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Introduction
Solar flares are one of the sources for solar energetic particles that are measured in the heliosphere.
Understanding how those particles get accelerated and escape the solar atmosphere to gain the
interplanetary medium is one of the current challenges of solar physics.
Energetic electrons can be traced via different diagnostics. In the dense plasma of the lower layers of the
solar atmosphere, they produce bremsstrahlung emission in X-rays; and as energetic electron beams
propagate in the high corona or inner heliosphere, they are responsible for coherent radio emission
characterized by their fast frequency drift in time, called type III radio bursts. The combination of X-ray and
radio diagnostics provides a global picture of the flare energetic electrons from their acceleration site to
their path in the heliosphere.

The flare of 9th September 2017
We present here the analysis of one flare that happened on the 9th of September 2017, which is of particular
interest for two reasons. First, it was observed by the RHESSI and Fermi X-ray telescopes the ORFEES
radio spectrograph and the LOFAR radio telescope, providing good constraints on the X-ray and radio
emissions from the accelerated electrons. Second, as shown by our analysis, this event shows a good time
correlation between type III radio bursts and enhancement of the X-ray nonthermal emission.

LOFAR (30-50MHz)
LOFAR* (van Haarlem et al. 2013) is an astronomical radio interferometer
which was observing the Sun at 30-50 MHz during the event, and provide
imaging spectroscopy at a cadence of 0.1 s. The observations were made in
the tied-array mode, and the reconstructed images are fitted with elliptical
gaussian profiles. The evolution of the radio source parameters provides
insight about the radio source evolution with its distance from the Sun.

Assuming that the radio emission is emitted at the plasma frequency, and
using the density model presented in Kontar et al. (2019), the frequency of
the radio source can be used as a proxy for its radial distance from the Sun.

ORFEES (150-1000MHz)
ORFEES* is a solar-dedicated radio spectrometer providing radio spectrograms in the 150-1000 MHz range with a 0.1
second cadence for this event. In the spectrogram of figure 2, two main features are seen:
1- Type III radio bursts with starting frequencies at ~550 MHz. Using the relation derived by Reid et al. (2011) between
the starting frequency of type III bursts, the spectral index of the energetic electron (deduced from X-rays) and the
height of the acceleration region, we find the characteristic size of the acceleration region to be of the order of 7 Mm.
2- Decimetric spikes around 600 MHz, which could be a signature of the acceleration region. The frequency of these
spikes is just below the plasma frequency of the lower limit of the X-ray source density (see Fermi/GBM analysis).

RHESSI
RHESSI* (Lin et al, 2002) is a solar-dedicated X-
ray telescope and spectrometer operating between
2002 and 2018. Images of the X-ray emission are
reconstructe around 11:37 UT (Figure 5). The high-
energy emission (12-25 keV) is located above the
solar limb and is therefore interpreted as the
looptop emission rather than emission from the
footpoints of the flare loops. The characteristic
size of the X-ray source is of the order of 18 Mm.

Fermi/GBM
The Gamma-ray Burst Monitor (Meegan et al. 2009) is an astronomical X-ray
telescope and spectrometer, which also detected the solar X-ray emission.
The spectral analysis of the excess emission during the radio burst emission
between 11:43:40 and 11:44:00 UT shows that this emission is non-thermal,
produced by accelerated electrons, with a spectral index of 4.0. The flux of
accelerated electrons deduced from this analysis is of the order of 2x1033

electrons/s.
The analysis of the thermal part of the spectrum, combined with the size of the
source imaged by RHESSI, gives a lower limit of the density of the X-ray emitting
site of the order of 8x109 cm-3, corresponding to a plasma frequency of 640 MHz.

Overview of the event
Figure 1: During the flare, three main groups of
type III radio bursts (labelled①②③) have been
detected: the two first ones shortly after the
peak of X-ray emission around 11:12 UT, and the
last one during the gradual decay of the flare,
around 11:43:40 UT. We focus on this last group
of type III radio bursts because the peak of the
flare was not covered by RHESSI* and Fermi.
Figure 2: close-up on the last group of type III
burst. They are correlated in time with an
increased of the high-energy (12-50 keV) X-ray
emission as observed by Fermi/GBM*.

Conclusion
• This flare exhibit a close relationship between the X-ray and

radio signatures, demonstrating how energetic electrons can be
traced from their solar source to the inner heliosphere. The
combination of X-ray measurements with radio observations
provide the possibility to follow energetic electrons from the
acceleration site to the heliosphere.

• Imaging spectroscopic observations from the LOFAR radio
telescopes provides a new insight regarding the properties of
the radio sources in the heliosphere. In this event, it is evident
that radio source sizes, by their magnitude and evolution with
distance from the Sun, cannot be explained by the sole
divergence of the magnetic field with increasing distance, which
shows the importance of radio-wave scattering processes for
the characterization of these radio sources.

Figure 3: Schematics of the different emission
sites considered here. We assume that the site
of acceleration of particles is connected to the
flare loops below it, where energetic electrons
produce the X-ray emission, and to magnetic
field lines open to the interplanetary space,
along which energetic electron beams are
responsible for radio coherent emission at
frequencies proportional to the square root of
the ambient plasma density. Figure 4: Position of radio source centroids as a function of frequency,

overplotted on a EUV image of the solar corona at 171 A (from SDO/AIA*).
The X-ray emission at 6-12 keV (from RHESSI*) is overplotted in white.
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Electron beam size vs. height
Using the size of the X-ray source (18
Mm) as the size of the electron beam
at the Sun, and an empirical model for
the radial evolution of the magnetic
field with the radial distance r from
Dulk & McLean (1978) where it
evolves as r-1.5, we predict the size of
the electron beam as a function of
height/radial distance from the Sun.
As seen in figure 6, the size of the
radio sources in the heliosphere are
almost one order of magnitude bigger
and increase faster than predicted.

Figure 6: Size of the radio sources in LOFAR images
before and after subtraction of the radio beam size
(black and red respectively). The prediction using the size
of the X-ray source is shown by the dotted black line.
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Instruments
AIA Atmospheric Imaging Assembly▪GBM Gamma-ray Burst Monitor▪ LOFAR Low Frequency Array ▪ ORFEES Observations Radio Frequence pour l’Etude des Eruptions Solaires▪RHESSI Reuven Ramaty High Energy Solar Spectroscopic Imager▪ SDO Solar Dynamic Observatory
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