(.).l...l...m" ()II
1.0 1.2 1.4 16 1.0 1.2 1.4 16 1.0 1.2 1.4 1.6
Heliocentric Distance (Rg) Heliocentric Distance (Rg) Heliocentric Distance (Rg)

Figure 11 (a) Averaged heliocentric distances of source centroids at available NRH frequencies for limb
(L) events with significant spatial dispersion (group I), (b) radial distribution of electron density assuming
fundamental plasma emission of IVSs, and (c) radial distribution of electron density assuming harmonic
plasma emission of IVSs. The dotted and solid lines are given by various folds of the Saito density model.

Among the 34 events, seven limb ones are located outside the disk, and five of them
belong to group I meaning that their sources are spatially dispersed with frequency. We sup-
pose that these five events are less affected by projection than the others. Their averaged
projected altitudes are shown in Figure 11a. The averaged altitudes of sources at 150, 298,
and 432 MHz are in the ranges of 1.33-1.53 Rg, 1.12-1.25 Rg, and 1.03-1.21 R, re-
spectively. Supposing IVSs are due to plasma emission at either fundamental or harmonic
plasma frequency, we can infer radial profiles of coronal plasma density. In Figures 11b and
¢, we plot the obtained profiles under two assumptions of the emission frequency. It can
be seen that for fundamental emission, plasma densities given by different events distribute
within 11 and 30 folds of the Saito density model (Saito, Poland, and Munro, 1977), while
for the harmonic assumption, the obtained densities distribute within 2.5 and 7.5 folds of the
Saito model. Considering sources of [VSs are mostly located within or above active regions,
plasmas therein are usually denser by several to ten times than those in the quiet-Sun regions
or coronal holes (see, e.g., Chen and Hu, 2001, and Strachan et al., 2002). Therefore, results
obtained from this figure seem to be consistent with the present knowledge on coronal den-
sities. This also supports the suggestion that plasma emission accounts for IVSs, at least for
these limb events with clear spatial dispersion.

As proposed by Vasanth et al. (2016, 2019), source properties such as plasma density
and temperature can be inferred using differential emission analysis (DEM) of EUV data
recorded by Atmospheric Imaging Assembly, on board the Solar Dynamics Observatory,
given simultaneous data are available. The magnetic field strength can be roughly estimated
using extrapolations of magnetic field on the basis of photospheric measurements. Studies
along this line shall give further constraints on emission mechanisms of IVSs. In particular,
the ratio of plasma frequency to electron cyclotron frequency (wp./ S2..) may be inferred,
which is critical to the radiation process. If /€. < 1, the mechanism could be electron
cyclotron maser emission (Wu and Lee, 1979); if w,./ 2. > 1, plasma emission could be
the radiation mechanism. In addition, if an IVS lasts longer than the associated flare, then
energetic electrons that have been injected (by the flare) and then trapped within the mag-
netic structures, such as post-flare loops, should be important to the radiation mechanism.
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These trapped electrons may develop a loss-cone distribution and drive a kinetic electro-
magnetic (ECM) instability, which generates waves of upper hybrid mode, Z mode, and W
mode. These modes then convert to escaping X and O modes that become the observed radio
emission (see Li et al., 2019; Ni et al., 2020 for latest studies). Note that in a recent report,
Carley et al. (2019) suggested that Z-mode waves excited by the loss-cone ECM instability
may play a role in the origin of pulsation of a flare continuum. If an IVS occurs during the
peak of the flare, then beams of energetic electrons may also play a role. It is not clear which
species of energetic electrons, beamed or trapped, are decisive in the birth of IVSs.
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