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ABSTRACT

Context. Flare-accelerated electrons may produce closely temporarily related hard X-ray emission while interacting with the dense
solar atmosphere and radio type III bursts when propagating from the low corona to the interplanetary medium. The link between
these emissions has been studied in previous studies. We present here new results on the correlation between the number and spectrum
of HXR producing electrons and the type III characteristics (flux, starting frequency).

Aims. The aim of this study is to extend the results from previous statistical studies of radio type III bursts and associated HXR
emissions: in particular what kind of correlation, if any, exists between the HXR emitting electron numbers and the radio flux? Are
there any correlations between the electron numbers or energy spectra deduced from associated HXR emissions and type III starting
(stopping) frequencies?

Methods. This study is based on thirteen years of data between 2002 and 2014. We shortlisted ~ 200 events with close temporal
association between HXR emissions and radio type III bursts in the 450-150 MHz range. We used X-ray flare observations from
RHESSI and FERMI/GBM to calculate the number of electrons giving rise to the observed X-ray flux and observations from the
Nancay Radioheliograph to calculate the peak radio flux at different frequencies in the 450-150 MHz range. Under the assumption
of thick-target emissions, the number of HXR producing electrons and their energy spectra were computed . The correlation between
electron numbers, power-law indices and the peak radio fluxes at different frequencies were analysed as well as potential correlations
between electron numbers and starting frequency of the radio burst. Bootstrap analysis for the correlation coefficients was performed
to quantify the statistical significance of the fit.

Results. The correlation between the number of HXR electrons and the peak flux of the type III emission decreases with increasing
frequency. This correlation is larger when considering electron number above 20 keV rather than electron number above 10 keV. A
weak anticorrelation is also found between the absolute value of the electron spectral index and the peak radio flux at 228 MHz.
A rough correlation is found between the HXR producing electron number above 20 keV and the type III starting frequency. This
correlation is smaller if the electron number above 10 keV is considered. All the results are discussed in the framework of results from

previous studies and in the context of numerical simulations of bump-in-tail instabilities and subsequent radio emissions.

Key words. Sun: flares — Sun: radio radiation — Sun: X-rays Sun:particle emission

1. Introduction

Solar energetic particles are a major driver of solar-terrestrial
physics and space-weather applications. They contain a substan-
tial fraction of the energy relased in solar flares and are presently
extensively studied in the context of the new heliospheric mis-
sions Solar Orbiter and Parker Solar Probe (Miiller et al. (2020);
Fox et al. (2016)). The relationship between electron spectra at
the Sun (derived from HXR diagnostics of electrons interact-
ing in the solar chromosphere) and electrons directly detected
at 1AU has been investigated in a few papers (see e.g. Krucker
et al. (2007); James et al. (2017); Dresing et al. (2021); Wang
et al. (2021)). However in most of these papers, radio emission
from escaping electron beams (type III bursts) is used to pro-
vide crucial information on the magnetic connectivity between
energetic electrons in the corona and electrons measured in situ
(see e.g. Pick & Vilmer (2008); Vilmer (2012); Klein (2021) for
reviews and references).

* on leave from

Type III radio emissions can be observed over decades of
frequency (1 GHz to 10 kHz). and are characterized by fast fre-
quency drifts (around 100 MHz/s in the metric range). Several
mechanisms have been proposed in the literature for the produc-
tion of type III bursts. The most common interpretation is based
on the conversion of Langmuir waves produced by high-energy
(0.05c - 0.3c) electron beams propagating through the corona
and the interplanetary medium (see e.g. Reid (2020) for a re-
cent review and references). As high energy electrons propagate
trough plasma, a bump-in-tail instability is produced which in-
duces high levels of Langmuir waves. Non-linear wave-wave in-
teraction then converts some of the energy contained in the Lang-
muir waves into electromagnetic emission near the local plasma
frequency or at its harmonic (e.g. Melrose (1980); Li & Cairns
(2013); Ratcliffe et al. (2014); Reid & Kontar (2018)), produc-
ing radio emission that drifts from high to low frequencies as the
electrons propagate through the corona and into interplanetary
space. In recent years, several numerical simulations have been
performed to simulate the radio coronal type III emissions from
energetic electrons and investigate the effects of beam and coro-
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nal parameters on the emission (e.g. Li et al. (2008); Li et al.
(2009); Li & Cairns (2013); Ratcliffe et al. (2014); Reid & Kon-
tar (2018)). However, contrary to the HXR diagnostics, it is still
not straightforward to derive the characteristics of the emitting
electrons from the type III radio emissions themselves.

Alternative interpretations for type III bursts production
have also been proposed in the literature based on the elec-
tron cyclotron maser theory (e.g. Wu et al. (2002);Tang & Wu
(2009);Wu et al. (2014);Chen et al. (2017)). Moreover, as shown
by Chen et al. (2021), this emission mechanism can reproduce
the properties of Interplanetary Type IIIb bursts observed by
Parker Solar Probe.

Since the discovery of type III bursts and the advent of con-
tinuous and regular HXR observations, many studies have anal-
ysed the relationship between type III bursts and hard X-ray
emissions (see the first studies by Kane (1972) and Kane (1981).
Hamilton et al. (1990) performed one of the first statistical study
of the correlation of hard X-ray and radio type III bursts. They
confirmed the previous results of Kane (1981) that the associa-
tion of hard X-ray and type III bursts slightly increases for harder
X-ray spectra and that higher flux radio bursts are more likely to
be associated with hard X-ray bursts and vice versa. They also
examined the correlation between the hard X-ray peak count
rates and the peak flux density at 237 MHz for the associated
type III burst and found no clear apparent correlation between
both quantities. A further analysis of the intensity distribution of
the occurrence of hard X-ray bursts associated with type III radio
bursts shows a significantly different behaviour than the distribu-
tion of all hard X-ray bursts, implying some correlation between
HXR and type III radio intensities.

Using ten years of data from 2002 to 2011, Reid & Vilmer
(2017) performed a new study on the link between coronal type
IIT bursts and HXR emissions, and the probability that coronal
type III bursts have interplanetary counterparts. This study was
based on the analysis of 321 events with co-temporal HXR and
radio emission. A weak correlation was found between the type
III radio flux at frequencies below 327 MHz and the X-ray in-
tensity at 25-50 keV. The weakness of the correlation can be
explained by the coherent nature of the emission mechanism of
radio type III bursts which can produce high radio fluxes from
low density electron beams.

The present study is a continuation of the study performed
by Reid & Vilmer (2017) in which HXR peak counts were
used to quantify the flare-accelerated electrons. In the present
study based on a new and larger selection of events (HXR
FERMI/GBM observations are used in addition to RHESSI ob-
servations), the number of electrons producing HXR emission at
the time of the type III burst (and not the instrument-dependant
HXR count-rate) is systematically estimated from the spectral
analysis of the hard X-ray burst and correlated with the peak ra-
dio flux. The results of the spectral analysis will allow to inves-
tigate whether there is some correlation between the energetic
electron spectral indices and the peak radio fluxes. The correla-
tion between the starting and stopping frequencies of the type III
bursts and the number of HXR emitting electrons will also be in-
vestigated. Section 2 will present the observations and method-
ology used in the study. Section 3 will present an overview of
the data analysis performed on the observations and section 4
will present the results of the statistical study between radio type
III bursts and HXR emitting electrons. Section 5 will discuss the
results in the context of previous and future observations, as well
as in the context of the predictions of models of type III emis-
sions.
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2. Observations and methodology
2.1. Instruments used

The present study is based on thirteen years of observations
(2002-2014) from the start of the X-ray observations with
RHESSI (Lin et al. 2002) to the end of the Nangay Radioheli-
ograph observations before a scheduled upgrade starting from
the beginning of 2015. During part of the duration of our study,
there were two instruments capable of measuring the solar HXR
spectrum above 10 keV: RHESSI launched in 2002 and FERMI
(Meegan et al. 2009) launched in 2008. While RHESSI was a
solar dedicated instrument, FERMI is a general purpose high
energy astronomy mission which can also measure solar HXR
emission. During every orbit of RHESSI and FERMI (orbit pe-
riod of 90 minutes), the Sun is blocked by the Earth’s shadow
and no observations are possible. In addition the RHESSI space-
craft is put into safety mode when it passes through the South
Atlantic Anomaly(SAA) region and there are no RHESSI obser-
vations during that time. The FERMI orbit does not pass through
SAA region and is devoid of this data gap in its observation.
Even though both RHESSI and FERMI have low-earth orbits
which dictates their orbital period, their orbits are not in phase.
Hence events missed by one instrument can be picked by the
other instrument if occurring during the day time for that in-
strument. Thus the data availability from the two missions from
2008 till the end of the study enabled us to detect many more
events than would have been possible just with RHESSI. Once
HXR events were selected, the HXR counts measured by each
instruments were then processed in OSPEX to derive from HXR
spectroscopy the HXR producing electron spectrum (see details
below).

Solar radio spectra from decimetric to kilometric wave-
lengths (1GHz - 0.1 MHz frequency range) were measured
with a combination of spectrographs. For the decimetric range
(frequencies above 100 MHz) we used PHOENIX-2 radio-
spectrometer (Messmer et al. 1999) for time-period between
2002-2007, PHOENIX-3 (Benz et al. 2009) radio-spectrometer
between period 2008-2011 and ORFEES for between 2012-2014
(Hamini et al. 2021). PHOENIX-2 and PHOENIX-3 are part
of e-CALLISTO network and are based in ETH Ziirich. OR-
FEES is based at the Nangay site of the Paris Observatory.
PHOENIX-2 and ORFEES have frequency coverage up to 1
GHz while PHOENIX-3 covers only till 870 MHz. For the de-
cametric range (10 MHz-100 MHz) we used the Nangay Deca-
metric Array(NDA) (Lecacheux 2000) and for kilometric ranges
(frequencies less than 10 MHz) we used WIND/WAVES instru-
ment (Bougeret et al. 1995). Combining measurements in the
different frequency ranges allow to measure plasma radio emis-
sions at different heights in the corona and in the case of type
IIT bursts to trace the radio emitting electron beams during its
propagation from the acceleration site in the low corona towards
the higher corona and possibly interplanetary (IP) medium. To
obtain calibrated radio fluxes of the type III bursts, Nangay Ra-
dio Heliograph (NRH) observations (Kerdraon & Delouis 1997)
were used at four different frequencies: 150, 228, 327 and 432
MHz.

2.2. Selection criteria and event list

In order to select events, software was developed in Python to
produce daily (08:00-16:00 UT) quick-look plots showing HXR
count-rates observed by RHESSI and FERMI/GBM (depending
on the period) with a combination of 1D projections of the radio
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Fig. 1. Time profile of a selected event on 10 March 2003. From bottom to top: - Time profile of the X-ray count rates (corrected from attenuator
states) observed with RHESSI in 4 energy bands: 3-6 keV; 6-12 keV; 12-25 keV; 25-50 keV; - Time profile of the NRH radio flux at 3 frequencies
(327 MHz, 228 MHz, 150 MHz) computed on the squared region shown in the insert on the left; - combination of radio-spectrograms in the 1
GHz-20 kHz range obtained with PHOENIX-2 for frequencies above 100 MHz, NDA for frequencies between 10 and 80 MHz and WIND/WAVES
for frequencies below 10 MHz. Insert on the left: position of the type III radio source at the time of the 150 MHz peak. The blue circle represents
the position of the optical solar limb and the square shows the region for which the radio flux is computed.

emissions recorded by the NRH at 150 MHz in two perpendic-
ular directions (EW and NS terrestrial directions) corresponding
to the two arms of the NRH and radio spectra in the 1GHz-20
kHZ range from PHOENIX-2, PHOENIX-3, ORFEES (depend-
ing on the period), NDA and WIND/WAVES. The quick-look
plots were then used to select manually associated HXR bursts
and radio type III emissions. As solar radio emissions can be

complex in the case of large flares producing not only type III
burst but also other kinds of emissions like type II, type IV,...we
selected for this specific study rather simple events based on the
following strict criteria:

— Impulsive X-ray emission with counts above the background
at least up to 15 keV. This is to enable reliable fit to the
HXR spectrum. No events which were partially covered
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Fig. 2. Same as figure 1 for the event selected on 26 August 2011. The HXR count rates are provided by FERMI/GBM in 4 energy bands 4-8 keV;
9-14 keV; 15-25 keV and 25-50 ke V.

by RHESSI or FERMI (due to data gaps while the in- — A clear increase of the radio emission observed by the NRH

struments are in the earth’s shadow or in South Atlantic
Anomaly(SAA)) were included. It can be noticed that events
where the decay phase exhibited a long tail were usually big
flares and had complex emission characteristics and hence
were excluded.

Type III burst emissions clearly seen above 100 MHz should
be present within the time duration of the impulsive HXR
flare. For our selection extension of type III bursts into in-
terplanetary space (i.e. below 10 MHz), was not a necessary
condition.
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at 150 MHz at the onset time of the type III burst detected in
the radio spectra.

After selection of the events from these quick-look plots,
more detailed time profiles were produced such as the ones plot-
ted through figures 1 - 4 (see figure description in the next sec-
tion). In total we found 205 events which matched our selection
criteria within the time period of the study. It should be noticed
that even though the time period chosen for our survey coincided
with a major portion of the Reid & Vilmer (2017) study, only 48
events, out of total selection which were also included in their
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Fig. 3. Same as figure 2 for the event selected on 22 April 2013. The radio spectrograph for frequencies above 100 MHz is from ORFEES. Two
events are selected and considered in the study during the period plotted. The positions of the type III sources at 150 MHz for the two events are
plotted on the left. The white box in the top figure is due to a data gap in the RAD2 instrument.

event list are common to the present study because of our more
stringent selection criterion (in particular, a clear X-ray signa-
ture above 15 keV) . In conclusion more than 75% of our events
have not been studied before. Of the shortlisted events, 89% are
associated to C & B class flares. This closely matches with the
proportion of events studied in Reid & Vilmer (2017). This pro-
portion is the result of our selection process since events with
complex radio emissions usually associated with large X-class
flares (Benz et al. 2005) were excluded from our study.

3. Data analysis

For each of the shortlisted events, systematic analysis of their
radio and HXR emission was carried out. For both analysis we
used the standard SolarSoftware(SSW) packages developed for
these instruments.
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Fig. 4. Same as figure 3 for the event selected on 20 October 2013. The HXR data is from RHESSI.Two events are selected and considered in the

study during the period plotted. The positions of the type III sources at 1

3.1. General description of events

Figures 1 - 4 show examples of events observed by RHESSI or
FERMI in the HXR domain and PHOENIX or ORFEES in the
radio domain between 100 MHz and 10 GHz.

Figure 1 shows the event that occurred at 10:03 UT on
10 March 2003. A well defined peak is seen in the HXR en-
ergy range (up to energies above 25 keV). We also show the
lightcurves corresponding to the radio flux (see next section) at
three frequencies 150, 228, 327 MHz. The peak corresponding
to the 150 MHz is marked by a straight line. The peak flux at
each frequency was computed by subtracting from the flux at
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50 MHz for the two events are plotted on the right.

the peak point the background defined as the mean flux before
the event. The HXR spectrum is computed for a 20 seconds time-
interval centered around the 150 MHz peak flux (see figure 7).
The top panel is the combination of emissions detected by the
different radio instruments starting from PHOENIX in the deci-
metric range, NDA in decametric range and WIND/WAVES in
the kilometric range. The 10 March 2013 event is an example of
a simple association between HXR emission above 25 keV and
a well defined type III burst extending from 400 MHz to the IP
medium.
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Figure 2 depicts the event that happened on 26 August 2011
at 09:02 UT. The HXR counts were measured using FERMI. The
HXR radio association is clearly seen. As in the previous case,
the straight line indicates the peak time at 150 MHz. Peaks are
coincident in time for HXR and NRH at the three frequencies
shown. The few type IllIs seen before the event below 100 MHz
and with no HXR counterparts are not included in the study.

Figure 3 shows two type III bursts occurring within a period
of a few minutes. Two events with significant HXR counts above
15 keV and well identified radio emissions at 150 MHz were
considered in the present study. Figure 4 shows similarly two
events considered in our study occurring on 20 October 2013.
Here the type III burst is not detectable at 327 MHz. Such repet-
itive type III bursts were observed for 16 cases and represent 35
events.

Out of the 205 events selected, 88% of them had their HXR
peak co-aligned with the peak of NRH at 150 MHz. This is prob-
ably a bias of our selection which ensures for radio -X-ray com-
parisons that X-ray and radio emitting electrons result from elec-
trons energised simultaneously. This implies a simple morphol-
ogy where a well defined HXR peak is co-temporal with a well
defined type III burst above 100 MHz. For the rest of the events,
HXR peaks lie within 10 seconds of the NRH peak at 150 MHz.

3.2. Peak Type Il radio fluxes as a function of frequency

Observations from the Nancay Radioheliograph were used to es-
timate the peak fluxes of type III bursts at 4 frequencies: 150
MHz, 228 MHz, 327 MHz and 432 MHz. To achieve that, we
used the 10s integrated raw data files containing measured visi-
bilities and produced images of the radio type III sources using
the standard CLEAN routine implemented in the standard NRH
software. These images provide information on the location of
the radio type III sources on the solar disk (see e.g. figures 1 -
4). The radio flux of the type III burst was then computed us-
ing the standard NRH software on a region enclosing the burst
position as shown in figures1 - 4. The peak flux was then ob-
tained after subtracting the background defined as the mean of
the flux before the burst. The time corresponding to the peak for
the 150 MHz channel was defined as the peak-time. The choice
of 150 MHz was chosen because the number of events exhibit-
ing emissions at higher frequencies progressively reduces. In our
event list, only 86% of selected bursts had emission at 228 MHz,
which further reduced to 58% for 327 MHz and only 34% for
432 MHz. This trend is similar to the trend which was found in
the previous study by Reid & Vilmer (2017).

Figure 5 left represents the distribution of the events as a
function of peak fluxes at different frequencies. There is a large
spread of the peak fluxes for all the frequencies. Figure 5 right
shows the evolution of the peak NRH flux as a function of fre-
quency. The peak flux clearly decreases as the frequency in-
creases from 150 to 450 MHz. The spectral index fitted to the
median value of the fluxes for each frequency is found to be -
2.43. This is in good agreement with the value (-2.21) found in
the study by Reid & Vilmer (2017) after removing the mean peak
flux around 168 MHz.

3.3. Radio starting and stopping frequencies
Starting and stopping frequencies of the type III bursts in

our sample were determined using an automated prepossessing
pipeline and burst detection algorithm (see Appendix A).

Figure 6 left shows the distribution of starting frequencies for
all the events of our sample. A large number of events starts be-
low 400 MHz. Figure 6 right shows the distribution of stopping
frequencies of type III bursts. Although it was not a criterion for
selection, it is clear that almost all the type III burst of our sample
continue in the IP medium (i.e. below 10 MHz). Only 18 of them
have a stopping frequency above 10 MHz. This is most probably
due to the fact that the type III bursts selected in our sample are
associated with relatively strong X-ray bursts (see the tendency
in the previous study by Reid & Vilmer (2017)).

3.4. HXR spectrum and electron numbers

In this work, our aim is to determine the non-thermal HXR spec-
trum at the time of the peak flux in the 150 MHz channel. The
HXR spectrum observed either by RHESSI or FERMI/GBM is
computed on a 20 second time interval centered around this peak
(10 seconds before the peak and 10 seconds after). Using the
OSPEX module in SSW, a combination of a variable isothermal
model (red lines in Figure 7 and Figure 8) and of a non-thermal
thick target component (blue lines in Figure 7 and Figure 8) is
fitted to the HXR spectra. The non-thermal component is de-
scribed by the function thick2 in OSPEX, which directly pro-
vides the non-thermal electron spectrum producing HXR emis-
sion through thick target radiation. The electron spectrum is rep-
resented by a broken power law. Figure 7 shows an example of
a spectral fit performed on an event observed by RHESSI (Fig-
ure 1). Since the spectral fit was done only up to 100 keV, only
front segments of the detectors were systematically used. De-
tectors 2 and 7 were also systematically excluded for the whole
study because of their degradation mainly after 2006. For each
event, RHESSI counts were binned with bin widths of 0.33 keV
between 3 and 15 keV and 1 keV between 15 and 100 keV. The
figure shows the results of the spectral fit as well as the shape of
the non-thermal electron flux deduced from the fit. For the event
of 10 March 2003 the electron spectral index below the break
Olow 1 -3.19 while the spectral index above the break d;,, equals
-4.52. In that case, the break energy is at 67.2 keV.

Similar spectral fitting is shown in Figure 8 for an event de-
tected by FERMI GBM instrument (Figure 2). Fermi/GBM data
consists of 12 Nal detectors which provide full-sky observations.
For the present study, we select data from the most sunward
Nal detector (here detector 5). As in the case of RHESSI ob-
servations, the spectral fitting was achieved only up to 100 keV.
Unlike RHESSI the energy bins are pre-binned quasilogarithim-
cally for FERMI. Figure 8 shows the results of the fit for the 22
April 2013 event. The electron spectral index below the break
Olow 18 -4.20 while the spectral index above the break d,, equals
-4.57. In that case, the break energy is at 85.3 keV.

Once the spectral fitting is achieved, the number of non-
thermal electrons above variable energy thresholds (low energy
cut-off: 10 keV or 20 keV) at the time of the HXR peak can be
directly computed from the fit and is used in the next section.
This estimation is numerically computed as the area under the
spectrum using the QUADPACK library in Fortran implemented
in Python in the scipy package. The integration is done as a sum
of two parts - between 10 or 20 keV and the break energy and be-
tween the break energy and 500 keV (since the flux of electrons
falls off rapidly above 100 keV). The first term usually dominates
the total number of electrons at the time of the HXR peak which
is then derived by multiplying by 20s the number of electrons/
second derived from the fit.
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4. Radio type Ill bursts and HXR electrons

For each of the event in the present study,the number of HXR
emitting electrons above 10 and 20 keV has been systematically
computed at the time of the peak of the associated radio type
IIT burst observed at 150 MHz. Type III radio fluxes observed
with the NRH at 228, 327, 432 MHz were also computed. Scat-
ter plots showing the number of electrons above 20 keV at the
time of the type III peak as a function of the peak NRH flux at
four frequencies are shown in Figure 9. The number of events
plotted as well as the correlation coefficients are indicated in the
figures. Spearman rank-order correlation coefficients are used as
they represent a non-parametric measure of the monotonicity of
the relationship between two parameters. Due to the spread in
the number of electrons and the peak NRH fluxes derived from
observations, it is important to estimate the influence of outliers
in the estimation of the correlation coefficients. An error analysis
was achieved by repeatedly sampling with replacement and es-
timating the correlation in this sub-sample (bootstrap analysis).
For each sampling 30 data points were chosen and 10000 such
trials were conducted. The median of the distribution of corre-
lation coefficients thus obtained was defined as the true correla-
tion coefficient (indicated in the figure). The standard error was
defined as the the standard deviation of the distribution of cor-
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relation coeflicients divided by the square root of the number of
trials. Figure 10 shows the results of this bootstrap analysis for
peak NRH fluxes vs electron numbers above 10 or 20 keV.

The correlation coeflicients derived from this bootstrap anal-
ysis are tabulated in Table 1. It is clear (also see Figure 9) that
the correlation between radio peak fluxes and HXR producing
electrons decreases as the frequency increases. The radio peak
fluxes at all frequencies are also more correlated to the number
of electrons above 20 keV than to the number above 10 keV, even
if the increase of correlation is marginal for 432 MHz.

A similar analysis was performed between the spectral in-
dex of the electron spectra below (j,,,) the break energy and the
type III peak radio fluxes (it should be noted that for most of the
events the break energy is around 50-80 keV and this is the rea-
son why this analysis does not consider dj;,4). The correlation
coeflicients are tabulated in table 2. A weak negative correlation
is found for ¢y,,, with the peak NRH flux especially at 228 MHz.
This suggests that the generation of type III burst is not only de-
pending on the number of electrons above 20 keV but also by the
steepness of the electron spectra in the 20 keV range.

Figure 11 finally shows the scatter plot between respectively
starting and stopping frequencies of the type III bursts and the
electron number above 10 or 20 keV at the NRH peak. Some
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Table 1. Correlation Coeflicients - Number of electrons vs Peak NRH flux

NRH frequency(MHz) Number of Electrons above Electrons above
events 10 keV vs NRH peak flux 20 keV vs NRH peak flux
150 205 0.29+0.001 0.38+0.001
228 180 0.26+0.002 0.37+0.001
327 123 0.21+0.002 0.28+0.002
432 80 0.16+0.002 0.18+0.002

correlation is found between the starting frequency and the elec-
tron number. This correlation is stronger for the number of elec-
trons above 20 keV. It suggests that a stronger electron beam
will produce type III emission lower in the corona, closer to the
acceleration site.

No correlation is found on the other hand between the stop-
ping frequency and the electron number. It must however be
noted that the bursts associated with the strongest electron num-
bers (above 10 37 for electron number above 10 keV and above
10 36 for electron number above 20 keV) are systematically ob-
served in the interplanetary medium. This is consistent with the
previous results from Reid & Vilmer (2017). More generally,

most of the type III bursts in our sample reach the interplanetary
medium (only 3% have stopping frequencies above 150 MHz).

5. Discussion and conclusions

In this study, we performed a new statistical analysis on the link
between coronal type III bursts and X-ray emissions. This is a
continuation of the study by Reid & Vilmer (2017) based not
only on a new list of events with more stringent selection crite-
ria, but also with a systematic analysis of the HXR spectra allow-
ing to directly compare the radio fluxes with the characteristics
of HXR emitting electrons. This allows to use events observed
by different HXR instruments and thus to increase the number
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Table 2. Correlation Coeflicients - d;,,, vs Peak NRH flux
NRH frequency(MHz) Number of Olow
events vs NRH peak flux
150 205 -0.10+0.001
228 180 -0.16+0.001
327 123 -0.01+£0.002
432 80 -0.04+0.002

of events. However, even if the present study is based on thir-
teen years of observations from 2002 to 2014, the final list of
events consists only of 205 cases with a close temporal associa-
tion between a type III burst at 150 MHz and a significant hard
X-ray peak above 12-15 keV (HXR and type III peaks are within
10s). It should be noted that the selection is not done here on the
timescale of a flare, but on the timescale of individual bursts in a
flare. We summarize the important results of our study below:

— The type III peak radio flux decreases as a function of fre-
quency in the 450-150 MHz range. There is a large spread
in the fluxes at all frequencies as well as in the evolution of
the peak flux with frequency, but as a mean the fluxes de-
creases as v~>*3. This is consistent with the trend previously
observed in the paper by Reid & Vilmer (2017).
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A rough correlation (correlation coefficient around 0.38) is
found between the HXR producing electron number above
20 keV and the peak type III radio flux at 150 MHz. This
correlation decreases with inceasing frequency in the 150-
450 MHz range. The correlation is stronger for the electron
number above 20 keV than for the electron number above 10
keV.

A minor anti-correlation (correlation coefficient around -
0.15) is found essentially at 228 MHz between the absolute
value of the spectral index of HXR producing electrons in the
deka-keV range and the peak radio flux. This anti-correlation
decreases at 164 MHz and is null at higher frequencies.

A rough correlation (correlation coefficient around 0.36) is
found between the HXR producing electron number above
20 keV and the starting frequency of the type III burst. The
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correlation is stronger for the electron number above 20 keV
than for the electron number above 10 keV.

— There is no correlation between the stopping frequency of
the burst and the HXR producing electron numbers. Most of
the type III bursts of our sample continue in the interplane-
tary space. This is most probably due to one of our selection
criteria since selected type III bursts are associated with rela-

tively strong X-ray burst (X-ray emission at least to 15 keV)
and according to the results of the previous study by Reid
& Vilmer (2017), coronal type III bursts associated with sig-
nificant X-ray emission usually extend to the interplanetary
space.

The results of this study reinforce previous results on the
connection that exists in simple events between electrons that
drive coronal type III emission and X-ray flare emission. In our
sample, the close timing between the HXR burst and the peak
time of the type III burst as well as the absence of other type of
radio emissions favor a situation in which HXR and radio emit-
ting electrons arise from a common acceleration (injection) site
located e.g. in the current sheet formed above the loop (see e.g.
the cartoon from Reid et al. (2014)). This choice allows to make
a detailed association between HXR burst and type III emission,
in order to deduce more precisely quantitative properties of the
non-thermal electrons associated with the generation of type III
bursts.

The present study shows that the HXR producing electron
numbers above 20 keV (resp above 10 keV) at the peak of the
type ITI bursts range from 1032 to 103 (resp a few 103 to 10%?).
This can be compared to the total number of electrons in the in-
terplanetary medium estimated to produce a type III burst and
which is of the order of 10°3 (Lin et al. 1973) as well as to the
number of > 10 keV (resp > 74 keV and > 45 keV) escap-
ing electrons producing interplanetary type III bursts (Krucker
et al. (2007); James et al. (2017); Dresing et al. (2021)). Gener-
ally speaking, the number of electrons producing type III bursts
in the interplanetary medium is around 0.1% of the number of
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Fig. 11. Scatter plot of the electron numbers at the NRH peak above 10 keV and 20 kev versus the starting and stopping frequencies.

electrons necessary to produce X-rays. One of the reason is the
rather ineffficient HXR emission process.

The observational results presented in this paper can be inter-
preted in the context of the results of the many numerical stud-
ies of beam-plasma interaction and subsequent production of
electromagnetic radiation which have been recently performed
(see e.g. Reid et al. (2011); Reid & Kontar (2013); Li & Cairns
(2013); Reid & Kontar (2018); and Reid (2020) for a review).
These papers deal with the propagation of electron beams in-
jected from a coronal acceleration region upwards in the so-
lar corona, their interaction with Langmuir waves described by
a quasi-linear approach and their subsequent emission of ra-
dio emissions (in most cases the fundamental mode of type III
bursts). Most of these simulations predict an increase of the type
IIT peak brightness (and then of the peak flux) as a function of
decreasing frequency which is observed as a mean in this study
as well as in the previous study by Reid & Vilmer (2017). Reid
& Kontar (2018) also predicts an increase at all frequencies of
the peak brightness with an increase of the beam energy density.
This could explain why the observations reported here show ten-
dancies of higher peak radio fluxes with increased number of
HXR emitting electrons (assuming a relationship between up-
ward and downward energetic electrons). The correlation be-
tween radio fluxes and electron numbers is better for electrons
above 20 keV than for electrons above 10 keV. This tends to
show that in the corona, the bump-in-tail distribution (leading to
type IIl radio emission) is rather formed from higher energy elec-
trons in the 20 keV range. This last conclusion is also supported
by the observational result showing a weak anti- correlation be-
tween the peak radio fluxes and the electron spectral indices in
the 10 to 30 keV range. Such a weak anti-correlation is consis-
tent with the results of the simulations by Li & Cairns (2013)
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who found that smaller spectral indices give rise to faster elec-
tron beams and produce type III bursts with higher magnitude
drift rates but also higher peak values.

The observations also show a decrease with increasing fre-
quencies of the correlation coefficent between electron numbers
and peak radio fluxes. In the quasilinear simulations of electron
beam propagation, interaction with Langmuir waves and gen-
eration of radio emissions, it is found that the ’instability dis-
tance’ (the distance to develop an efficient radio emitting bump
in tail distribution) depends on the parameters of the electron
beams (spectral index, temporal injection time profile) and on
the characteristics of the acceleration site in the corona. In such
a context, the increase with decreasing freqency of the corre-
lation between properties of HXR emitting electrons and radio
emissions would be related to an instability distance effect. At
high frequencies (435 MHz), the emitting site would be gener-
ally too close to the acceleration site and the bump-in-tail could
be as a mean not well developed while at lower frequencies (150
MHz) the bump-in tail distribution will be formed on a general
basis resulting in a stronger relationship between the radio emis-
sions and the number of electrons. The best anti-correlation of
the electron spectral index and of the radio peak frequency oc-
curs at 228 MHz. This could be another indication of the mean
’instability distance’.

Some of the observational results can also be interpreted in
the context of alternative interpretations of type III bursts based
on electron cyclotron maser theories. In particular, the results
of the study by Tang & Wu (2009) show an anti-correlation be-
tween the growth rates of the waves (then the peak flux) and
the absolute value of the electron spectral index (a harder elec-
tron spectrum will give rise to stronger growth rates). This is
consistent with the minor anti-correlation found essentially at
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228 MHz between the absolute value of the spectral index and
the peak radio flux. Moreover, the study by Chen et al. (2021)
also shows that the peak growth rate (and thus peak flux) also
increases with decreasing emitting frequencies, similarly to the
observed increase of peak radio flux with decreasing frequency.

As a final conclusion, the present observational results bring
important constraints for further understanding and development
of simulations of type III bursts. The characteristics of the HXR
emitting electrons associated with the radio bursts are however
derived from the emissions clearly detected with instruments
such as RHESSI or FERMI/GBM, i.e. in most cases thick-target
emissions arising from downward propagating electron beams.
Better direct constraints on the properties of type III produc-
ing electron beams would result from the direct detection of
the X-ray emission produced by upward propagating electron
beams. This would require X-ray observations obtained with in-
struments with higher sensitivities and dynamic ranges such as
instruments using focusing optics. As computed by Saint-Hilaire
et al. (2009), a total electron number above 10 keV of the order of
10*? could be detected by a HXR direct imager such as FOXSI
(Christe et al. 2018). Finally, with Solar Orbiter, the existence
on a same platform of X-ray, radio and particle instruments will
also bring many more opportunities in the future to revisit these
statistical studies with more events.
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Appendix A: An algorithm to extract the radio burst
from background

To reliably estimate the start and stop frequencies we develop
a novel method, using computer vision techniques, to extract
the burst out of the background. This is essential because the
emissions are detected using different instruments with differ-
ent base background. Because the final frequency spectrum was
constructed out of data from three different radio instrument, the
inherent sampling rate available were also different. This poses
a problem for computer vision algorithms since they work in the
pixel space and not in the frequency space. To overcome this
problem, we equalised the sampling rate of the all the instru-
ments to 1 second which was the native time cadence for NDA.
This meant for CALLISTO and WAVES we had to upsample
the data. For upsampling we used the linear interpolation of the
nearest values of a pixel. However for ORFEE we had to down-
sample to get to 1 second time cadence. For this purpose we
used a Gaussian averaging with an anti-aliasing filter to avoid
image-artifacts. The re-sampled spectrograms where combined
in the time axis to form a single spectrogram of the chosen time-
cadence.

To determine the background, we have to define the noise
level. This was done in two ways - both manually and using an
adaptive threshold algorithm. In the first step we defined global
threshold limits by removing the outliers. This was done by re-
moving bad frequency channels and then calculating the median
iteratively such the brightest pixel is at least 10% more in mag-
nitude than the average median value. This way we ensured a
robust signal to noise ratio, even after removing the outliers. We
defined an area of interest around the peak time of the 150 MHz
flux determined from the NRH. The remaining signal above the
noise level threshold after this stage is predominantly that from
the radio burst with various small band RFI signals intermixed
especially along the communication bands. Using an adaptive
threshold algorithm we generated contours on this image. The
adaptive threshold was defined as those pixels which had a gra-
dient increase of more than 50% in comparison to neighbouring
pixels. These pixels were then grouped and linked together to
form bigger groups which defined the outline of the burst. Since
radio bursts will have a predominantly elongated shape profile
along the frequency axis we defined an elongated rectangle as
block kernel. This block kernel was then convoluted with the
contours locally. This ensured that local frequency disturbances
which are usually elongated along time axis gets averaged out.
Since only the pixels grouped as belonging to the burst are sam-
pled we end up isolating the burst from the background. The
starting and stopping frequencies were estimated from the pix-
elized reconstruction of the burst.

We show an example in Fig A.1. We are interested in extract-
ing the second burst which happened at 10:26 UT (Fig 3). The
spectrogram is plotted on a linear scale. There is increased noise
in the NDA because of the common normalisation employed in-
stead of normalising individually for each instrument. There are
some data gaps in the rad 1 and rad 2 instrument. After run-
ning it through the algorithm with a convolution kernel of the
size shown in the lower left of the second panel, we are able to
extract the major contours of the burst. The starting frequency
of the burst was ascertained to be 374 MHz while the stopping
frequency was found to be 0.24 MHz.
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Fig. A.1. The figures show the burst extraction algorithm in action for an event on 22 April 2013. On the left hand side the primary data are plotted.
Note that there are two bursts in the present figure but that the extraction is shown here for the second burst (blue bounding box). The figure on the
right shows the pixelized representation of the second type III burst, once the algorithm has been applied. The starting and stopping frequencies
are respectively found to be 374 MHz and 0.24 MHz.
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