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ABSTRACT

Context. Filament eruptions and coronal mass ejections (CMEs) reveal large-scale instabilities of magnetic structures in the solar
corona. Some of them are accompanied by radio emission, which at decimetric and longer wavelengths is a signature of electron
acceleration that may be different from the acceleration in impulsive flares. The radio emission is part of the broadband continua at
decimetre and metre wavelengths called type IV bursts.

Aims. In this article we investigate a particularly well-observed combination of a filament eruption seen in He and at extreme ultra-
violet (EUV) wavelengths and a moving type IV burst on 2021 August 24. The aim is to shed light on the relationship between the
large-scale erupting magnetic structure and the acceleration and transport of non-thermal electrons.

Methods. We used imaging observations of a moving radio source and associated burst groups with the refurbished Nangay Radio-
heliograph and whole-Sun radio spectrography from different ground-based and space-borne instruments, in combination with X-ray,
radio, and in situ electron observations at tens of keV from Solar Orbiter and EUV imaging by SDO/AIA. The radio sources are
located with respect to the erupting magnetic structure traced by the filament (EUV 30.4 nm), and the timing of the electrons detected
in situ is compared with the timing of the different radio emissions.

Results. We find that the moving radio source is located at the top of the erupting magnetic structure outlined by the filament, which
we interpret as a magnetic flux rope. The flux rope erupts in a strongly non-radial direction, guided by the overlying magnetic field
of a coronal hole. The electrons detected at Solar Orbiter are found to be released mainly in two episodes, 10—40 minutes after the
impulsive phase. The releases coincide with two groups of radio bursts, which originate respectively on the flank and near the top of
the erupting flux rope.

Conclusions. The observation allows an unusually clear association between a moving type IV radio burst, an erupting magnetic
flux rope as core structure of a CME, and particle releases into the heliosphere. Non-thermal electrons are confined in the flux rope.
Electrons escape to the heliosphere mainly in two distinct episodes, which we relate to magnetic reconnection between the flux rope

and ambient open field lines.

Key words. Sun: activity — Sun: corona — Sun: coronal mass ejections (CMEs) — Sun: flares — Sun: particle emission —

Sun: radio radiation

1. Introduction

Radio bursts emitted by non-thermal electron populations in the
Sun are classified according to their dynamic spectrum. In the
microwave range (frequencies above 1 GHz, and millimetre and
centimetre wavelengths) broadband bursts are observed, which
are usually ascribed to gyrosynchrotron emission of mildly rela-
tivistic electrons (Nindos 2020). At lower frequencies the bursts
show an increasing amount of spectral structure. Five cate-
gories are distinguished at decimetric and longer wavelengths.
Bursts of types III and II are rather well understood in terms of
electron beams travelling along open magnetic field lines and
anisotropic electron populations accelerated at travelling shock
waves, respectively. These electron populations are unstable,
which leads to the growth of Langmuir waves and their conver-
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sion in radio waves with narrow spectra near the local electron
plasma frequency and its harmonic. The spectra drift towards
lower frequencies as the exciter rises in the corona, or towards
higher frequencies when the exciter moves downward. The rela-
tively high degree of understanding of these bursts is owed to the
possibility to observe the radio and plasma waves and the related
electron populations in situ near 1 AU (Lin 1985; Ergun et al.
1998; Bale et al. 1999; Pulupa & Bale 2008; Reid & Ratcliffe
2014; Graham & Cairns 2015).

Broadband (continuum) bursts at decimetric and longer
wavelengths are much less understood. This is especially the
case of type IV bursts, which were identified by Boischot
(1957) as bright emissions related with strong flares that
occurred after the bursts of types III and II, with long dura-
tions that could amount to several hours. In some cases the
radio source was found to move over a significant fraction of
the solar disk. Boischot & Denisse (1957) ascribed this emis-
sion to non-thermal electrons because of its high brightness,
and more specifically to relativistic electrons emitting incoherent
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synchrotron radiation, because of its long duration, large band-
width, and the apparent absence of short bursts. They also con-
cluded on a link with solar energetic particle (SEP) events since
the three relativistic ground level events observed between 1946
and 1956 were accompanied by type IV bursts. Pick-Gutmann
(1961) confirmed and specified the relationship with SEPs. Her
exhaustive study also showed that type IV bursts constitute a
broad category of broadband radio emissions with different sub-
types that may or may not occur together. A clear distinction
exists, for example, between the hour-long type IV sources
called ‘storm continua’ by Pick or ‘stationary type IV bursts’
by Wild et al. (1963), with essentially static sources, and the
moving type IV bursts identified by their systematic motion in
interferometric recordings. The type IV burst category comprises
emissions related to confined electron populations, but no unique
physical interpretation has emerged in terms of the exciter and
the radiation process (Wild et al. 1963; Robinson 1978; Kuijpers
1980; Duncan 1981; Trottet et al. 1981). The historical develop-
ment of the type IV concept has been described in Pick (1986)
and Pick & Vilmer (2008).

Type IV radio bursts as a whole, and moving type IV bursts
in particular, were found to be associated with mass ejections
from the Sun in comparative observations by coronagraphs and
radio imaging at low frequencies where the emission arises
above the occulting disk of the coronagraph (Robinson 1978;
Gergely et al. 1984; Stewart 1985; Gopalswamy & Kundu 1987;
Kundu et al. 1989; Ramesh et al. 2013), and in statistical stud-
ies (Kumari et al. 2021; Morosan et al. 2021). In his review of
early observations of coronal mass ejections (CMEs) MacQueen
(1980) reported various degrees of spatial and temporal associ-
ation between type IV radio sources, prominence material, and
white-light structures of CMEs, concluding that the moving type
IV sources tend to be located near material seen in Ha, but with-
out a consistent picture. Individual cases of close associations
pointing to a common magnetic structure of an erupting promi-
nence and the moving type IV source were reported in some
studies (Gopalswamy & Kundu 1989; Klein & Mouradian 2002;
Raoult-Barbezat & Klein 2005; Vrsnak et al. 2003; Bain et al.
2014), but this does not seem to be systematic.

In the present work we address two questions: (1) how
the source of a moving type IV burst is related to the overall
magnetic structure in a solar eruption and (2) how the ener-
getic particles that escape into the heliosphere are related to
the apparently confined electrons in the type IV radio source.
We analyse a rather weak, but exceptionally long-lasting and
well-defined moving type IV radio burst on 2021 August 24,
using radio imaging over a range of frequencies with the Nancay
Radioheliograph (NRH), imaging of erupting features with high
cadence from SDO/AIA at EUV wavelengths and from the Pic
du Midi Observatory in the He line, radio spectrography from
ground-based and space-borne instruments, and X-ray and elec-
tron observations from a well-connected vantage point aboard
the Solar Orbiter mission. The manuscript is organised as fol-
lows. Multi-instrument observations of the erupting structure
and non-thermal electrons are described in Sect. 2. The instru-
ments used are listed in Sect. 2.1. An overview of the erup-
tive event is given in Sect. 2.2. Radio and X-ray observations
of the impulsive phase are addressed in Sect. 2.3, followed in
Sect. 2.4 by a detailed description of the erupting filament using
movies at 30.4 nm wavelength and radio waves. The kinematics
and spectrum of the moving type IV radio emission are anal-
ysed in Sect. 2.5. The continuum emission is accompanied by
three groups of fast-drift bursts, which are described in Sect. 2.6.

A382, page 2 of 17

Section 2.8 presents the observations of solar energetic electrons
in space and the timing of their release at the Sun, which is
compared with the radio emissions. The observations are sum-
marised in Sect. 3, and tentative interpretations are proposed and
discussed with respect to previous work.

2. Filament eruption and non-thermal electrons
2.1. Instruments

We analysed observations of an erupting filament at EUV wave-
lengths (in particular 4 = 30.4nm) with the Atmospheric
Imaging Assembly (AIA, Lemen et al. 2012) aboard the Solar
Dynamics Observatory (SDO, Pesnell et al. 2012) mission and
in the Ha line with the CLIMSO instrument at Pic du Midi
(Pitout et al. 2020). The CLIMSO Ha imager is a Coronado-type
refractor with 15 cm diameter. The filter is centred at 656.28 nm
and has a full width at half-maximum of 0.05nm. The AIA
30.4 nm band is centred on 30.38 nm, with a full width at half-
maximum of 1.2nm (Fig. 8 of Boerner et al. 2012). The main
nominal temperature range covered is 1g(7,./1 K) = 4.81-5.09
(half-maximum), with a peak at 1g(T,/1 K) = 4 (see procedure
in the Appendix of Boerner et al. 2012), but there is also a sec-
ondary response to the 9.4 nm channel, which is sensitive to tem-
peratures in the range 1g(7,. /1 K) = 5.1-7.2.

Dynamic spectra of solar radio bursts were observed by
the ORFEES (Hamini etal. 2021) and Decametric spectro-
graphs (NDA, Lecacheux 2000) of the Nancay Radio Obser-
vatory in the 1000-144 MHz and 80-20 MHz ranges, respec-
tively, by the Glasgow spectrograph of the e-Callisto net-
work (Benzetal. 2009) between 80 and 45MHz, and the
WAVES experiment (Bougeret et al. 1995) aboard the Wind
spacecraft below 16 MHz. The Nan¢ay Radioheliograph (NRH,
Kerdraon & Delouis 1997) observed images at eight frequencies
in the range 150-432 MHz. The instrument had gone through
a major upgrade between 2015 and 2020, where the correlator
and the data acquisition system were replaced. The new corre-
lator acquires all 1128 visibilities from the 47 antennas. While
upgrading operations are still underway, imaging in total inten-
sity (Stokes parameter /) resumed in November 2020 with a time
resolution of 0.25 seconds per frequency. The data analysis fol-
lowed the standard procedure offered in the NRH package in the
SolarSoft analysis. The image was reconstructed using 256 X256
pixels to describe a field of view of 4 R, around disk centre. The
standard NRH CLEAN procedure was used.

The Solar Orbiter spacecraft (Miiller 2020) was located at
heliocentric distance 0.64 AU, 77° east and 8° south of the
Sun-Earth line, at Stonyhurst latitude —1° on 2021 August 24
at 12:30 UT'. The Spectrometer Telescope for Imaging X-rays
(STIX, Krucker et al. 2020) had the activity in its field of view.
STIX covers photon energies from 4 to 150keV with a time
resolution adapted as a function of photon flux. In the present
work we used count rate time histories only. The Radio and
Plasma Wave experiment (RPW, Maksimovic et al. 2020) pro-
vides dynamic spectrograms at decametre to kilometre wave-
lengths (16 MHz—4 kHz). We used the Thermal Noise Receiver
(TNR), which produces quasi-instantaneous spectra in the range
4kHz—1MHz, with a time cadence of 10seconds. The Ener-
getic Particle Detector (EPD, Rodriguez-Pacheco et al. 2020) is
a suite of instruments for the in situ measurement of energetic
electrons, protons and ions. We used the Electron Proton Tele-
scope (EPT), especially time histories of the electron count rates

' From Solar Mach (Gieseler et al. 2023),
https://solar-mach.github.io/
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Fig. 1. Overview of dynamic spectrograms at radio (a) and X-ray (b)
wavelengths during the eruptive event on 2021 August 24. Dark shading
shows strong emission, with logarithmic grading.

in the nominal energy range of about 33-474keV, and energy
spectra above a few keV from EPT and the Suprathermal Elec-
tron Proton Sensor (STEP). STEP looks sunward. EPT has four
electron detectors with orthogonal viewing directions towards
and away from the Sun in the ecliptic plane, and southward and
northward perpendicular to the ecliptic, with opening angles of
about 30°.

2.2. Overview of the eruptive event

On 2021 August 24 a filament eruption starts in the north-eastern
solar quadrant near 12 UT. It is accompanied by three weak soft
X-ray bursts in NOAA active region 12859 (B1.9 11:52 UT, B3.2
13:35UT, C1.5 14:18 UT) and several optical subflares (12:18
and 12:36 N19-20 E 38, 14:29 N19 E42-43%). A coronal mass
ejection (CME) is observed since 13:25 UT by the LASCO coro-
nagraph (Brueckner et al. 1995) aboard the Solar and Helio-
spheric Observatory (SoHO). The CME is already broad in this
image (position angle PA = 55°—115°). In subsequent images the
front appears between PAs 60° and 130°. It reaches the border of
the LASCO/C2 field of view at 15:36 UT, with a speed in the
plane of the sky in the range 200-340 kms~!, depending on the
location. A projected speed of 289 kms~! with a slight deceler-

2 NOAA/Space Weather Prediction Center report, https://
www.solarmonitor.org/data/2021/08/24/meta/noaa_events_
raw_20210824.txt

ation is reported in the LASCO CME catalogue® (Yashiro et al.
2004).

An overview of the dynamic spectra at radio and X-ray
wavelengths is shown in Fig. 1. The radio observations at
decimetre-to-hectometre wavelengths range from the low corona
(460 MHz) to a heliocentric distance of about 10 R, (1 MHz).
The emissions are rather weak, and spurious features such as ter-
restrial interference and baseline drifts (ORFEES) are also seen.
The X-rays are shown as a count rate spectrum in 1 keV-wide
bins in the range 4—15keV, with wider bins at higher energies.
The energies are nominal values. Count rates are delivered with
a time resolution that depends on the level of the emission. In
the event under study the time resolution varies between 19.9
and 38.75s. The count rates shown here were interpolated onto
a regular grid with step 20 s, and normalised by the median val-
ues in the X-ray quiet time interval 14:00-14:10 UT. The X-ray
bursts extend from 4 keV to at least 25 keV. The time of the STIX
measurements was corrected to the photon arrival time at 1 AU,
in order to enable the comparison with the radio spectra. The
San Vito station of the Radio Solar Telescope Network (RSTN)
observed the Sun during the event at fixed microwave frequen-
cies in the range 1.4-15.4 GHz*. A weak burst group was seen
between 12:09 and 12:14 UT at 1.4 GHz, but not at and above
4.995 GHz. This suggests that electrons are not accelerated to
energies above about 100 keV, in line with the conclusions from
the X-ray spectrum.

An impulsive flare phase is observed by STIX and ORFEES
between 11:57:40 and 12:00:20 UT. Thereafter the radio emis-
sion proceeds systematically from high to low frequencies. The
faint broadband emission starting near 12:10 UT and ending at
frequencies below 100 MHz near 13:10UT is a type IV con-
tinuum (ORFEES, e-Callisto Glasgow, NDA). A second con-
tinuum is observed by NDA between 13:30 and 14:30 UT. No
counterpart is seen in the ORFEES spectrogram, but the NRH
observes one at frequencies below 200 MHz (see Sect. 2.4).
At frequencies below 16 MHz (decametric-hectometric wave-
lengths, Wind/WAVES) the only signature is a type III burst
(shown here: 14—1 MHz) near 12:40 UT, at the time when the
type IV continuum is visible in the NDA band. The soft X-
ray bursts at 13:35 and 14:33 UT detected by GOES are seen
in the SO/STIX spectrogram, but have no counterpart at deci-
metric wavelengths (ORFEES) and therefore no connection to
the activity at metric and longer wavelengths.

The evolution of the radio sources observed by the NRH
at eight frequencies between 150.9 MHz (1 = 2 m, henceforth
referred to as 151 MHz) and 432MHz (14 = 69cm) is visu-
alised in the NRH movie (Movie 01). The images were inte-
grated over 1 minute, from their initial cadence of 0.25s. The
early snapshots show the thermal bremsstrahlung emission from
the quiet corona. Glimpses of the impulsive phase are in three
images between 11:58 and 12:00 UT. A new localised source
appears at 12:03 UT at the higher frequencies, since 12:10 UT
at all observed frequencies. It moves gradually south-eastward
and could be tracked until 12:28 UT at the highest frequencies
and until 13:03 UT at 151 MHz. This is the source of the contin-
uum seen in the ORFEES dynamic spectrogram since 12:10 UT
(Fig. 1). Because of the clear source motion it is a moving
type IV burst. After this first moving source a broad bright-
ness depression (dark shading) becomes visible on the north-
western side of the earlier bright moving source. The depression

3 https://cdaw.gsfc.nasa.gov/CME_list/
4 https://www.ngdc.noaa.gov/stp/space-weather/solar-
data/solar-features/solar-radio/rstn-1-second/
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broadens and extends eastward towards the solar limb, becoming
successively visible at lower frequencies. While the brightness
depression proceeds, new localised bright sources appear on its
northern and north-western sides at 151-228 MHz at 12:42 UT.
At the two lowest frequencies the source has a double struc-
ture. The two components start to separate near 13:00 UT, when
the eastern source moves eastward, while fading, and disap-
pears gradually (the 151 MHz source is still weakly seen at
14:00UT). This is a second moving type IV burst. Westward
of the two-component source another radio structure appears
near 13:24 between 228 and 432 MHz. It becomes later the
dominant source at all frequencies, persisting after the end of
the movie at 14:00 UT. This is the early phase of a stationary
type IV burst.

2.3. The impulsive phase

The first signatures of the eruptive event are brightenings in EUV
images and impulsive emissions at X-ray and radio wavelengths.
In the 1000-144 MHz range the radio emission comprises three
burst groups (Fig. 2a): at frequencies below 300 MHz the ini-
tial group consists of fast-drift bursts. Some continue below
the low-frequency border of the ORFEES receiver at 144 MHz
and are seen by e-CALLISTO down to 50-60 MHz (11:58:20—
11:58:45 UT), while others (e.g. the first burst at 11:58:00 UT)
turn over from their initial drift towards lower frequencies to
zero drift and possibly a drift towards higher frequencies there-
after. These are type J bursts, emitted by electron beams that
travel in closed magnetic structures (see recent publications
by Zhang et al. 2023; Feng et al. 2024). At frequencies above
300 MHz these bursts are accompanied, and actually preceded,
by bursts with narrower bandwidth (some tens of MHz). Some
drift towards lower and higher frequencies on either side of
a spectral dividing line near 350 MHz. The common origin
of oppositely drifting bursts at this frequency (i.e. of upward-
and downward-propagating electron beams) suggests that we
observe the acceleration region of the electron beams. The burst
group is accompanied by X-ray emission up to at least 35keV
(Fig. 1b).

Two other groups of radio bursts follow (Fig. 2a): two
parallel-drifting lanes with narrow bandwidth, reminiscent of a
type II burst but with short duration (11:59:19-11:59:35UT),
and four type III bursts (12:00:10-12:00:25 UT) at frequencies
between 400 and 144 MHz. The radio emission during these two
groups is fainter than in the first group and has no counterpart
below 100 MHz.

Snapshot maps of the first type J burst (11:58:00 UT) and
the last type III burst (12:00:19 UT) are displayed in Figs. 2b,c.
The contours of equal brightness at decreasing frequencies show
radio sources at increasing height. The multi-frequency sources
outline two different magnetic structures: the field lines guiding
the type J-burst-emitting electron beams (b) are located north
of those with the type III source (c). The latter field lines are
bent towards the equator. Radio spectra below 100 MHz show
no evidence that the electrons emitting these bursts escape to the
heliosphere, but we show in Sect. 2.8 that a few probably do.

2.4. The erupting filament at Ha, EUV, and radio wavelengths

The pre-eruptive configuration of AR 12859 comprises one
major and several small sunspots (Fig. 3a) and three filaments
(Fig. 3b) located, respectively, north-eastward, north-westward,
and southward of the sunspot. The region is located N19° E32°
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Fig. 2. Decimetric-metric radio emission during the impulsive phase
of the 2021 August 24 event. Panel (a): Dynamic spectrum (ORFEES,
0.1's; Glasgow e-Callisto station, 0.25 s resolution). Dark shading indi-
cates bright emission. Panels (b and c): NRH maps (iso-intensity con-
tours superposed on an image) of the first J burst (b; 11:58:00 UT) and
the last type III burst (panel c; 12:00:19 UT). The contours delineate the
half-maximum level at the burst peak (0.25 s resolution); the different
colours represent different frequencies (see legend at right). The set of
tilted ellipses in the upper right corner shows the half-maximum levels
of the nominal interferometric antenna beam. Solar north is at the top,
east on the left. The white arc shows the optical solar limb.

and is classified as Hale class 8°. The filament within the bright
plage on the north-western side of the main sunspot erupts
a few hours after the spectroheliogram was taken. Snapshots
before and at three instants of the eruption are displayed in
Fig. 4. The left panel shows Ha images, the right panel an EUV
30.4 nm image at the top, and later difference images, together
with overlaid iso-intensity contours at half-maximum at radio
wavelengths. In the image at 12:25:33 UT (second from top)

3 https://www.solarmonitor.org/full_
disk.php?date=20210824&type=shmi_maglc&indexnum=1
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Fig. 3. Active region NOAA 12859 as observed before the eruptive
activity by the Meudon spectroheliograph in the violet wing of the Ca
II K line (a) and the centre of the Ha line (b).

the filament has started to erupt in the western direction, while
the filament on the north-eastern side of the sunspot remains
unchanged. While the most prominent feature seen in Ha con-
tinues to move westward, a few fragments are also seen south-
westward of the active region at 12:35:06 UT. The small band-
width of the filter implies that the filament leaves the band as
soon as the speed along the line of sight exceeds about 23 kms~!.
The picture is different at 30.4 nm: the filament appears as two
branches of absorbing material, due to the photoionisation of
neutral hydrogen and helium (e.g. Heinzel 2015; Kucera 2015),
which are rooted in the active region and are particularly well
seen in the bottom panel. The second panel from top shows the
first moving type IV source in its early phase, observed at all
NRH frequencies. At each of them the source has a simple struc-
ture. Sources at decreasing frequencies are located at increasing
projected distance from the parent active region. The third and
fourth panel from top show the first moving type IV phase later,
near its end when it is only visible at the low NRH frequencies.
The new source projecting to the eastern part of AR 12859 seen
in the bottom panel is related to the second moving type IV burst.

The temporal evolution of the filament eruption and the radio
sources is captured in the NRH/AIA movie (Movie 02) with
a cadence of 60s. The AIA images are individual snapshots,
while the NRH images were integrated. The filament erupts ini-
tially mainly southward, but bends rapidly towards a sustained
south-eastward motion, developing two distinct branches. We
interpret them as the legs of the erupting magnetic structure.
The eastward component of the motion becomes increasingly
important as the material proceeds to lower heliographic lati-
tudes. This component is obvious in the quicklook movie® of
the Extreme Ultraviolet Imager (EUI) on STEREO A at 30.4 nm
wavelength (Wuelser et al. 2004; Kaiser et al. 2008), where the
eruption is seen in projection on the solar disk. Between 12:10
and 13 UT the radio sources are those of the first moving type IV
burst, while occasionally sources related with other burst groups
appear. The moving source and the bursts are discussed in more
detail below (Sects. 2.5 and 2.6). Assuming the two branches
of the erupting filament can be connected by a continuous loop
or flux-rope-shaped configuration, one notes that the source of
the first moving type IV burst moves out near the presumable
top of this structure. At all radio frequencies the source has the
same simple geometry. The sources fade the later, the lower the
frequency. Eventually, when the emission is only visible at the
lowest NRH frequencies (151 and 173 MHz), the motion turns
exclusively eastward.

% https://cdaw.gsfc.nasa.gov/stereo/daily_movies/

10:50:54 UT

12:35:06 UT

12:54:11 UT

Fig. 4. Pre-eruptive active region (top panels) and three instants during
the filament eruption, as observed in Ha (left panels; CLIMSO), EUV
30.4 nm (right panels, AIA/SDO), and radio (NRH; contours) on 2021
August 24. Solar north is at the top of the figure, solar east on the left.
The insets in the left panel show close-ups of the eruption. A movie
showing the images at 30.4 nm and the radio contours is available online
(Movie 02).

‘We measured the size of the moving type I'V source in projec-
tion on the solar east-west and south-north directions, avoiding
the periods when burst groups occurred at neighbouring sources
(Sect. 2.6). The source size was extracted from gaussian fits to
the scans in the two directions. At all frequencies the sources
were found to be marginally broader than the nominal NRH
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beam (by 20%) in the east-west direction, and 60% broader in
the south-north direction. The sizes do not change significantly
during the event.

The contours of the radio brightness depression are plotted
as coloured dots on top of the AIA images in the movie (Movie
02). The contours agree well with the spatial range delimited by
the filament material, and follow the same outward motion. But
the depression is broad, unlike the two-branch structure of the
filament material in the AIA images.

The first moving type IV burst fades away at successively
lower frequencies while the filament material (EUV 30.4 nm)
and the cavity (radio) continue to move away from the active
region. The dynamic spectrum (Fig. 1a) suggests that the mov-
ing type IV emission continues at frequencies below 100 MHz
until after 13 UT. At NRH frequencies the NRH movie (Movie
01) shows the brightening of a new source north of the
brightness depression since about 12:40 UT, including a sec-
ond moving type IV source with a purely eastward motion.
In the ATA/NRH movie (Movie 02) it accompanies a discrete,
eastward-expanding dark structure in the eastern leg of the fil-
ament. While this radio source moves out, a stationary type IV
burst brightens at all NRH frequencies above the parent active
region.

2.5. The first moving type IV burst: 12:05-13:00 UT

In this section we look in more detail at the first moving type
IV burst, because it was observed over an unusually long time
and broad frequency range. This allowed us to study in detail the
source motion (Sect. 2.5.1, the dynamic spectrum and its rela-
tionship with X-ray emission (Sects. 2.5.2, 2.5.3).

2.5.1. Source trajectory

The sources of the moving type IV burst seen at different fre-
quencies are smaller than the overall structure outlined by the
filament material at 1 = 30.4nm, and the distances between
their centroid positions are still smaller. The location of the
radio source at the top between the two branches of the filament
material argues in favour of a population of non-thermal elec-
trons that is confined around the top of the erupting magnetic
structure.

A more detailed account is given in Fig. 5. The top pan-
els show the dynamic spectrogram (a) and its time-differenced
version (b) and below, the time histories of the radio bright-
ness projected onto the solar east-west (a) and south-north (b)
directions. The 1D time histories are stacked scans generated by
summing each image over, respectively, the south-north and east-
west directions. Scans were normalised individually in order to
make faint and weak emission visible in the same plot. The bright
features, shown by dark shading, are seen to move systematically
southward (b), but have a succession of mobile and stationary
phases in the east-west direction (a). The onset of the type IV emis-
sion appears later at lower frequencies, as can also be seen in the
NRH movie (Movie 01).

The peak brightness temperature of the moving radio source
was extracted from each NRH image (10-second integration),
together with its position in projection on the solar disk. The
peak position is the intensity-weighted average of the identified
peak and its eight neighbours, and is referred to as the ‘centroid
position’ in the following. The white lines overlaid on the 1D
image time histories (Figs. 5a,b) show how the centroid posi-
tions evolve. At high frequencies the type IV source is at a stable
location for a few minutes before starting its motion. Succes-

A382, page 6 of 17

sive centroid positions at the different frequencies are displayed
in Fig. 5d. At the highest frequencies (blue and green plus-signs)
the source motion may have a westward component early on, but
it rapidly turns south-eastward. The late eastward motion (after
12:40 UT, when the source reaches the south-north position —
0.2Ry) is clearly seen at 151 and 173 MHz (red and orange plus-
signs). Comparison with the AIA/NRH movie (Movie 02) shows
that the radio source remains consistent with a location at the top
of the erupting magnetic structure. The projected speed during
its south-eastward motion was measured in the range 120 kms™!
at the high NRH frequencies to 200kms™' at the low frequen-
cies. These values are the averages inferred from linear fits to the
trajectories of the centroid positions. Like the filament material,
the radio sources move in a direction that deviates strongly from
the radial.

2.5.2. Time evolution of the brightness temperature and
relationship with X-rays

Time histories of the peak brightness temperatures at the NRH
frequencies are overplotted in Fig. Sc on the count-rate spec-
trum in X-rays (dark shading shows high count rates, with log-
arithmic scaling). In order to account for the averaging effect of
the antenna beam, which increases with decreasing frequency,
the brightness temperatures at the individual frequencies v were
scaled by multiplying with (v/150 MHz)?. The type IV emis-
sion consists in a succession of bursts, starting with an emis-
sion between 12:05 and 12:18 UT that has similar time profiles
between 432 and about 300 MHz. During this time the source
moves both in the southward and the eastward direction. The
scaled brightness temperature decays faster at the higher fre-
quencies. The broadband radio emission decays to a plateau at
408 and 432 MHz, which is less clearly seen at frequencies 327—
228 MHz because of the slower decay of the previous emission.
After the plateau (12:25UT) the emissions between 432 and
327 MHz gradually fade from view.

The moving type IV burst occurs together with X-ray emis-
sion throughout the nominal 5-35keV detector channels of
STIX. Figure 6 shows the brightness-temperature time profiles
at the highest (blue) and lowest (red) NRH frequency overplot-
ted on X-ray time profiles in the ranges 5-7keV (a) and 10—
12keV (b). The 432 MHz emission rises with the 10-12keV
count rate and decays with the 5-7keV count rate. The close
correspondence argues that the radio and X-ray emissions result
from a common release of non-thermal electrons into the mag-
netic structure. This differs from the general interpretation that
attributes X-rays at those energies to a hot plasma in flares. How-
ever, evidence that non-thermal electrons may dominate the X-
ray emission to photon energies as low as SkeV is reported in a
microflare by Glesener et al. (2020).

The time evolution is different at 173 and 151 MHz: the
emission rises gradually to a peak between 12:24 and 12:26 UT,
and then (between 12:27 and 12:33UT) decays to a plateau,
while the brightness temperature in the 432-228 MHz range
fades away with a similar time constant (Fig. 5c). There is no
X-ray counterpart to the rise to maximum at 151 and 173 MHz.
However, the low-frequency plateau is accompanied by a new,
though weaker, enhancement of the X-ray emission. These sim-
ilarities suggest that the moving type IV emission across the
entire NRH band comes from a common electron population.
A possible explanation of the radio and X-ray timing is that
electrons are released into the expanding magnetic structure in
different episodes, but that the conditions for emission at low
radio frequencies are established with some delay. A gradually
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Fig. 5. First moving type IV burst: Time histories of the 1D brightness temperature scans projected onto the solar east—west (a) and south—north (b)
directions at four NRH frequencies with the whole-Sun dynamic spectrum (a) and its time derivative (b) in the top panels. Dark shading of the 1D
images means bright emission. The overplotted white lines show the positions of the brightest emission. The time histories of the peak brightness
temperatures, scaled to a common beam width, are overplotted in (c) on the X-ray count-rate spectrum. Panel (d) shows the peak positions in the
course of the event. The source motion proceeds south-eastward from the upper right to the lower left (see online Movie 01).

decreasing ambient electron density in the expanding magnetic
structure could for instance mean that the electron plasma fre-
quency is initially so high that no plasma emission is produced
at 151 and 173 MHz in the early phase or that gyrosynchrotron
emission is Razin-suppressed.

We note that different episodes in the time histories of
the brightness temperature (Fig. 5c) correspond to different
episodes of the source kinematics (Fig. 5a). The plateaus
of emission at high and low frequencies occur at differ-
ent times. In both time intervals the source ceases its east-
ward motion. The final decay of the low-frequency emission
goes along with the purely eastward orientation of the source
motion. This suggests that the source motion may not only be
the result of the expansion of the confining magnetic struc-

ture, but also of re-arrangements in the non-thermal electron
population.

2.5.3. Brightness temperature spectra

Spectra of the scaled peak brightness temperatures of the mov-
ing type IV source at selected times are displayed in Fig. 7. The
brightness temperatures were measured at the peak position at
each frequency, as explained in Sect. 2.5.1. The different loca-
tions of the source centroids at different frequencies introduce
a distortion, which is, however, small because the distances are
smaller than the apparent source sizes, and because the sources
themselves are probably not fully resolved so that the brightness
temperatures are smeared out. The first spectrum (12:09:15 UT)
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Fig. 7. Spectra of the scaled peak brightness temperature of the moving
type IV source at selected times (NRH; 10 s integration).

was taken during the early rise of the high-frequency emission,
the second (12:14:25UT) during the flat maximum. At these
early times the spectra decrease at the high frequencies (408,
432MHz) and are rather flat between the low-frequency cutoff
and 327 MHz. As time proceeds, the emission increases at the
lower frequencies and makes the spectrum approach a power
law. The shape of a power-law is conserved during the remainder
of the type IV burst, with a slope in the range 6—7 and a gradual
decrease in time at all frequencies. The ORFEES spectrum with
0.1 s time resolution shows short narrowband bursts superposed
on these average broadband spectra. They appear after 12:13 UT
and gradually become more numerous.

The bursts can be identified in the time-integrated dynamic
ORFEES spectrum in Figs. 5a,b, but are better visible in the
spectrum with the full 0.1 s resolution in the top panel of Fig. 9a,
which is addressed in more detail in Sect. 2.6. On occasion
the bursts cluster in chains, which may drift in frequency at a
rate of a fraction of MHz/s. The duration and bandwidth of the
bursts and the clustering in chains are typical of type I bursts
observed during noise storms (Elgargy 1977; Mercier & Trottet

A382, page 8 of 17

Frequency [MHz]
w
o
o

12:10 12:11
(a) Universal time [h] on 2021 Aug 24

NRH 2021 Aug 24
[ Image
432 MHz 12:09:55 UT

151 MHz 12:09:35:480 UT
173 MHz 12:09:34:980 UT
228 MHz 12:09:34:690 UT

Image
432 MHz 12:09:55 UT

151 MHz 12:09:46:230 UT
173 MHz 12:09:46:230 UT
228 MHz 12:09:46:190 UT

(c) 10 08 06 04 02 00

Fig. 8. Time-differenced dynamic spectrum during part of the burst
group 12:09-12:14 UT (a; dark shading shows increasing flux density)
and the source configurations (b, ¢) during the first (~12:09:35 UT) and
third (~12:09:46 UT) burst attaining the low-frequency border of the
dynamic spectrum in (a). Time resolutions 1s (ORFEES). The sources
in (b, ¢) are represented by iso-intensity contours at half-maximum
(NRH images with 0.25 s integration) at 228, 173, and 151 MHz over-
plotted on an image of the type IV source at 432 MHz (integration 10 ).
The tilted ellipses near the upper right corner of the plots show the half-
maximum levels of the interferometric beam.

1997; James & Subramanian 2018). The bursts are emitted at the
position of the moving type IV source, follow the drift of the
continuum towards lower frequencies, and leave the ORFEES
frequency range near 12:29 UT.

2.6. Burst groups

The 1D time histories in Figs. 5a,b show that different phases
of the moving type IV burst are accompanied by other burst
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groups. Between 12:09 and 12:14 UT a group is observed at
all NRH frequencies north-eastward of the type IV source. At
432 MHz bursts are seen north-westward of the type IV source
from 12:17 to 12:21 UT. ORFEES shows them at frequen-
cies above 300 MHz. From 12:39 to 12:43 UT a third group is
observed at the lower NRH frequencies (228 and 151 MHz in the
figure).

2.6.1. Burst group 12:09-12:14 UT

This early burst group is most prominent at frequencies below
400 MHz (Figs. 5a,b). The time interval 12:09-12:11 displayed
in Fig. 8 shows a more detailed view, which is representative
of the whole group. In the high-frequency part of the time-
differenced dynamic spectrogram (a) broadband modulations are
seen, which extend down to at least 300 MHz near 12:10:40 UT.
They are emitted by the type IV source, which is not yet mov-
ing. In Figs. 5a,b its motion becomes discernible after 12:12 UT
in the east-west direction, and a little earlier in the south-north
direction. The linear fit to the peak coordinates of the source
in the interval 12:11-12:20UT intersects the average previ-
ous position around 12:12 UT (east-west) and 12:10 UT (south-
north), respectively. The type IV source hence starts its motion
during the burst group.

Besides the broadband modulations, Fig. 8a shows two types
of bursts. Bursts in the range 200-400 MHz have short dura-
tions and sharp cutoffs at low and high frequencies. Bursts below
200 MHz last longer and extend beyond the ORFEES frequency
range. They look like the high-frequency parts of type III bursts,
but are not detected below 80 MHz by the e-Callisto or NDA
spectrographs. This suggests that they are rather of type J; in
other words, they are emitted by electron beams in extended
closed magnetic structures.

The NRH images with the highest available time resolu-
tion (0.25 s) show that most band-limited high-frequency bursts
(400-200 MHz, say) are emitted in the type IV source. The low-
frequency type IlI-shaped bursts come from two sources, dis-
played in Figs. 8b,c: the first burst (b; 12:09:35 UT) originates
near the type IV source. The sources indicate a magnetic struc-
ture that bends away to the south from the parent active region.
The burst has a rather sharp time profile, unlike most later bursts.
Figure 8c shows a map during the diffuse burst at 12:09:46 UT.
Its sources at 173 and 151 MHz are north-eastward of the type IV
source at 432 MHz. They are seen on top of the eastern source at
228 MHz, suggesting that the parent magnetic structure points in
the observer’s direction. The contour at 228 MHz shows a dou-
ble source. The western component is the type IV burst, and the
eastern one the type IlI-shaped burst. The band-limited bursts at
higher frequencies occur mostly in the type IV source, but at fre-
quencies between 228 and 299 MHz some bursts are indeed seen
to occur simultaneously in the two sources. The eastern burst
source also appears as a distinct feature north-eastward of the
type IV source in the AIA/NRH movie (Movie 02) from 12:10
to 12:12 UT. The comparison with the trajectory of the filament
shows that the type IlI-shaped radio bursts occur on the eastern
flank of the erupting structure.

2.6.2. Burst group 12:17-12:21 UT

The dynamic spectrogram in the top panel of Fig. 9a displays two
groups of short bursts between 12:17 and 12:21 UT: a group of
broadband, but band-limited bursts above 300 MHz, and narrow-
band bursts below 250 MHz, which we identified as type I bursts
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Fig. 9. Dynamic spectrum and source location during the high-
frequency burst group 12:17-12:21 UT. (a) ORFEES dynamic spectrum
using 0.1 s time resolution (top panel; grey levels graded from 0.99 to
1.5 times the pre-event background, logarithmic scale), and the corre-
sponding 1D images at three frequencies (NRH, 0.25 s integration). The
overplotted red line marks the peak positions of the first moving type
IV source (NRH, 10 s integration). (b) Map of the burst at 12:19:04 UT
(iso-intensity contour at half-maximum at 408 MHz overplotted on the
simultaneous image at 432 MHz; 0.25 s integration).

in Sect. 2.5.3. The three time histories of 1D images projected
on the solar south-north direction at 408, 228 and 173 MHz in
Fig. 9a show the source locations, with the track of the mov-
ing type IV source derived from the 10s integrated data super-
posed as a red line: the low-frequency bursts (173, 228 MHz)
come from the moving source, but the high-frequency bursts
(408 MHz) come from a source located north of the moving
one. The east-west positions of the two burst groups are con-
founded, and are not shown here. Figure 9b shows the NRH
image at 432 MHz taken during the bright high-frequency burst
at 12:19:05 UT, with the overlaid half-maximum intensity con-
tour at 408 MHz. The southern source in the image is the mov-
ing type IV source. The northern source in the 432 MHz image,
which is the brightest source at 408 MHz, emits the burst. This
source is also seen in the AIA/NRH movie (Movie 02) between
12:19 and 12:21 UT. It is located above the leading part of the
parent active region.

At the time of this burst group the eastward motion of the
moving source ceases at high frequencies (Fig. 5a). The south-
ward motion continues some minutes, before also slowing down
(Fig. 5b).
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Fig. 10. Dynamic spectrum and source location during the low-
frequency burst group 12:39-12:43 UT. (a) Broadband dynamic spec-
trum. (b) Map of the burst at 12:39:05UT (iso-intensity contour at
half-maximum at 228, 173, 151 MHz overplotted on the time-integrated
image (10 s) at 228 MHz.

2.6.3. Burst group 12:39-12:43UT

In the dynamic spectrum in Fig. 10a the frequency range of
ORFEES comprises some weak diffuse bursts, which are the
high-frequency parts of type III bursts more clearly seen below
100 MHz by the Glasgow e-Callisto station and by NDA. Sev-
eral early bursts in the ORFEES group merge into one or two
bursts detected by NDA, and then into a single type III burst
observed by Wind/WAVES. The latter shows that electron beams
released in the corona at this time escape into the heliosphere.
This burst group is accompanied by X-ray bursts observed up to
15keV by SO/STIX (Fig. 5c¢). In Fig. 10b iso-intensity contours
at half-maximum during one of these bursts, mapped with 0.25 s
integration at 151, 173 and 228 MHz, are overlaid on a time-
integrated image at 228 MHz, where the dominant source is the
moving type IV burst, with a weak secondary source above the
active region. The type III burst contours project to the vicinity
of the moving type IV source. Since the NRH observes the type
IIT bursts close to their starting frequency, this suggests that the
electron beams are not released in the parent active region, but
rather from the erupting magnetic structure.

The burst group occurs again at about the time when the
source kinematics changes: Figs. 5a,b show that the southward
motion ceases at 151 MHz at the end of the burst group, while
the eastward motion resumes.
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2.7. The second moving type IV burst: 12:40-13:55UT

For completeness we briefly describe in this section the sec-
ond moving type IV burst. The movie (Movie 02) illustrates
this description. While the first moving type IV emission is fad-
ing away, a new source appears since 12:40UT at 228, 173
and 151 MHz above the northern flank of the erupting mag-
netic structure visualised by the absorbing material at 30.4 nm
and the radio brightness depression. The movies show that
this source gradually broadens towards the eastern direction,
and then a source detaches from it and follows an essentially
eastward-directed trajectory. Linear fits to the successive cen-
troid positions between 13:00 and 13:30 UT at 228 MHz, 13:00
and 13:52UT at 173 and 151 MHz show a uniform eastward
motion at a projected speed of 140-160kms~!. The brightness
temperature is slightly higher at 151 than at 173 MHz between
the start and about 13:18 UT and about five times weaker at
228 MHz. Thereafter the brightness temperature increases at all
frequencies until 13:30 (maximum 6 - 10°K at 151 MHz). The
decay phase is observed until 13:24 UT at 228 MHz, 13:50 UT
at 151 and 173 MHz, with a faster decrease of the bright-
ness temperature at the higher frequencies (i.e. a steepening
spectrum).

The motion of this source is clearly different from that of
the first moving type IV burst and has no obvious relationship
with the south-eastward expansion of the filament and the radio
brightness depression. But the 30.4 nm AIA images show dis-
crete eastward-moving features in the lower layers of the north-
ern branch of the erupting filament at the same time. This east-
ward motion looks like another episode of instability of the same
erupting magnetic flux rope.

A stationary type IV burst is observed since 13:29 UT above
the leading part of the parent active region. It establishes itself
rapidly at all NRH frequencies with a typical columnar structure
(see Salas-Matamoros & Klein 2020, and references therein).

The moving type IV source is too weak to be detected by
ORFEES, but a broadband emission with some bursts overlaid
is observed by NDA in the range 50-25 MHz (Fig. 1a) between
about 13:30 and 14:30 UT. This is actually the strongest emis-
sion observed by NDA during the event. It may be the low-
frequency part of either the moving or the stationary type IV
burst seen at NRH frequencies. There is no trace at frequencies
below 16 MHz that electrons escape to the heliosphere in relation
with this emission.

2.8. Energetic electrons in the heliosphere

The picture developed from the X-ray, EUV and coronal radio
observations is that non-thermal electrons confined in an erupt-
ing magnetic structure emit the moving type IV burst. The first
two burst groups (12:09-12:13 and 12:17-12:21 UT) indicate
two episodes of electron release near the base of the flux rope.
The third group (12:39-12:43 UT) comprises a type III burst at
frequencies below 10 MHz, which shows that energetic electrons
escape to the heliosphere at this time.

Non-thermal electrons are indeed detected in the helio-
sphere by Solar Orbiter. The EPT data have a time resolution
of 1second. Energy channels extend from 33 keV to 471 keV
with widths of a few keV that increase with increasing energy.
Since count rates were weak, we integrated over 31 s and over
four adjacent energy channels. The count rate time histories in
the four lowest integrated energy ranges, normalised to the peak
value, are plotted in Fig. 11a. The abscissa is the time of detec-
tion at the spacecraft. The time histories show two successive
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Fig. 11. Time histories of the electron events (a) and radio and
Langmuir wave emission observed at Solar Orbiter (b) and broad-
band radio spectrum seen from the terrestrial viewpoint (c) on 2021
August 24. (a): Count rates of energetic electrons in different channels
(Solar Orbiter/EPD/EPT). (b): Dynamic spectrum of the hectometric-
to-kilometric type III burst and Langmuir waves (Solar Orbiter/RPW).
The time given is the time at the spacecraft. Horizontal bands in (b) are
residuals of radio interference. The vertical red lines in (b) are the ini-
tial solar release times of the three energetic electron events, to which
the photon travel time of 320s from the Sun to Solar Orbiter has been
added. (c): Dynamic radio spectrum as seen from 1 AU (as Fig. 1). Red
vertical lines show the initial release times of the electron events with
added photon travel time 500s.

electron events. Each lasts about ten minutes. In dynamic spectra
of the STEP and EPT data (Fig. 12a) the onset is clearly delayed
at lower energies. The delay is also seen in the time histories
of Fig. 11a. Out of the four electron detectors of EPT only the
sunward-looking ones detected these electrons. The directivity
and the time delays demonstrate that the two events are from
distinct electron releases at the Sun. They are actually preceded
by a very weak first release, which corresponds to the weak
enhancement starting shortly before 12:10 in Fig. 11a. It has a
clear signature in the low-energy part of the dynamic spectrum
of Fig. 12a. We refer to these three electron events as events 1-3
in the following. Their spectra taken around the time of maxi-
mum, displayed in Fig. 12b, show comparable differential elec-
tron fluxes at a few keV during the first and second event, while
the third event is more than an order of magnitude stronger. The
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Fig. 12. Dynamic and peak energy spectra of the electron events
observed by the Solar Orbiter/EPD suite on 2021 August 24. (a)
Dynamic spectrogram (EPT and STEP detectors). The data were
smoothed by a running mean over 3 min. The magenta lines show the
ideal dispersion for electrons injected at the earliest (solid lines) and lat-
est (dotted lines) SRT times given for each event in Table 1. (b) Spectra
of the differential electron flux at the maxima in each detector chan-
nel. A pre-event background taken 30 minutes before the first event was
subtracted.

differences decrease with increasing energy. No enhanced fluxes
of energetic protons or ions were observed.

A type III burst is also observed by Solar Orbiter/RPW
(Fig. 11b). RPW detects the burst at 1 MHz since 12:39 UT
(time at the spacecraft), followed by a second burst at frequen-
cies below 500kHz. As Solar Orbiter is at heliocentric dis-
tance 0.64 AU, electromagnetic waves take three minutes more
to reach 1 AU than to reach Solar Orbiter. The first type III burst
observed at | MHz by RPW is hence the one seen near 12:42 UT
at Wind. When the radio emission reaches the local plasma fre-
quency at Solar Orbiter (about 40 kHz, near 13:35UT), Lang-
muir waves are observed as a series of bright narrowband emis-
sions (13:35-13:45UT). A short period of Langmuir waves is
observed near 13:09 UT, too, but without a fundamental type III
burst.

The detection of Langmuir waves shows that Solar Orbiter
is well connected to the region where the electrons emitting
the type III burst are released. This is not surprising, since the
eruptive event on the Sun is located about 34° west of the cen-
tral meridian of the spacecraft. The measured solar wind speed
is slowly increasing from 380 to 400kms~' at the time of the
electron events’. For a speed of 400kms~! the Parker spiral is

7 Quicklook plots at https://mssl.ucl.ac.uk/missions/solo_
swa_quicklooks/, SWA_LL data.
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0.68 AU long and intercepts the solar wind source surface about
40° west of the central meridian of the spacecraft (i.e. 6° west of
the active region of interest).

In order to determine the onset times of the electron events
we evaluated a pre-event background level in each electron
detector channel of EPT as the average count rate between 10:30
and 11:30 UT. The onset times of the three events were estimated
by visual inspection of the time histories in different detector
channels and by the backward extrapolation to the pre-event
background of a linear fit to the logarithm of the early rise. The
average electron velocity in each nominal energy channel was
used to map the individual onset times back to the Sun. The onset
times inferred from the two methods are listed in Cols. 2 and 3
of Table 1. The error quoted in Col. 3 is the uncertainty of the
time of background interception due to the statistical uncertainty
of the fit. The mean velocities in the relevant energy channels
and the resulting travel times along 0.68 AU are listed below the
Table. The travel times were subtracted from the extremes of the
onset times in Cols. 2 and 3 to yield the initial solar release times
(SRT). They are listed in Col. 4, with 500 s being added to make
the release times comparable with the timing of electromagnetic
observations at 1 AU. The lines in magenta overplotted onto the
dynamic spectrum in Fig. 12a show the ideal dispersion for elec-
trons injected at the earliest (solid lines) and latest (dotted lines)
initial solar release times (without adding 500s) in the energy
range 33.0-78.8 keV. The dotted lines, which were inferred from
the visual identification of the event start in EPT channels, are
indeed close to the visual onset of the electron events in the
dynamic spectrum, while the solid lines appear earlier, because
they mark the earliest possible start of the initial solar release
derived from the backward extrapolation of the rise-time profile.

The initial solar release times referred to photon arrival times
at 1 AU are in the ranges 12:09-12:13 UT (event 2, based on
energy channels 33-78.8keV) and 12:36-12:41 UT (event 3).
This timing relates event 2 to the start of the moving type
IV burst and the accompanying burst group 12:09-12:14 UT,
and event 3 to the burst group 12:39-12:43 UT with the low-
frequency type III burst. The initial solar release of the weak
event 1 is estimated at 12:00-12:03 UT. Because of the weak
signal this estimate is rather uncertain. The time intervals of ini-
tial electron release are overplotted on the dynamic radio spectra
observed at Solar Orbiter and at 1 AU in Figs. 11b,c.

Event 3 is a typical impulsive electron event, accompa-
nied by local Langmuir waves and type III radio emission that
approaches the local plasma frequency at the time when the
Langmuir waves start. It is the more intriguing that there is
no type III emission with event 2, which looks similar in the
EPT channels. The Langmuir waves detected at Solar Orbiter
near 13:35UT start 62-67 min after the initial solar release of
the electron event 3 (Table 1, without adding 500 s!). With the
same delay Langmuir waves associated with event 2 would be
expected to start between 13:03 and 13:12 UT. This is consis-
tent with the short burst at 13:09 UT, which suggests that unsta-
ble electron beams do accompany event 2, without giving rise to
radio emission.

3. Discussion
3.1. Summary of observational results

In this work we studied a small eruptive solar flare from a sim-
ple active region (8-configuration) with the aim of shedding light
on how the radio sources, which mark where non-thermal elec-
trons are seen in the corona, are related to the erupting magnetic
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Table 1. Onset times and initial solar release times of the three electron
events observed by SO/EPT.

Energy range Onset time at SO [UT] SRT + 500
(keV) Visual Fit to rise (UT)

(1) (2) (3) )

Event 1:

33.0-43.2 12:07-12:09 - 12:00-12:02
43.2-58.0 12:07-12:08 - 12:02-12:03
58.0-78.8 >12:07 - >12:03
Event 2:

33.0-43.2 12:20:21 12:17:17+77s  12:09-12:13
43.2-58.0 12:17:21 12:16:54 +56s  12:11-12:12
58.0-78.8 12:15:59 12:13:46 +77s  12:09-12:12
78.8-110.9 12:17:44 12:15:44 +73s  12:12-12:16
Event 3:

33.0-43.2 12:48:22 12:47:02+43s  12:39-12:41
43.2-58.0 12:46:14 12:42:43 +90s  12:36-12:41

Notes. Velocities corresponding to the mean energies of the four detec-
tor channels, divided by ¢: 8 = 0.366,0.415,0.471,0.537. Correspond-
ing travel times along 0.68 AU: 929, 8195, 7225, 633 s.

structures and to near-relativistic electrons detected in the helio-
sphere. We summarise our findings as follows:

1. The first signature of the event is an impulsive flare phase
observed from X-rays to radio frequencies, with a cutoff near
70MHz (Sect. 2.3). During the common phase of radio and
X-ray emission, the radio bursts show bidirectional drifts at
frequencies above about 300 MHz (i.e. evidence of upward
and downward-propagating electron beams), and at lower
frequencies type J bursts, which signal electron beams prop-
agating in closed large-scale magnetic structures. At the end
of the impulsive phase four type III bursts are observed
between 400 and 144 MHz, without counterpart at X-rays or
radio waves below 100 MHz.

2. The eruption comprises a CME and an embedded fila-
ment. At 30.4 nm wavelength the filament has two branches
expanding from the parent active region. The motion is
mainly directed south-eastward, meaning it is strongly non-
radial for a parent active region in the north-eastern solar
quadrant (Sect. 2.4). The region delimited by the two
branches of the filament at 30.4 nm wavelength forms a
brightness temperature depression at decimetric and metric
wavelengths.

3. A moving type IV burst is observed at all NRH frequencies.
The source moves out between the two branches of the fil-
ament material, at larger projected distance from the par-
ent active region than this material, with average projected
speeds of 100-200km s~! that increase with decreasing fre-
quency. The projected average velocity vector is nearly
orthogonal to the projection of the radial direction. The
source geometry suggests that the radio source is located at
the top of the erupting magnetic field structure (Sect. 2.5.1).

4. The moving radio source keeps a constant diameter during
the entire emission at all frequencies (Sect. 2.4).

5. While the radio source moves outward with the filament
material, its kinematics has irregularities, with periods of a
pure southward motion and others where the source moves
south-eastward (Sect. 2.5.1).

6. Periods where the kinematics changes are accompanied by
groups of short radio bursts (Sect. 2.6). The source motion
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starts during the first group, which comprises bursts of types
J and III that are tracked down to frequencies of about
70 MHz. The second consists of band-limited bursts (NRH:
408, 432 MHz) at the time when the eastward motion ceases
at those frequencies. Both groups occur in the parent active
region, at the flank and outside of the erupting magnetic
structure outlined by the filament and the moving type IV
source. The third group comprises type III bursts observed
by the NRH between 228 and 151 MHz near their start fre-
quency. The source is found near the moving type IV burst
source (i.e. near the top of the erupting magnetic structure).
This burst group extends to lower frequencies into the sole
type III burst observed at decametric-to-hectometric wave-
lengths (frequency <16 MHz) during the event.

7. The moving type IV radio emission is accompanied by X-
ray emission observed between 4 and a few tens of keV
(Sect. 2.5.2), which follows a similar time evolution as the
higher NRH frequencies (300-432 MHz).

8. The mean brightness temperature spectrum of the mov-
ing type IV burst (integration 105s) has a broad bandwidth
with a low-frequency cutoff that is initially in the range of
the NRH observations (about 300 MHz) and then gradually
drifts towards lower frequencies. In the first minutes the
spectrum of this continuum is rather flat. As the lower fre-
quencies start to become visible, it adopts a power-law shape
with a roughly constant spectral index in the range 6—7 until
the emission disappears. During part of the time, subsecond
bursts with bandwidths of a few MHz appear scattered across
the frequency range of the continuum. On occasion they clus-
ter in chains with overall slow frequency drift, similar to type
I bursts in noise storms (Sect. 2.5.3).

9. After this moving type IV source fades away, a second one
is observed at 228, 173 and 151 MHz propagating eastward
together with absorbing material in the north-eastern leg of
the filament at A = 30.4 nm. The relationship with the overall
eruption is less clear than in the previous moving source. The
kinematics of the filament material suggest a new episode of
instability in the erupting magnetic structure. Shortly after-
wards, a stationary type I'V burst establishes itself with a pro-
jected location near the active region.

10. The eruptive event is accompanied by three impulsive
and strongly collimated electron events observed by Solar
Orbiter, which is at about 6° longitude of the nominal Parker
spiral through the parent active region (Sect. 2.8). The first
event is very weak. Its onset time is uncertain, but not incon-
sistent with electron release during the impulsive flare phase.
The onsets of the two later events map back, within observa-
tional uncertainties of a few minutes, to the first and third of
the three groups of short bursts that accompany the moving
type IV emission. The third, and probably also the second
electron event are accompanied by Langmuir waves detected
at Solar Orbiter. But only the third event in the series, which
has the most intense energy spectrum below 10keV, pro-
duces a type III burst at decametric to hectometric wave-
lengths.

3.2. Elements of interpretation and discussion

3.2.1. The magnetic configuration

The basic building block of a solar eruptive event is a mag-
netic flux rope (e.g. Cremades & Bothmer 2004; Vr$nak 2008;
Schmieder et al. 2015; Janvier et al. 2015; Chen et al. 2020). In
the pre-eruptive state the absorbing filament material outlines the

lower layers and dips. We interpret the two diverging branches
of filament material seen in the 30.4 nm images on 2021 August
24 as the legs of the flux rope. Their south-eastward motion
is strongly non-radial, since the parent active region and fila-
ment are located in the north-eastern quadrant. As illustrated
by PFSS extrapolations®, the open field lines of the neighbour-
ing north-polar coronal hole bend towards the equator above
the active region where the filament erupts. Such a magnetic
configuration is shown by a number of studies to be at the
origin of non-radial motions of CMEs and erupting filaments
(e.g. Panasenco et al. 2013; Sieyra et al. 2020, and references
therein), due to a magnetic pressure gradient towards the coronal
hole (see also Aulanier et al. 2010). The gradual increase of the
eastward motion of the filament as it approaches the solar equa-
tor and the final eastward motion of the moving type IV source
can be explained by the decreasing equatorward magnetic pres-
sure of the coronal hole.

Depressions of the thermal radio emission in solar eruptions
were studied by Marqué and coworkers (Marqué et al. 2001,
2002). In his comprehensive analysis of radio emissions from
quiescent filaments Marqué (2004) shows that the structure and
intensity of the brightness depressions can be understood by the
reduced bremsstrahlung emission from the filament cavity, due
to its lower electron density than in the ambient corona. He also
shows an example (his Fig. 8) where the boundaries of the mov-
ing brightness depression transit into those of the cavity seen in
white-light observations. We do not pursue the analysis of the
depression in the present work, but consider its observation as
an independent confirmation of the motion of the erupting mag-
netic structure derived from the EUV images.

The location of the source of the moving type IV burst
then suggests that the emitting electrons are confined near the
top of the magnetic flux rope. The frequency dispersion of the
centroid locations is much smaller than the overall size of the
flux rope during its expansion. If the radio waves are emitted
at the electron plasma frequency or its harmonic, as argued in
Sect. 3.2.3, this frequency dispersion can be qualitatively under-
stood by radio emissions at different density levels around the
top of the flux rope with a density gradient directed towards the
parent active region.

Moving type IV bursts from the top of erupting mag-
netic structures traced by filaments and prominences were
reported in earlier case studies (Gopalswamy & Kundu 1989;
Klein & Mouradian 2002; Vr$nak et al. 2003; Raoult-Barbezat
& Klein 2005). The latter show a similar configuration to the
2021 August 24 event, with the radio source in between two legs
of the erupting prominence (their Fig. 2) and a consistent height-
time trajectory (their Fig. 3). Bain et al. (2014) also report an
overall association between the moving type IV source and fil-
ament material, but the radio source is more complex than in
the present event. Vasanth and coworkers (2016; 2019) conclude
similarly that the moving type IV sources in their events are
located in the erupting flux rope, which they identify with plasma
structures observed in hot EUV lines and later with the core of
the CME in coronographic images. However, Pick et al. (2005)
observe a single outward-moving type IV source to project onto
the legs of a loop-shaped structure in SOHO/EIT 19.5 nm images,
and Ramesh et al. (2013) show their sources to project onto the
legs of CMEs in coronographic images. In the event studied
here the second moving type IV burst is also seen in the leg of
the erupting structure, although the association with a discrete
absorbing feature at 30.4nm suggests that the geometry and

8 e.g. https://nso.edu/data/nisp-data/pfss/
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kinematics are more complex than the steady outward motion of
a single magnetic flux rope. Morosan et al. (2020) attempt a 3D
reconstruction of an event with multiple moving radio sources.
The radio source location in the 2021 August 24 event may hence
not be the only possible one for a moving type IV burst. But the
simplicity of the first moving type IV burst and the availability of
high-cadence EUV imaging give an unusually clear hint towards
the magnetic configuration in this event.

The spatial restriction of the radio source around the top of
the flux rope suggests that the radio-emitting electrons are con-
fined. The source is in the typical ‘isolated source’ category
identified by the early Culgoora observations (Smerd & Dulk
1971; Stewart 1985). Magnetic confinement near the top of a
magnetic flux rope can be envisaged due to the twisted mag-
netic field. In the present case the magnetic mirror effect may
be strengthened by the compression at the interface with the
overlying coronal hole, which imposes the southward motion of
the flux rope. However, the similarity of time histories at radio
and X-ray wavelengths, which was also observed by Pick et al.
(2005), means that the bulk of the non-thermal electrons circu-
late between the radio source at the top and the X-ray source
near and in the feet of the magnetic structure. The notion that the
radiating electrons are magnetically confined in a ‘plasmoid’ as
proposed by Smerd & Dulk (1971) does not apply here (see also
the critical discussion of this concept by Robinson 1978).

Emissions by non-thermal electrons in the footpoints of
a magnetic flux rope were recently reported at microwave
(Chen et al. 2020) and hard X-ray wavelengths (Stiefel et al.
2023). The spectrographic imaging observations of Chen and
coworkers with the Extended Owens Valley Solar Array demon-
strate correlated brightenings of the microwave emissions from
the footpoints and near the current sheet in the wake of the
erupting structure. The microwave burst has a counterpart at
dm-m-wavelengths, observed in the dynamic ORFEES spectro-
gram (see Fig. 5 of Klein 2021). It is hence the high-frequency
component of a type IV burst. The analysis by Chen et al.
strongly supports the idea that the electrons are accelerated in
the current sheet. Judging from the X-ray emission in the 2021
August 24 event, the electrons have energies up to some tens
of keV. They must lose energy by Coulomb collisions while
propagating in the rather dense ambient medium necessary if
the radio emission is plasma emission. We do not know well
the energy required for the radio emission (see e.g. Sect. 4.4 of
Salas-Matamoros & Klein 2020, in the context of stationary type
IV bursts). The radio-emitting electrons might be re-accelerated
in the compression region around the top of the flux rope. For
instance, betatron acceleration produces an electron population
with increased energy at high pitch angles, which favours mag-
netic trapping. The process has been argued to be at work in the
Earth’s magnetotail (Fu et al. 2011; Zhong et al. 2020). While
compression ratios able to explain the acceleration of electrons
from the thermal background of about 100eV are unlikely to
occur, the re-acceleration of non-thermal electrons from the cur-
rent sheet may still be possible around the compressed summit
of the magnetic flux rope.

3.2.2. Destabilisation of the large-scale magnetic structure
and electron acceleration

The type IV radio source starts moving during a group of fast-
drift bursts (12:09-12:14 UT). This is clearly seen at the higher
NRH frequencies (e.g. 432 MHz), where the type IV source
exists at a stable position since a few minutes before the burst
group. After the bursts the source moves outward at about con-
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stant projected speed. This suggests that the magnetic struc-
ture is accelerated at coronal heights <0.1 Ry above the photo-
sphere for a duration that lasts not longer than the burst group,
and which is accompanied by the acceleration of non-thermal
electrons, similar to more energetic events (Temmer et al. 2010;
Sagqri et al. 2023), although this may not be the unique possi-
ble scenario (Wang et al. 2023). The correlation between CME
acceleration and signatures of electron acceleration is usually
interpreted in terms of electron acceleration in the wake of the
rising magnetic structure, where a current sheet must form. In
the present case, however, the radio bursts have two sources
shown in Figs. 8b,c. The eastern one is well away from the type
IV source, which at that early time is still confounded with the
active region. This geometry is more consistent with accelera-
tion outside the erupting magnetic structure than in its core. This
location grants the electrons access to open magnetic field lines,
as suggested by the type III-shaped dynamic spectra, and escape
to the heliosphere, which makes them detectable at Solar Orbiter,
as discussed below. Reconnection on the side of a magnetic
flux rope that does not necessarily cause its eruption has been
reported in MHD simulations (e.g. Aulanier 2014; Masson et al.
2019).

3.2.3. Constraints on the radio emission process

The brightness-temperature spectrum of the moving type IV
burst derived from data with 10 s integration is broadband, with
the signature of a rather sharp low-frequency cutoft that grad-
ually drifts towards lower frequencies. While the spectrum is
initially rather flat, it later adopts and maintains a power-law
shape. This spectrum is consistent with gyrosynchrotron mod-
els discussed for other moving type IV bursts in most of the 20th
century work (Dulk 1973) and more recently (Tun & Vourlidas
2013; Bain et al. 2014), as well as for other varieties of type IV
bursts (Bastian et al. 2001; Maia et al. 2007; Carley et al. 2017,
Mondal et al. 2020). However, this mechanism needs electrons
of hundreds of keV, for which no complementary evidence exists
in the 2021 August 24 event. For instance no gyrosynchrotron
emission is detected at microwave frequencies, which is the
typical trace of mildly relativistic electrons in large type IV
bursts. The X-ray observations only show electrons out to a
few tens of keV, which emit with a similar time profile as in
the moving type IV source. Furthermore, during a large part
of its brighter phase the moving type IV burst is accompa-
nied by short narrowband bursts with the spectral characteris-
tics of type I bursts, which are commonly attributed to coherent
plasma emission. While we cannot exclude that the bursts and
the continuum are seen at the same location only because the
NRH does not resolve the sources (see e.g. the comparison of
LOFAR and NRH observations of a type IV burst in Liu et al.
2022), plasma emission is a likely process in view of the argu-
ments above. Plasma emission in moving type IV bursts is also
advocated in other recent analyses. Ramesh et al. (2013) deter-
mined the thermal electron density in the moving type IV sources
from coronographic observations to be as high as 8 - 10> m~3,
corresponding to an electron plasma frequency of 25 MHz.
This would imply suppression of the gyrosynchrotron emission
well into the frequency range where the Gauribidanur spectro-
graph and radioheliograph observed the emissions. Vasanth and
coauthors (2016; 2019) underline difficulties to reconcile espe-
cially the frequency-dependent source locations with the inco-
herent gyrosynchrotron process, while Morosan et al. (2019;
2020) find the circular polarisation to be too strong for this
interpretation.
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The low brightness temperature of the continuum, well
below 10°K in the 2021 August 24 event, can be understood
in terms of incoherent plasma processes as advocated for noise
storm continua (Robinson 1978; Melrose 1980; Benz & Wentzel
1981; Wentzel 1985, 1986), with some similarity to stationary
type IV bursts (Salas-Matamoros & Klein 2020). The superposi-
tion of type I bursts reinforces the similarity with noise storms.
It is noteworthy that in their original identification of type IV
continua Boischot & Denisse (1957) took the absence of type
I bursts as a defining criterion. The presence of such bursts in
the 2021 August 24 event is therefore not typical. It is one more
indication that the notion of type I'V bursts comprises radio emis-
sions in erupting magnetic configurations, but does not designate
a unique emission process.

3.2.4. Energetic electrons in the heliosphere

Numerous historical observations have shown that impulsive
electron events are accompanied by type III bursts at decametric
and longer wavelengths, typically observed by space-borne spec-
trographs at frequencies below 20 MHz (Lin 1985; Ergun et al.
1998). They are associated with impulsive flares, but many weak
events were reported without any observed flare signature in the
low corona or chromosphere (see review by Lin 1985). This led
to a simple picture of acceleration related to magnetic reconnec-
tion in the corona and direct escape to the heliosphere, where
the electrons are detected whenever a spacecraft is on a field line
that is directly connected to the acceleration region, and after a
travel time that is determined by the length of the field line and
the electron speed. Pitch angle scattering can prolong the travel
time (Droge 2000; Laitinen & Dalla 2019), but the first particles
arriving at the spacecraft are usually thought to be those that suf-
fered the least scattering.

However, many subsequent studies of larger events in terms
of electron fluxes or flare importance revealed a more com-
plex picture, where the first particles arrived at the spacecraft
later than expected if they were accelerated together with X-
ray or microwave-emitting electrons in the impulsive flare phase
(Krucker et al. 1999). In some cases this delay can be explained
by prolonged interplanetary travel paths, for instance within
magnetic flux ropes (Kahler et al. 2011a,b; Gémez-Herrero et al.
2017; Wimmer-Schweingruber et al. 2023). But many studies
conclude on the need of an acceleration process that is differ-
ent from the one that accelerates hard X-ray and microwave-
emitting near-relativistic and relativistic electrons in the impul-
sive phase of flares (Kruckeretal. 1999; Klein et al. 2005;
Wang et al. 2006, 2016; Dresing et al. 2021). Klein et al. (2005)
found that events where the electron release into the heliosphere
appears delayed are accompanied by metre-wave radio emis-
sion from non-thermal electrons that extends beyond the impul-
sive flare phase. Maia et al. (2007) discovered a close connec-
tion between the time profile of one electron event, once decon-
volved from interplanetary propagation, and the type IV radio
emission in the corona, which suggests a common origin of the
radio-emitting electrons and those detected in space well after
the impulsive flare phase.

The two most prominent electron enhancements on 2021
August 24 are typical impulsive events. They are unusually
clearly connected in time with two events of electron acceler-
ation in the corona identified by radio bursts at decimetre-to-
metre-wavelengths. The initial electron releases and the radio
burst groups occur, respectively, 10 and 40 minutes after the
impulsive flare phase. The first of these two releases happens
when a group of type III-shaped radio bursts is emitted on the

eastern side of the erupting magnetic flux rope (Sect. 3.2.2)
around the time when it starts to move outward. The second well-
identified electron release occurs with bursts imaged by the NRH
near their start frequency, which means near the place where the
electron beams start to become unstable. Since the sources are
near the top of the erupting flux rope confining the type IV-burst
emitting electrons, a natural interpretation is that at this time the
magnetic flux rope reconnects with ambient open magnetic field
lines, so that confined electrons can escape or an independent
episode of acceleration occurs. The southward-bending of the
open magnetic field lines from the north-polar coronal hole and
the southward motion of the erupting flux rope both favour the
magnetic connection of the parent active region and the top of
the flux rope to the ecliptic plane. Evidence for such reconnec-
tion events is provided in another case by Salas-Matamoros et al.
(2016).

For this interpretation to work, the Solar Orbiter spacecraft
must be magnetically connected to a region near the footpoint
of the erupting flux rope during the first electron release (near
12:10UT) and to a region near the top 30 min later. This is not
contradictory, although these sites are distant from each other.
The electrons of the first release have passed the region where
the reconnection is presumed to occur well before the second
release, and the information on the new magnetic configura-
tion would arrive at the spacecraft well after the second elec-
tron release. The 2021 August 24 event illustrates that a given
spacecraft may be connected to different acceleration regions
in a given event even if the acceleration process is not spatially
extended, such as a shock wave.

The spectral imaging observations presented here provide
a strong argument in favour of the indirect access of ener-
getic particles to the heliosphere as predicted by the MHD sim-
ulations of Masson and colleagues (2013; 2019), and which
Schatten & Mullan (1977) proposed earlier to explain SEP
events from poorly connected active regions. The release of par-
ticles from a reservoir in erupting magnetic structures had also
been proposed based on observations of only the dynamic radio
spectrum in the much more energetic eruption on 2021 Oct 28
(Klein et al. 2022). The delay of the solar release of electrons
with respect to the impulsive phase observed on 2021 August 24
is comparable with the longest delays reported in earlier work
(Krucker et al. 1999; Klein et al. 2005).

The two clear electron releases are preceded by a weak
enhancement. Its timinig is not inconsistent with a solar release
during the late impulsive flare phase. But it cannot be pre-
cise for such a weak event, where most of the electron flux
is likely hidden in the background. While type III bursts are
observed in the late impulsive phase at frequencies above
144 MHz (ORFEES), they have no counterpart at lower fre-
quencies in the very sensitive NDA spectrogram. This sug-
gests electrons in closed magnetic structures in the corona, but
some electrons do escape into the heliosphere. They would
probably not have been identified as an independent electron
release if there had not been the two stronger subsequent
events.

3.2.5. Impulsive electron releases and type Il radio bursts

A remarkable feature of the electron observations at Solar
Orbiter is that out of three impulsive events associated with the
same parent activity only one is accompanied by a type III bust
at dekametric-to-hectometric wavelengths (<20 MHz). This can-
not be explained by any directivity of the radio emission, since
the same type III burst is observed by Wind and Solar Orbiter,
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which were separated in longitude by 77°. A noticeable dif-
ference is, however, that the electron spectrum (Fig. 12b) of
the event with type III burst is ten times more intense below
10keV than the two previous ones. 10keV is also a typical
transition energy between strongly beamed and strongly scat-
tered electron populations (Lin 1985; Wang et al. 2011). In the
event under study the electrons are strongly anisotropic through-
out the observed energy range, but the measured difference in
peak fluxes may explain why the beamed distribution of the third
electron event leads to a more important growth of Langmuir
waves.

An alternative interpretation of the isolated early Langmuir
wave packet near 13:09 UT would be that the type III emission is
at the harmonic of the local plasma frequency, and that no funda-
mental component is detected. Exclusive harmonic radio emis-
sion with Langmuir waves was reported by Henri et al. (2009).
These authors found the inferred track of the leading edge of
the invisible fundamental to attain the plasma frequency at the
spacecraft at the time of a Langmuir wave packet. Inspection of
Fig. 11b shows that the leading edge of the type III burst spec-
trum is indeed not far from twice the frequency of the Langmuir
waves at 13:09 UT. But the exclusively harmonic interpretation
of the leading edge is inconsistent with its subsequent smooth
continuation to lower frequencies and the junction with the
plasma frequency at the spacecraft at the time when the second,
more sustained episode of Langmuir waves starts. The difference
in electron fluxes below 10keV seems to be the only observa-
tional hint to understand why the previous electron release was
not accompanied by a type III burst.

4. Conclusion

The event on 2021 August 24 offers a set of particularly clear
observations. They are relevant to the understanding of radio
emission, electron acceleration, and electron transport in solar
eruptive activity.

Two moving type IV bursts with unusually long duration
were observed by the Nangay Radioheliograph. The combina-
tion with high-cadence EUV imaging from the Solar Dynamics
Observatory allowed us to localise the radio sources with respect
to an erupting filament that follows a strongly non-radial tra-
jectory. We present a detailed analysis of the first moving type
IV burst. The source is found at the top of the magnetic struc-
ture outlined by the filament and by a brightness depression in
the radio images. Because of the association with the filament,
we identify the erupting structure as a magnetic flux rope. The
radio emission of the moving type IV burst consists of a broad-
band continuum and short narrowband bursts scattered across the
continuum. Both features are emitted at the same location. The
bursts argue in favour of a plasma emission process. The moving
type IV emission is accompanied by X-ray bursts at energies up
to a few tens of keV. Similarities in the time profiles in the two
spectral ranges suggest a common origin of the electrons, which
we propose are injected into the rising flux rope from accelera-
tion regions in the current sheet behind.

The moving type IV burst is accompanied by two groups
of fast-drift bursts including bursts of type III. Their localisa-
tion suggests magnetic reconnection on the flank of the erupting
magnetic flux rope. The first group has its origin near the parent
active region during the early acceleration of the flux rope, the
second originates later near its top, well away from the parent
active region. Both burst groups occurr at the times when elec-
trons observed by Solar Orbiter are released at the Sun respec-
tively 10 and 40 minutes after the first signatures of non-thermal
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electrons in the corona. We conclude that the electrons detected
in space either escape from the erupting flux rope when it recon-
nects with ambient open field lines or are accelerated during
those reconnection events.

Data availability

Movies are available at https://www.aanda.org/
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