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ABSTRACT

Context. Type III bursts and hard X-rays are both produced by flare energetic electron beams. The link between both emissions has
been investigated in many previous studies, but no statistical studies have compared both coronal and interplanetary type III bursts
with X-ray flares.
Aims. Using events where the coronal radio emission above 100 MHz is exclusively from type III bursts, we revisited some long-
standing questions regarding the relation between type III bursts and X-ray flares: Do all coronal type III bursts have X-ray counter-
parts? What correlation, if any, occurs between radio and X-ray intensities? What X-ray and radio signatures above 100 MHz occur
in connection with interplanetary type III bursts below 14 MHz?
Methods. We analysed ten years of data from 2002 to 2011 starting with a selection of coronal type III bursts above 100 MHz. We
used X-ray flare information from RHESSI >6 keV to make a list of 321 events that have associated type III bursts and X-ray flares,
encompassing at least 28% of the initial sample of type III events. We then examined the timings, intensities, associated GOES class,
and whether there was an associated interplanetary radio signature in both radio and X-rays.
Results. For our 321 events with radio and X-ray signatures, the X-ray emission at 6 keV usually lasted much longer than the groups
of type III bursts at frequencies >100 MHz. The selected events were mostly associated with GOES B and C class flares. A weak
correlation was found between the type III radio flux at frequencies below 327 MHz and the X-ray intensity at 25–50 keV, with
an absence of events at high X-ray intensity and low type III radio flux. The weakness of the correlation is related to the coherent
emission mechanism of radio type IIIs which can produce high radio fluxes by low density electron beams. Interplanetary type III
bursts (<4 MHz) were observed for 54% of the events. The percentage of association increased when events were observed with
25–50 keV X-rays. A stronger interplanetary association was present when 25–50 keV RHESSI count rates were above 250 counts/s
or radio fluxes of around 170 MHz were large (>103 SFU), relating to electron beams with more energetic electrons above 25 keV
and events where magnetic flux tubes extend into the high corona. We also find that whilst on average type III bursts increase in flux
with decreasing frequency, the rate of this increase varies from event to event.
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1. Introduction

During solar flares, the Sun releases magnetic energy stored in
non-potential structures into plasma heating, bulk motions, and
particle acceleration. Energetic particles play a key role in the
energy release of solar flares since a significant fraction of the
released energy is thought to be going into such particles (e.g.
Emslie et al. 2012). Energetic particles are also a major driver of
solar-terrestrial physics and space weather applications. In par-
ticular, radio emission from electron beams produced in associ-
ation with solar flares provides crucial information on the re-
lationship and connections between energetic electrons in the
corona and electrons measured in situ. The most direct and
quantitative signature of energetic electrons interacting at the
Sun is provided by hard X-ray (HXR) emissions that allow an
estimation of electron energy spectra and number density. Al-
though studied for many years, the connections between HXRs
and radio type IIIs are not fully understood. We statistically
investigated the connection between events that show type III
bursts in the corona and X-ray flares to further understand their

connection. We also examined the occurrence of the interplane-
tary counterparts of the “coronal” type III bursts to explore what
electron beam properties and coronal conditions are favourable
for continued radio emission in the heliosphere.

Type III radio emissions can be observed over decades of
frequency (1 GHz to 10 kHz). They are characterized by
fast frequency drifts (around 100 MHz/s in the metric range)
and are believed to be produced by high-energy (0.05c−0.3c)
electron beams streaming through the corona and potentially
through the interplanetary space (see e.g. Suzuki & Dulk 1985;
Reid & Ratcliffe 2014, for reviews). Type III bursts are one of
the most frequent forms of solar system radio emission. They
are used to diagnose electron acceleration during flares and to
get information on the magnetic field configuration along which
the electron beams propagate. The bump-in-tail instability pro-
duced during the propagation of energetic electrons induces high
levels of Langmuir waves in the background plasma (Ginzburg
& Zhelezniakov 1958). Non-linear wave-wave interaction then
converts some of the energy contained in the Langmuir waves
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into electromagnetic emission near the local plasma frequency
or at its harmonic (e.g. Melrose 1980; Li & Cairns 2014;
Ratcliffe et al. 2014), producing radio emission that drifts from
high to low frequencies as the electrons propagate through the
corona and into interplanetary space. In recent years, several nu-
merical simulations have been performed to simulate the radio
coronal type III emissions from energetic electrons and investi-
gate the effects of beam and coronal parameters on the emission
(e.g. Li et al. 2008b, 2009, 2011; Tsiklauri 2011; Li & Cairns
2014; Ratcliffe et al. 2014)

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. The first studies of the temporal correlations between
metric (coronal) type III bursts and HXRs above 10 keV were
achieved by Kane (1972, 1981). It was found that while about
20% of the impulsive HXR bursts were correlated with type III
radio bursts, only 3% of the reported type III bursts were as-
sociated with HXR emissions above 10 keV. This showed that
groups of metric type III bursts were more frequently detected
than HXR emissions above 10 keV. For 70% of the correlated
bursts, it was also shown that the times of X-ray and radio max-
ima agree within ±9 s. Moreover, the association rate was found
to increase when the type III bursts are more intense or when the
type III had a larger starting frequency. On the other hand, it was
also found that HXR emissions are more often associated with
type III bursts when their flux above 20 keV is larger and their
spectra are harder. In a further study based on a larger number
of events, Hamilton et al. (1990) confirmed that the association
of hard X-ray and type III bursts slightly increases for harder
X-ray spectra. They also found that the intensity distribution of
hard X-ray bursts associated with type III bursts is significantly
different from the distribution of all hard X-ray bursts showing
that both kinds of emissions are statistically dependent. They
confirmed on a larger selection of events than Kane (1981) that
higher flux radio bursts are more likely to be associated with hard
X-ray bursts and vice versa. They also examined whether there
is a correlation between the peak count rates of the hard X-ray
burst and of the peak flux density at 237 MHz for the associated
type III burst. They find no apparent correlation between these
two quantities and that there is a large dispersion in the ratio of
peak X-ray to radio intensities.

Other studies have confirmed that type III generating elec-
trons can be part of the same population as the HXR generating
electrons. Indeed, it was shown in different papers that there is
a correlation between the characteristics of the HXR emitting
electrons (non-thermal spectral index or electron temperature)
and the starting frequencies of type III bursts (see Benz et al.
1983; Raoult et al. 1985; Reid et al. 2011, 2014, for recent
studies). Correlations on sub-second timescales found between
HXR pulses and type III radio bursts also strongly support at-
tributing the causal relationship between HXR and radio type III
emissions to a common acceleration mechanism (see Kane et al.
1982; Dennis et al. 1984; Aschwanden et al. 1990, 1995).

More statistical studies were performed recently using
RHESSI X-ray observations and radio observations from
Phoenix-2 in the 100 MHz to 4 GHz range. The association be-
tween X-ray emissions for flares larger than GOES C5.0 and ra-
dio emission (all types of events) was investigated for 201 events
(Benz et al. 2005, 2007). At the peak phase of hard X-rays, dif-
ferent types of decimetric emissions (type IIIs but also pulsa-
tions, continua and narrowband spikes) were found in a large
proportion of the events. For only 17% of the HXR flares, no
coherent emission in the decimetric/metric band was indeed

found and all these flares had either radio emission at lower fre-
quencies or were limb events. Classic meter wave type III bursts
were found in 33% of all X-ray flares they were the only ra-
dio emission in only 4% of the events. The strong association
but loose correlation between HXR and radio coherent emission
could be explained in the context of multiple reconnection sites
that are connected by common magnetic field lines. While re-
connection sites at high altitudes could produce the energetic
electrons responsible for type III bursts, the reconnection sites
at lower altitude could be linked to the production of HXR emit-
ting electrons and some high frequency radio emissions.

The correlation between hard X-ray and type III emissions
can also be examined by combining spatially resolved obser-
vations. In some cases, such observations support that type III
generating electrons are produced by the same acceleration
mechanism as HXR emitting electrons. A close link has been
found between the evolution of X-ray and radio sources on a
timescale of a few seconds (e.g. Vilmer et al. 2002). However,
in other cases the link between HXR emissions and radio deci-
metric/metric emissions is more complicated. The radio emis-
sions can originate from several locations, one very close to the
X-ray emitting site and the other further away from the active
region and more linked to the radio burst at lower frequencies
(e.g. Vilmer et al. 2003). Such observations are more consistent
with the cartoon discussed in Benz et al. (2005), in which the
electrons responsible for type III emissions at low frequencies
are produced in a secondary reconnection site at higher alti-
tudes than the main site responsible for X-rays. In a recent study,
Reid et al. (2014) investigated the proportion of events that are
consistent with the simple scenario in which the type III gen-
erating electrons originate through the same acceleration mech-
anism than the HXR producing electrons, compared to a more
complicated scenario of multiple acceleration regions. In order
to accomplish this, they compared the evolution of the type III
starting frequency and the HXR spectral index, signatures of
the acceleration region characteristics. They found that that on
a sample of 30 events, 50% of the events showed a significant
anti-correlation. This was interpreted as evidence that, for these
events, there is strong link between type III emitting electrons
and hard X-ray emitting electrons. Such a close relationship was
furthermore used to deduce the spatial characteristics of the elec-
tron acceleration sites.

Radio emissions from energetic electron beams propagating
in the interplanetary medium have been observed at frequencies
below 10 MHz with satellite based experiments since the 1970s
(e.g. Fainberg et al. 1972; Fainberg & Stone 1974). The most de-
tailed study between coronal (metric) and interplanetary bursts
(IP) was performed by Poquérusse et al. (1996) who studied the
association between type III groups observed by the ARTEMIS
spectrograph on the ground (100–500 MHz) and the URAP radio
receiver on the Ulysses spacecraft (1–940 kHz). They found that
when there is an association, one single type III burst at low fre-
quencies usually comes from a group of 10 to 100 type III bursts
at higher frequencies. Based on 200 events, they found that 50%
of the events produced both strong coronal and interplanetary
type III emissions. They found however that not every coronal
type III burst (even if strong) produces an IP type III burst.

In this paper, we address again, using ten years of data from
2002 to 2011, the long-lasting questions concerning the link be-
tween type III emitting electrons in the corona and HXR emitting
electrons, and the probability that coronal type III bursts have
interplanetary counterparts. Section 2 presents the observations
and the methodology used in the study. Section 3 presents results
on the link between coronal type III bursts and hard X-ray
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emissions and Sect. 4 discusses the link between coronal and in-
terplanetary type III bursts. Section 5 discusses the results in the
context of previous but also future observations. Comparisons
with predictions of numerical simulations of type III emissions
are also tentatively presented.

2. Observations and methodology

The present study is based on ten years of observations (2002–
2011), from the start of the X-ray observations from RHESSI
(Lin et al. 2002) to the end of the list of radio bursts reported on
observations from the Phoenix 2 spectrometer (Messmer et al.
1999) and from the Phoenix 3 radiospectrometer (Benz et al.
2009). Phoenix 2 operated until 2007 and provided observa-
tions between 4 GHz and 100 MHz. After 2007, it was replaced
by Phoenix 3 which operated between 900 and 200 MHz. The
type III events used in our study were extracted from published
list of type III bursts1,2. In both catalogues, only events with
“type III flags” were strictly selected. We thus excluded from
our list, solar events for which other kinds of radio activity was
reported. It should be noted that the period indicated in the cata-
logue usually contains more than one isolated type III burst and
consists typically of several groups of type III bursts that could
be separated by quiet periods on timescales of several minutes
(Poquérusse et al. 1996, see also the discussion in the next sec-
tion). In the following, we call this list of type III bursts ob-
served above 100 or 200 MHz (depending on the period) coronal
type III bursts.

Radio fluxes of the type III bursts at different frequen-
cies between 450 and 150 MHz were also computed from the
Nançay Radioheliograph (NRH; Kerdraon & Delouis 1997) ob-
servations. The flux was calculated for all events using routines
that automatically generated cleaned images of the Sun from the
10 s time integration data. At each frequency, the location of
the maximum radio brightness was searched for and the radio
flux was computed on a square window of size 440× 440 arcsec
(roughly 7 × 7 arcmin) around this location. This area is larger
than the typical area of a type III burst (Saint-Hilaire et al. 2013)
at 450 MHz to 150 MHz. It was chosen because the type III
source can move in time and can also include double sources
due to the 10 s time integration. In doing so, the automatically
generated flux includes the entire type III sources but does not
include significant flux from the quiet sun or other radio sources
(e.g. radio noise storms from another active region).

Radio observations at lower frequencies were also used to
search for the counterparts of the coronal type III bursts. Data
from the Nançay Decametre Array (NDA; Lecacheux 2000) pro-
vided spectra between 80 MHz and 15 MHz. The RAD2 in-
strument in the WAVES experiment on board the WIND space-
craft (Bougeret et al. 1995) provided the observations between
14 MHz and 1 MHz. In the following, we will call the type III
bursts observed by WIND below 14 MHz interplanetary type III
bursts (IP bursts).

The list of X-ray flares was obtained from the catalogue of
RHESSI X-ray flares. The list is automatically generated and
corresponds to an increase of the X-ray count rate in the 6–
12 keV range3. Count rates in the 6–12, 12–25, 25–50 and

1 http://soleil.i4ds.ch/solarradio/data/BurstLists/
1998-2010_Benz/
2 http://soleil.i4ds.ch/solarradio/data/BurstLists/
2010-yyyy_Monstein/
3 http://hesperia.gsfc.nasa.gov/hessidata/dbase/hessi_
flare_list.txt

50–100 keV energy channels were considered in the following
analysis. As RHESSI attenuators automatically reduce the X-ray
count rate at low energies when it exceeds given thresholds, the
more quantitative analysis of the paper is restricted to the use of
the 25–50 keV X-ray count rate which is very weakly attenuated
even in the strongest attenuator state (A3).

An automatic search for coronal type III bursts and X-ray
flares was performed using the Phoenix 2 and Phoenix 3 cata-
logues for type III flags and the RHESSI X-ray flare list, respec-
tively. The search was restricted to the time window 08:00 UT to
16:00 UT (in order to have NRH observations) and excluded (for
the radio observations) periods during which the RHESSI satel-
lite was either in the Earth’s shadow (night time) or in the South
Atlantic Anomaly (SAA). The automatic search provided a list
of 1128 coronal type III bursts and 18 206 X-ray flares above
6 keV, i.e. one order of magnitude more X-ray flares that coronal
type III bursts. The low number of type III bursts with respect
to X-ray flares can be explained both by the X-ray energy range
considered to build the X-ray catalogue, since the emission in
the 6–12 keV range is not necessarily produced by non-thermal
electrons and may be attributed to thermal emission, and by the
strict selection of type III flags, which excluded type III events
associated with other types of radio emissions.

3. Coronal type III bursts and X-ray flares

3.1. Do all coronal type III bursts have X-ray counterparts?

The automatic comparison of the time intervals of the 1128 se-
lected coronal type III bursts and of the 18 206 X-ray flares
showed that for only 581 events, X-ray emission above 6 keV
was reported in the RHESSI flare list during the time interval
of radio interest. The automatic detection of combined X-ray
and radio emission thus yields a 52% association rate between
groups of coronal type III bursts above 100 MHz and X-ray
emission above 6 keV.

Automatic association, while convenient, is fallible. The true
association between coronal type III bursts and X-ray flares was
thus controlled for all the events by combining the different ob-
servations. Figure 1 shows examples of two events for which the
association between the reported coronal type III bursts and the
RHESSI X-ray flare is excellent. The aim of the present study
is not to search for detailed correlations between the two types
of emissions, but just to find global association in time. Figure 2
shows an example of an event that has finally been rejected. The
comparison of the relative time profiles of the type III burst and
of the X-ray emission shows that the radio burst occurs at the
end of the X-ray flare at a time when no X-ray emission is really
produced.

Plotting similar figures for other events and checking the true
association between coronal type III burst and X-ray emissions
significantly reduced the number of associated events. This is be-
cause several type III events are reported in the catalogue during
one single X-ray flare, bad data occurred in X-rays and/or radio,
and, as in Fig. 2, X-ray flares and type III bursts are not really
associated.

A close examination showed that around 100 events had du-
plicated type III events reported during one X-ray flare and these
events were finally merged. Few events had bad X-ray or radio
data. The most prominent cause of false association was when,
upon visual inspection, the X-ray and radio events were not re-
ally simultaneous as we show in Fig. 2.

As a result of the complete check, 321 events were finally
found to be associated. The 321 events gives us a lower bound of
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Fig. 1. Example of two events with associated type III radio and X-ray emissions. The spectrograms from top to bottom are the WIND/WAVES
RAD2 (14 MHz to 1 MHz), Nançay Decametre Array (80 MHz to 15 MHz), and Phoenix 2 (4 GHz to 100 MHz). The light curves are from the
Nançay Radioheliograph (432 MHz to 164 MHz) and RHESSI (6–12 to 50–100 keV). The blue line represents the duration of the coronal type III
bursts as reported in the catalogues. The red line represents the X-ray flare duration at 6–12 keV as indicated in the catalogue. There is a linear
scale for the light curves.

28% association rate between coronal type III bursts and X-ray
flares. This is a lower bound because the sample did not in-
clude events without reported X-ray flares which could corre-
spond to duplicated reported type III events. For more than half
of the 321 associated events, it is found that the reported start
and end time of the coronal type III bursts are within the re-
ported duration of the X-ray flare at energies above 6 keV. The
general shorter duration of coronal type III bursts can be under-
stood by the fact that type III bursts should be produced by non-
thermal electrons whereas X-ray emission above 6 keV is gener-
ally predominantly produced by thermal emissions that usually
last longer than non-thermal emissions (see e.g. the light curves
on Figs. 1 and 2). Finally, the large majority of the type III-X-ray
associated events in our sample are C and B class flares (48% C
and 41% B). The rest of the events are associated with M class
flares (10%), four X class flares, and 1 A class flare. The very
small proportion of large GOES class flares can be understood
as an effect of the data selection, since we selected radio events
with the type III “flag”. Indeed as recalled in the introduction,
GOES flares with classes higher than C5 are almost systemati-
cally associated with coherent radio emissions above 100 MHz
but in only 4% of the events, classical type III bursts are the only
radio emission (Benz et al. 2005, 2007).

3.2. What kind of correlation exists between radio and X-ray
intensities?

In this section, the correlation between radio and X-ray intensi-
ties is investigated using radio flux measurements from Nançay

and RHESSI X-ray count rates in the 25–50 keV range. In the
period 2002 to 2011, the NRH observing frequencies under-
went some changes as French national protected frequencies
changed. As a consequence, our work is based on data obtained
continuously between 2002 and 2011 in the four frequency
ranges defined as 164+173 MHz, 237+228 MHz, 327 MHz, and
408+410 MHz. The different frequencies within each range are
close enough (within 9 MHz) to consider that the physical prop-
erties governing the emissions are similar.

Among the 321 events selected in the previous subsection,
there were 103 events for which no NRH information was avail-
able. For the remaining 218 events, we searched for correlations
between the 25–50 keV peak X-ray count rate and the peak radio
flux in the different frequency ranges. The peak X-ray count rate
and the peak radio fluxes for each event were estimated on a time
interval determined by earliest start time and latest end time of
the radio and X-ray emissions. In both X-ray and radio domains,
background subtracted peak radio fluxes and X-ray count rates
were computed. To automatically determine the background, the
median value of each time series was computed as well as the
median values of the first and last ten samples. The background
was taken as the lowest of these three values. Such a procedure
is especially important for RHESSI observations since the count
rates at the start or end of the time series can be strongly affected
by the satellite coming out of night time or the SAA. The back-
ground found with this automatic procedure was also checked
by manual inspection. For the few cases when automatic detec-
tion of the peak count rates was problematic (e.g. artefacts in the
light curves due to changes of attenuators), the time period used
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Fig. 2. Example of an event where the reported coronal type III emis-
sion is not associated with the reported X-ray flare. See caption from
Fig. 1 for more details on the different plots. The only exception is that
Phoenix 3 was used above 100 MHz instead of Phoenix 2.

to compute the peak count rate was defined manually. We only
kept events for which the peak values were at least 1.5 times the
background level in the following analysis.

Figure 3 shows the resulting scatter plot of the peak radio
flux in the different frequency ranges versus the 25–50 keV peak
X-ray count rate. The red stars correspond to events where peaks
in X-ray and radio are within 40 s of each other. For these cases,
there is an increased confidence that the peaks in X-ray and ra-
dio are closely related to each other; as shown on the figure most
of the data points correspond to such a situation. The number
of events in each frequency range is indicated for each plot. No
correlation (correlation coefficient for the log-log values of 0.09
for the red stars) is found between the peak radio flux at 411
and 408 MHz and the peak of the 25–50 keV X-ray count rate.
A larger correlation is however observed when comparing 25–
50 keV peak count rate with peak radio fluxes at increasingly
lower frequencies. The scatter is still large but the correlation
coefficient in the log space is 0.34, 0.16, and 0.46 when we use
the subset of events where the peaks must be within 40 s of
each other (with around 65 events for each frequency range). The
correlation coefficient in the log-space furthermore increases to
0.45, 0.33, and 0.47 only for events with peaks within 15 s of
each other, but the number of events reduces to around 45. The
most noticeable feature is the clear trend that large X-rays events
are associated with large radio fluxes, especially towards the
lowest frequencies, i.e. around 230 and 170 MHz, which are in-
dicated by dashed lines in Fig. 3. However, large radio fluxes are
not always associated with large X-ray events. This is discussed
further in Sect. 5.

3.3. Peak radio flux as a function of frequency

Figure 4a represents the evolution with frequency of the log
mean radio flux computed on all the associated radio bursts that
have signal in all four frequency bands (45 events). To be con-
sidered in the sample, the peak radio flux of the event must be
1.5 times the background in that band. As in the preceding sec-
tion, only events where peaks in X-rays or radio are within 40 s
of each other are included. Log-means of the radio flux rather
than means are used to prevent the strongest but rarest events
dominating the results; there exists more than 4 orders of mag-
nitude in the variation of the radio flux. The error bars in Fig. 4a
represent the standard deviation of the log fluxes and illustrate
the large range of observed flux values. Figure 4a also shows
the same plot for two subsets: events associated with 25–50 keV
X-rays (from the points in Fig. 3) or events associated with in-
terplanetary type III bursts (IT3).

The log-mean peak radio flux increases as the frequency
range decreases. A linear fit using mpfitexy (Markwardt 2009)
gives a spectral index of –1.78. However, because of the large
scatter in peak flux values, the error on the fit is 2.3. Figure 4a
shows that the log-mean peak flux around 168 MHz is lower
than expected from the straight line fit to the other three log-
mean peak flux values. Indeed, the spectral index of the fit is
–2.21 if we do not include this frequency band. The spectral in-
dex for the events with significant 25–50 keV X-ray emissions
is –1.57, while the spectral index for the events associated with
interplanetary events is –1.97.

Figure 4b shows the histograms of the peak radio flux for
each frequency band. The form of each distributions is slightly
different, with 168 MHz having a negative skewness (skewed
to the high flux values) and the higher frequencies having a
positive skewness (skewed to the lower flux values). Moreover,
168 MHz has a higher standard deviation than the higher fre-
quencies. Both distribution characteristics could be the cause of
the slightly lower value for the log-mean peak flux at 168 MHz.

Figure 4c shows the histogram of the spectral indices de-
rived from the evolution of the peak radio flux for all the individ-
ual events. The distribution does not look strongly different for
events associated with 25–50 keV signal or with interplanetary
type III emission below 14 MHz. Some events have a positive
spectral index. All these results are discussed in more detail in
Sect. 5.

4. Coronal type III bursts, X-rays, and interplanetary
type III bursts

Interplanetary type III bursts (IT3s) are defined in this study
as the extension of the coronal bursts in the frequency range
below 14 MHz, observed by the RAD2 instrument on board
WIND/WAVES. Figures similar to Figs. 1 and 2 have been built
for all the events to search for significant counterparts of the
coronal type III bursts below 14 MHz. As a result it was found
that for 174 (54%) of the 321 selected events, a significant signal,
i.e. an IP type III burst, was observed below 14 MHz.

It was furthermore examined whether events with significant
X-ray emission above 25 keV had a higher association rate be-
tween coronal and interplanetary type III bursts and conversely
whether a coronal burst associated with an interplanetary burst
had a higher probability of producing significant X-ray emis-
sion above 25 keV. Table 1 shows the proportion of events in
our sample associated (or not) with IT3 bursts and simultane-
ously associated (or not) with X-rays above 25 keV. From the
different numbers and ratios, it can be seen that if the coronal
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Fig. 3. Scatter plot of the peak radio flux in the four frequency ranges vs. the 25–50 keV peak X-ray count rate. The red stars indicate the events
where the peak X-ray count rate and peak radio flux are within 40 s of each other. Log-log correlation coefficients of the red stars are 0.09, 0.34,
0.16, 0.46 from around 410 MHz to around 170 MHz respectively. The dashed line at y = 0.1x highlights the general absence of events with high
X-ray count rates and low radio flux.

Table 1. Proportions of the 321 events that had an interplanetary (IP) type III burst, 25–50 keV X-rays, both or neither.

321 events 25–50 keV X-rays NO 25–50 keV X-rays Ratio
IP Type III 103 (32%) 71 (22%) 59:41

NO IP Type III 77 (24%) 70 (22%) 52:48
Ratio 57:43 50:50

Notes. Ratios for each row or column are also indicated.

type III is associated with X-rays above 25 keV, then the associ-
ation rate with an interplanetary type III bursts is slightly higher
(57%) than for events for which X-rays are only detected be-
low 25 keV. Conversely, a coronal type III burst associated with
an interplanetary type III burst has a slightly higher probability
(59%) of producing significant X-ray emission above 25 keV.
These tendencies are discussed in the final section in the context
of models relating electron beams and type III bursts.

Exploring the relationship further, Fig. 5 illustrates in more
detail the tendency of the coronal type III bursts to be more as-
sociated with interplanetary type III bursts (IT3) when they are
associated with larger X-ray emissions above 25 keV. The his-
togram of the background subtracted 25–50 keV peak count rate
is represented for events associated or not associated with IT3s.
Only events for which the peak count rate above 25 keV was
at least 1.5 times the background were considered. As expected
from the above discussion, the distributions are relatively sim-
ilar, especially at the low count rates. The log-mean of the two
distributions with interplanetary type III bursts (IT3) and without

interplanetary type III bursts (no IT3) are 1.44 and 1.17 respec-
tively, corresponding to 27 and 15 counts/s with nearly identical
standard deviations. However, above 250 counts/s the distribu-
tions are different. Of the 15 events with high count rates, only
2 do not have an associated IT3 compared to the 13 that do, but
the statistics are poor for only 15 events. In conclusion, the prob-
ability of a coronal type III burst to be associated with an inter-
planetary type III burst depends only weakly on the associated
X-ray emission above 25 keV unless the count rate for RHESSI
is above 1000 counts/s. In that case, an interplanetary type III
burst is likely to accompany the coronal type III burst (but the
statistics are still poor).

Figure 6 illustrates in more detail the increase of the prob-
ability for strong coronal type III bursts to be associated with
interplanetary type III bursts. The histogram of the background
subtracted radio flux in the different frequency bands is in-
deed represented for events associated or not associated with IP
type III bursts. Again only events with fluxes at least 1.5 times
the background are plotted. At the highest frequencies, around
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Fig. 4. Top: a) log-mean peak flux from the 45 (red) type III events that were observed in all four frequency bands from 164 MHz to 410 MHz,
where peaks in X-rays or radio are within 40 s of each other. Errors shown are the standard deviations on the log of the peak fluxes. Also shown are
the subset (32, green) that had interplanetary bursts and the subset (26, blue) that had 25–50 keV X-ray emission. Bottom left: b) the distribution
of the events as a function of peak flux for the 45 type III bursts. Note the different distributions for each frequency and the large spread in peak
flux. Bottom right: c) the distribution of the spectral indices found by fitting a straight line to the peak fluxes for each event. All the events (45,
red), the subset (32, green) with interplanetary type IIIs, and the subset (26, blue) with 25–50 keV X-rays are shown.

410 MHz the distributions for IT3 or no IT3 are very similar,
with similar first and second order moments (log-mean peak flux
and associated error, see Table 2). We conclude that the proba-
bility of association of a type III burst observed at 410 MHz
with an interplanetary type III burst does not depend on its flux
at 410 MHz. A similar result is found for frequencies around
327 MHz and 230 MHz, where the log-mean flux is only slightly
larger when interplanetary bursts are observed.

At the lowest frequencies around 170 MHz the distributions
are however very different (see Fig. 6). The log-mean flux is over
half an order of magnitude larger when we observe interplane-
tary type III bursts than the log-mean flux without interplanetary
type III bursts. The events associated with IP type III bursts have
a log-mean of 94 SFU compared to 27 SFU for those not asso-
ciated with IP type III bursts. We conclude that the probability
of detecting an IP type III burst together with a coronal type III
burst is strongly enhanced in the case of strong coronal type III
bursts around 170 MHz. Although based on a limited number of
events, Fig. 6 shows that contrary to what happens at higher fre-
quencies, a high radio flux for type III bursts around 170 MHz
is a very good predictor that an interplanetary burst will be ob-
served. This is further discussed in the next section.

5. Discussion and conclusions

In this paper, we performed a new statistical analysis on the link
between coronal type III bursts and X-ray flares, and on the oc-
currence of the interplanetary counterparts of coronal type III
bursts. The study was based on ten years of observations from
2002 to 2011 using radio spectra in the 4000–100 MHz range
for coronal bursts, X-ray data >6 keV and RAD2 observations
on WIND for the interplanetary type III counterparts. Based on
the RHESSI catalogue of X-ray flares above 6 keV and radio
catalogues of pure coronal type III bursts (without other types of
radio busts), we investigated the connection between groups of
type III bursts and X-ray flares in ten years of data and the link
with interplanetary bursts. We summarize the important results
of our study below:

– The automatic search provided one order of magnitude more
X-ray flares at 6 keV than coronal type III bursts.

– The large majority of the events in our sample are associated
with C and B class flares.

– Type III bursts above 100 MHz usually start after the X-ray
flare is detected at 6 keV and end before the 6 keV emission
ceases.
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Table 2. Log-mean fluxes (in log10 SFU) for the distributions show in Fig. 6 of type III bursts that are and are not interplanetary (have significant
emission below 14 MHz).

Log-mean flux 164+173 MHz 237+228 MHz 327 MHz 411+408 MHz
IT3 2.0 ± 0.5 1.7 ± 0.4 1.6 ± 0.5 1.6 ± 0.6

No IT3 1.4 ± 0.5 1.5 ± 0.6 1.5 ± 0.6 1.5 ± 0.7

Notes. Values and errors are calculated from the first and second moments of the distributions. The log-mean is used to avoid biasing the results
on the largest events.
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Fig. 5. Histogram of the background subtracted peak X-ray count rate
for the 96 associated events that showed interplanetary type III bursts
(IT3s, red fill) and the 73 events that did not show interplanetary bursts
(blue line). The X-ray energy band is 25–50 keV and all events had at
least 1.5 times the background count rate.

– A lower bound of 28% of radio events with only coronal
type III bursts had associated X-ray emissions detected with
RHESSI above 6 keV.

– High 25–50 keV X-ray intensities were correlated with high
radio peak fluxes below 327 MHz but the opposite was not
true.

– The peak radio flux tends to increase from 450 MHz to
150 MHz but the amount varies significantly from event to
event.

– Interplanetary type III bursts are observed with WIND/
WAVES below 14 MHz for 54% of the coronal type III bursts
in our sample.

– Events with >250 counts/s at 25–50 keV and/or >1000 SFU
at 170 MHz had a high chance for the coronal type III to
become interplanetary.

The finding that one order of magnitude more X-ray flares were
detected by RHESSI above 6 keV than pure coronal type III
bursts in the same period can be understood from the emission
mechanisms. X-ray emission in the 6–12 keV range is largely
produced by electrons with a thermal distribution that is differ-
ent from the non-thermal electrons that are believed to be the
primary cause of type III bursts. The strict selection of “type III
flags” in the catalogue also reduces the number of radio events
since it excludes events in which coronal type III bursts would be
observed in association with other kinds of coherent radio emis-
sions at decimetric/metric wavelengths. The thermal origin of
the 6 keV X-rays naturally explains the shorter duration of coro-
nal type IIIs as thermal emission is usually observed during the
rise and decay of flares in contrast to the non-thermal emission
that is localized to the impulsive phase of the flare.

The very small proportion of large GOES class flares in our
sample is an effect of the data selection of “pure” type III events.
Indeed, as was shown by Benz et al. (2005, 2007), large GOES
class flares (i.e. higher than C5) are almost systematically associ-
ated with coherent radio emissions above 100 MHz, but classical
type III bursts are the only radio signature in only 4% of these
events.

5.1. Coronal type III and hard X-ray flare connection

Our results enhance the strong connection already found be-
tween electrons that drive coronal type III emission and X-ray
flare emission. We found an association rate of at least 28% be-
tween coronal type III bursts and X-ray flares, which are larger
than the 3% of Kane (1981) and 15% of Hamilton et al. (1990).
The larger association rate that we found could be related to our
selection of type IIIs as the only radio emission present, consid-
ering 6 keV X-rays compared to 10 keV, and instrument sensitiv-
ity particularly for X-rays. The association rate of at least 28%
is further indication that the non-thermal electrons responsible
for radio and X-rays are part of a common acceleration pro-
cess. However, not all coronal type IIIs have associated X-ray
flares. The lack of simultaneous observations can be due to in-
strument sensitivity preventing detection of weak simultaneous
X-ray emissions associated with type III production or a lack of
magnetic connectivity preventing electron transport either up or
down in the solar corona from the acceleration site.

The weak log-log correlation between the peak flux of ra-
dio emissions at 327–164 MHz and the X-ray count rate at 25–
50 keV arises from the notable absence of events with a high
X-ray intensity and a low type III radio flux. This implies that
when flares with high X-ray count rates above 25 keV produce
coronal type III bursts, the radio fluxes are likely to be high.
However, the correlation is only weak because the converse is
not true. “Coronal” type III bursts with high radio fluxes are also
often associated with low X-ray count rates above 25 keV. This
results in a large scatter between X-ray and radio fluxes; this
large scatter was already found by Kane (1981), Hamilton et al.
(1990). The large scatter is explained by the increased efficiency
of producing a type III radio burst even by a low density elec-
tron beam via the amplification of coherent waves. Conversely
the incoherent nature of Bremsstrahlung for producing X-rays
is less efficient and the number of high-energy electrons is the
primary parameter for producing high rates of X-ray emissions
(e.g. Holman et al. 2011; Kontar et al. 2011). The dependency
of hard X-rays on the number of high-energy electrons naturally
explains the notable absence of events with high X-ray intensity
and low type III radio flux.

X-ray flares associated with coronal type IIIs (>100 MHz)
were found, of which 56% had >25 keV X-rays, which is a much
higher ratio than is present for all flares (e.g. Hannah et al. 2011).
A similar result was found by Kane (1981) who showed an in-
crease in the X-ray to type III correlation with the peak flux
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Fig. 6. Histograms of the background subtracted radio flux for all of the associated events that showed interplanetary type III bursts (red) and did
not show interplanetary bursts (blue). The radio frequencies shown are 164+173 MHz with 109 and 49 events for IT3s and no IT3s, respectively
(top left), 237+228 MHz with 103 and 54 events (top right), 327 MHz with 73 and 46 events (bottom left) and 411+408 MHz with 49 and 36 events
(bottom right). All the events had at least 1.5 times the background radio flux.

of X-ray emission. “Coronal” type III bursts observed in our
study need to have a starting frequency well above 100 MHz.
The result reinforces a previously observed property that start-
ing frequencies of type III bursts are linked to the spectral in-
dex of the accelerated electron beams (Reid et al. 2011, 2014;
Reid & Kontar 2013). The other studies showed that for an elec-
tron beam with an injection function of the following form:

S (v, r, t) = Av−α exp
(
−
|r|
d

)
exp

(
−
|t − tinj|

τ

)
, (1)

with an initial characteristic size d, injection time τ, and velocity
spectral index α, the initial height of type III emission depended
upon

htypeIII = (d + vavτ)α + hacc, (2)

with vav as the average significant velocity of the electron beam
and hacc, (r = 0) the starting height. In the case of a harder elec-
tron spectrum (lower spectral index), the electron beam becomes
unstable to Langmuir wave production after a shorter propaga-
tion distance. The starting frequency of the type III emission is
thus found to be higher.

“Coronal” type IIIs usually occurred during the impulsive
phase of the flare, starting after the 6 keV X-ray rise and ending
before the 6 keV X-rays decay. A similar result was found by
Aschwanden et al. (1985) for decimetric emission between 300–
1000 MHz, many of which included type III bursts. Additionally,
the peak flux in emission between X-rays and type IIIs is usually
closely related in time. For the events of our sample for which
>25 keV emission was detected, around two-thirds of the events
have peak fluxes within 40 s, decreasing to around half of the
events for peak fluxes within 15 s, which is just above the limit
of time cadence used in our analysis.

5.2. Peak radio flux versus frequency

We investigated the evolution in frequency of the type III log-
mean peak radio flux. Although there is a very large dispersion in
the spectral index found (see Fig. 4c), the peak radio flux is found
as a mean (in log-space) to increase with decreasing frequency
with a mean slope of –1.78. The evolution of the log-mean ra-
dio flux with frequency furthermore depends on the association
of the event with either significant hard X-ray emission above
25 keV (slope of –1.57) or with an interplanetary burst (slope of
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–1.97). The large scatter we observed shows that the frequency
evolution of type III bursts is varied from event to event. The
slopes are significantly different from the slope of –2.9 found on
a survey of 10 000 type III bursts observed with the Nançay Ra-
dioheliograph (Saint-Hilaire et al. 2013). The discrepancy could
be related to the fact that our events only consider bursts that
emit in all NRH frequencies as opposed to a statistical average
over all bursts.

Our results can be taken as further evidence that, in gen-
eral, type III bursts are more numerous and stronger at low fre-
quencies than at high frequencies. Physical reasons for the in-
crease include the onset and increase of the bump-in-tail instabil-
ity with velocity dispersion, the lower background plasma den-
sity reducing collisional damping and increasing the Langmuir
wave growth rate, and the lower frequency radio waves escap-
ing the corona more easily. The increase in radio flux with de-
creasing frequency is consistent with what was observed by
Dulk et al. (1998) who found that the spectrum of a type III
burst in the 3–50 MHz range has a negative spectral index.
More recently, the statistical study performed by Krupar et al.
(2014) on 152 type III bursts at long wavelengths observed by
STEREO/SWAVES also showed that the mean type III radio flux
increases significantly from 10 MHz to 1 MHz.

5.3. Interplanetary bursts and >25 keV electrons

As discussed in Sect. 4 and summarized in Table 1, the coro-
nal type III bursts in our sample are more often associated with
IP type III bursts when they are also associated with detectable
25–50 keV emission. Figure 5 furthermore shows that for the
HXR events in this study that produce more than 250 counts/s in
the 25–50 keV channel, there is a much higher chance of detect-
ing an IP burst in connection with the coronal burst.

The production of high X-ray count rates at 25–50 keV re-
quires a high number of injected electrons above 25 keV. In-
creasing the number of injected electrons above 25 keV can be
achieved by increasing the number density of electrons at all
energies or by hardening the energy distribution (smaller spec-
tral index) of the accelerated electron beam. A larger number of
high-energy electrons increases the Langmuir wave energy ob-
tained from the unstable electron beam. From quasilinear theory
(Vedenov 1963; Drummond & Pines 1964), the growth rate of
Langmuir waves is

γql =
πωpev

2

ne

∂ f
∂v
· (3)

for an electron distribution f (v). An increase in the density of
beam electrons or an increase in the velocity of the electrons
increases γql. Increasing Langmuir wave energy density likely
increases type III radio flux (e.g. Melrose et al. 1986) and in-
creases the probability of generating a detectable type III burst.
Other factors can inhibit interplanetary type III production (e.g.
magnetic connectivity), so we do not expect all beams with
a large electron flux above 25 keV to produce interplanetary
type III bursts.

The increase in type III flux when the number of elec-
trons above 25 keV is increased was demonstrated numeri-
cally by Li et al. (2008a, 2009, 2011) using a hot, propagating
Maxwellian. They showed that increasing the temperature of the
initial Maxwellian beam increases the type III radio flux and in-
creases the bandwidth; the burst starts at higher frequencies and
stops at lower frequencies. The simulations were restricted to
frequencies above 150 MHz and the type III flux peaked above

200 MHz, which is inconsistent to the general trend of increasing
flux with decreasing frequency reported in this and other stud-
ies. A further study by Li & Cairns (2013) demonstrated via an
initial power-law electron beam that decreasing the power-law
spectral index increased the fundamental radio flux emitted at
high and low radio frequencies. Both sets of simulations can ex-
plain why a coronal burst produced by an electron beam with
a smaller (harder) power-law spectral index, i.e. associated with
a larger 25–50 keV count rate, would have a higher probabil-
ity to be associated with an interplanetary type III burst than if
the electron beam had a larger (softer) initial power-law spectral
index.

Electron beams can also be diluted as the cross-section of the
guiding magnetic flux tube increases with height. A high density
of electrons above 25 keV is more likely to still produce de-
tectable type III radio flux at altitudes related to 14 MHz, even
in the case of a diverging magnetic flux tube. The effect of flux
tube radial expansion has been shown recently by Reid & Kontar
(2015) on type III stopping frequencies. The numerical simula-
tions of beam electrons, and their corresponding resonant inter-
action with Langmuir waves in diverging magnetic flux tubes,
are used to compute the type III stopping frequency; this is de-
fined as the frequency in which the beam is no longer able to
produce a sufficient level of Langmuir wave energy density as
compared to the thermal level. Denser electron beams and harder
electron beams (low spectral index) are more likely to produce
significant Langmuir wave energy densities further away from
the injections site than sparse or softer electron beams, and there-
fore produce type III bursts with lower stopping frequencies.
This result provides further understanding as to why coronal
bursts associated with stronger HXR bursts are more likely asso-
ciated with IP type III bursts.

5.4. Interplanetary bursts and magnetic connectivity

We found the detection of a strong radio flux at frequencies
around 170 MHz (Fig. 6) to be a very good indication that the
type III burst will become an interplanetary type III burst at
lower frequencies. Previously it has not been clear whether the
absence of radio emission below 14 MHz is from a weak beam
or unfavourable magnetic connectivity. When electron beams
contain enough density to produce high flux type IIIs around
170 MHz we often observe them below 14 MHz. We deduce
that magnetic connectivity plays less of an effect on the trans-
port of electrons from the high corona into interplanetary space.
A strong radio flux at frequencies around 170 MHz indicates the
electrons do have access to the high corona and subsequently are
more likely to access the interplanetary medium.

We did not find the same trend that strong radio flux is a
good indication of interplanetary type III bursts at frequencies at
and above 237 MHz. The magnetic connectivity of bursts with a
large radio flux at high frequencies, which are produced low in
the solar atmosphere, is not necessarily favourable for the elec-
tron beam exciter to escape into the upper corona and interplan-
etary space (see e.g. the example in Vilmer et al. 2003), even if
the radio flux is high. The access of particles to open field lines
and then the possible association between coronal and interplan-
etary type III bursts may evolve during flares due to, for example,
processes of interchange reconnection in which newly emerging
flux tubes can reconnect with previously open field lines (see e.g.
Masson et al. 2012; Krucker et al. 2011).

The statistical results presented in this paper were based on
radio spectra and flux time profiles but did not include spatially
resolved observations. This latter aspect will be considered in a
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following study, which will examine in detail the combination of
HXR images provided by RHESSI with the multi-frequency im-
ages of the radio bursts produced in the decimeter/meter wave-
lengths by the Nançay Radioheliograph. Tracing the magnetic
connectivity between the solar surface, the corona and the inter-
planetary medium will be one of the key questions of the So-
lar Orbiter mission. As shown in the present paper, X-ray and
radio emissions from energetic electron beams can be used to
trace the electron acceleration and propagation sites from the
solar surface to the interplanetary medium. The combination of
ground-based radio spectrographs and imagers with the radio,
X-ray, and in situ electron measurements aboard Solar Orbiter
will undoubtedly largely contribute in the next decade to a better
understanding of the magnetic connectivity between the Sun and
the interplanetary medium, and on the release and distribution in
space and time of the energetic particles from the Sun.
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