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ABSTRACT

We report on the detection of the gamma-ray emission above 100 MeV from the solar flare of September 29, 2022, by Fermi LAT
with simultaneous coverage in HXR by Solar Orbiter STIX. The Solar Orbiter-Earth separation was 178° at the time of the flare as
seen from Earth, with Solar Orbiter observing the east limb. Based on STIX imaging, the flare was located 16° behind the eastern
limb as seen from Earth. The STIX and GBM non-thermal emission and the LAT emission above 100 MeV all show similarly shaped
time profiles, and the Fermi profiles peaked only 20 s after the STIX signal from the main flare site, setting this flare apart from all
the other occulted flares observed by Fermi LAT. The radio spectral imaging based on the Nangay Radioheliograph and ORFEES
spectrograph reveal geometries consistent with a magnetic structure that connects the parent active region behind the limb to the
visible disk. We studied the basic characteristics of the gamma-ray time profile, in particular, the rise and decay times and the time
delay between the gamma-ray and HXR peak fluxes. We compared the characteristics of this event with those of four Fermi LAT
behind-the-limb flares and with an on-disk event and found that this event is strikingly similar to the impulsive on-disk flare. Based
on multiwavelength observations, we find that the gamma-ray emission above 100 MeV originated from ions accelerated in the parent
active region behind the limb and was transported to the visible disk via a large magnetic structure connected to the parent active
region behind the limb. Our results strongly suggest that the source of the emission above 100 MeV from the September 29, 2022

flare cannot be the CME-driven shock.
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1. Introduction

Solar flares have been known to be sources of high-energy
gamma rays for over 40yr now. Evidence that ~3-50 MeV
ions are being accelerated during the impulsive phase of solar
flares was found by observations of nuclear de-excitation lines
in the spectra (Chupp etal. 1982; Forrest et al. 1985, 1986;
Barat et al. 1994; Ackermann et al. 2012), and in some bright
flares, a greater than 100-MeV gamma-ray continuum has
also been observed (Akimov etal. 1992; Vilmer et al. 2003;
Chupp & Ryan 2009; Masson et al. 2009), indicating that ions
were being accelerated to energies greater than 300 MeV. It
has been generally accepted that the magnetic energy released
through reconnection during solar flares was the mechanism
responsible for accelerating ions to such high energies (e.g.
Shih et al. 2009).

* Movie is available at https://www.aanda.org

While observations had already suggested that there were
multiple phases in the gamma-ray solar flares (Forrest et al.
1986), the detection of gamma-ray emission persisting for hours
after all other counterpart radiation had ceased (Kanbach et al.
1993; Chupp & Ryan 2009; Ajello et al. 2014; Ackermann et al.
2014) presented a challenge to the classical magnetic reconnec-
tion theory for ion acceleration. Flares with this type of phase
have been called long-duration gamma-ray flares (LDGRFs)
or sustained gamma-ray emission (SGRE), and several sce-
narios to explain the phenomenon have been proposed over
the years. Two of the most popular are (a) acceleration at
the coronal mass ejection (CME)-driven shock with back pre-
cipitation to the solar atmosphere (Rank et al. 2001) and (b)
trapping of flare-accelerated ions in extended coronal loops or
additional acceleration and release into the loop (Ryan & Lee
1991; Mandzhavidze & Ramaty 1992; Litvinenko & Somov
1995; Ryan 2000; Heerikhuisen et al. 2002).
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Fermi Large Area Telescope (LAT) (Atwood et al. 2009)
observations of high-energy gamma-ray emission from solar
flares over the past 15 yr have now yielded a sample that is large
enough for population studies (Ajello et al. 2021; Share et al.
2018). A special subsample of these flares are those whose
active region is located behind the visible limb at the time of
the eruption, the so-called behind-the-limb (BTL) flares. Since
gamma-ray emission must come from relatively dense plas-
mas, observations of these rare events pose interesting questions
regarding the acceleration mechanisms at work and the trans-
port of the accelerated particles. Prior to the launch of the Fermi
satellite, only three of these BTL gamma-ray flares had been
observed to have emission with energies up to 100MeV. The
total number has now! increased to nine thanks to the LAT detec-
tion of six BTL flares with observed energies in the gigaelectron
volt range.

The scenarios put forth to explain the emission of BTL flares
are essentially the same as those for sustained gamma-ray emis-
sion. In order for the accelerated ions to reach the visible side
of the disk, an extended source is invoked, and such a source
could be the CME shock (Cliver et al. 1993; Vestrand & Forrest
1993; Ackermann et al. 2017; Plotnikov et al. 2017; Jin et al.
2018; Gopalswamy et al. 2020; Wu et al. 2021; Grechnev et al.
2018). Observational results indicating a correlation between
the durations of interplanetary type II radio bursts and gamma-
ray flares as well as support via magnetohydrodynamic simula-
tions and modeling reported in the literature (e.g. Jin et al. 2018;
Plotnikov et al. 2017; Gopalswamy et al. 2018, 2020) have made
the CME-driven shock one of the most popular scenarios for
explaining the gamma-ray emission from not only these events
but also for the flares with SGRE. Additional evidence in sup-
port of the CME-shock scenario has also been reported by
Pesce-Rollins et al. (2022), showing that there exists a coupling
between the extreme ultraviolet (EUV) coronal wave and the ion
acceleration occurring in four of the BTL flares detected by LAT.
Such results are in line with the long tradition that considers the
presence of a type II radio burst at meter waves and beyond as
an indication of a shock wave capable of accelerating particles
in general (Boischot & Denisse 1957; Wild et al. 1963; Reames
2009; Gopalswamy et al. 2012).

The shock-acceleration scenario, however, is not without
problems. The timing of gamma-ray emission from relativis-
tic protons or electrons in the impulsive flare phase requires
an extremely rapid acceleration that is unlikely to be possi-
ble at an extended quasi-parallel coronal shock (Afanasiev et al.
2018). The idea that relativistic particles from a CME shock
could sustain gamma-ray emission over many hours requires
a nearly unimpeded travel from large heliocentric distances
back to the Sun despite magnetic mirroring (Klein et al. 2018;
Hudson 2018). De Nolfo et al. (2019) and Bruno et al. (2023)
analyzed the interacting and solar energetic particle ion popu-
lations during LDGREF events and found that very large precip-
itation fractions are required in several of the events in order
for the CME-shock scenario to explain the observations. How-
ever, models of back precipitation (Hutchinson et al. 2022) do
not support large precipitation fractions, thus posing a problem
for the CME scenario. An alternative interpretation to the CME-
shock scenario of BTL gamma-ray events is particle acceleration
in the flaring active region and their injection into large coronal
loops that connect to the disk (Klein et al. 1999; Vilmer et al.
1999; Grechnev et al. 2018; Ryan 2000). Though more observa-

! At the time of writing this manuscript.
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tional evidence is needed, the BTL flares represent a test bed for
this problem.

The first five >100MeV BTL flares observed by LAT have
time profiles that resemble delayed emission, namely, the time
profiles have a slow rise and a slower decay and a flux peak-
ing several minutes after the associated hard X-ray (HXR) flux.
However, the detection of gamma rays from the BTL flare of
September 29, 2022, adds a new twist to the story because this
event exhibits a very impulsive time profile coinciding with the
non-thermal X-rays detected by the Fermi Gamma-ray Burst
Monitor (GBM; Meegan et al. 2009) detectors. Not only is the
time profile of this flare very different from the other Fermi
LAT-detected BTL flares but also no coronal wave was observed
in association with this event, setting it apart from the findings
reported in Pesce-Rollins et al. (2022).

In this work we present the observations of the solar flare
of September 29, 2022, by Fermi LAT and GBM together
with those from the Spectrometer Telescope for Imaging X-rays
(STIX), the Extreme-Ultraviolet Imager (EUI) Full Sun Imager
(FSI) on board Solar Orbiter, observations from ground-based
and space-borne radio spectrographs and the Nancay Radioheli-
ograph, and EUV images from the Atmospheric Imaging Assem-
bly on board the Solar Dynamics Observatory (SDO/AIA). In
Sect. 2, we review the observations and data analysis of this
event. In Sect. 3, we compare the gamma-ray characteristics of
this event with four other BTL events detected by the LAT as
well as the impulsive phase of the on-disk event of September 6,
2011. In Sect. 4, we discuss the interpretation of the data from
this flare in terms of flare-related particle acceleration and their
propagation in large-scale magnetic structures.

2. Observations and data analysis
2.1. Instrumentation

The Spectrometer Telescope for Imaging X-rays (Krucker et al.
2020) is an X-ray imaging spectrometer on board the Sun
observing satellite Solar Orbiter (Miiller et al. 2020). It observes
solar thermal and non-thermal X-ray emission from 4 to 150 keV
and provides quantitative information on the timing, location,
intensity, and spectra of accelerated electrons as well as of high-
temperature thermal plasmas. The EUI is a coronal imager on
board Solar Orbiter and consists of three telescopes, the Full Sun
Imager (EUI/FSI Rochus et al. 2020) and two high-resolution
imagers that are optimized to image in Lyman-ao and EUV
(17.4nm, 30.4 nm). For this flare, only FSI images at a 10-min
cadence are available. We note that all the times related to Solar
Orbiter observations mentioned in this paper have been adjusted
for the light travel time to Earth.

From Earth’s perspective, HXR and gamma-ray observations
of this flare were made by the Fermi GBM and LAT instruments.
The GBM consists of twelve sodium iodide crystals for the 8 keV
to 1 MeV range and two bismuth germanate crystals with sensi-
tivity from 150keV to 30 MeV. The LAT is an imaging gamma-
ray detector designed to detect photons with energy from about
20MeV to over 300 GeV. The Fermi satellite is in a low Earth
orbit and is an astrophysics observatory, and therefore, it does
not always have the Sun in its field of view.

Spectrographic observations at decimetric and longer radio
wavelengths were provided by the ORFEES spectrograph
in Nancay (Haminietal. 2021) in the 144-1004 MHz fre-
quency range, the e-Callisto spectrograph (Benz et al. 2009)
in Ooty (India, 50-170 MHz), the Nancay Decameter Array
(20-80 MHz; Lecacheux 2000), and the WAVES spectrograph
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(Bougeret et al. 1995) on the Wind spacecraft at decametric
and longer wavelengths (14 MHz to about 3 kHz). Images at
nine frequencies in the 151-432 MHz range were observed by
the Nancgay Radioheliograph (NRH; Kerdraon & Delouis 1997),
which consists of a T-shaped array (1.6 km x 1.25km) with 48
antennas. Images in total intensity were taken with a 0.25-s
cadence.

2.2. Observational overview

In Fig. 1 we report the multiwavelength light curves and dynamic
radio spectra of the BTL flare of September 29, 2022. At
11:50 UT a C5.8 GOES class flare was detected off the eastern
limb of the Sun with emission peaking at 12:01 UT and ending
at 13:09 UT. The SoHO/LASCO CME catalog® (Yashiro et al.
2004) reports a broad CME with a velocity of 416kms™!. The
Solar Orbiter-Earth separation was 178° at the time of the flare,
with Solar Orbiter observing the east limb. Based on STIX imag-
ing, the flare location as seen from Solar Orbiter is 16° behind
the eastern limb as seen from Earth.

The ORFEES and e-Callisto radio spectrographs show a
complex group of fast-drifting bursts from 11:55 to 11:56 UT,
(type 111, J; see below) emitted by electron beams in the corona.
Their counterpart at frequencies below 100 MHz is a bright
type III burst, which shows electrons traveling through the high
corona. These emissions were followed by a type II radio burst
visible from 11:57:30 and continuing past 12:15 UT essentially
at frequencies above 100 MHz. Even though this type II burst
is prominent, no EUV coronal wave was observed to be coinci-
dent with this flare. This is fairly uncommon, as type II bursts
are typically associated with an EUV wave (e.g., Klassen et al.
2000).

Both detectors on board the Fermi satellite detected emis-
sion from the Sun starting at 11:55UT. The LAT >100MeV
flux peaked at a value of 3.3 + 1.6 x 10™*phcm™s~! between
11:55:16-11:55:25 UT and remained significant until 12:01 UT,
when the Sun left the field of view. The GBM 32-76 keV time
profile reached its peak at the same time as the LAT flux, as can
be seen in Fig. 1. The LAT peak flux value for this event is com-
parable to the BTL flare of October 11, 2013 (SOL2013-10-11),
and September 17, 2021 (SOL2021-09-17), both of which were
located roughly 20° behind the eastern visible limb as well. No
significant emission was observed from the Sun when it came
back into the field of view of LAT at 13:15UT.

2.3. STIX data analysis

The Spectrometer Telescope for Imaging X-rays was in nominal
science mode during the period of this flare. The dynamical bin-
ning in time quickly reached the highest cadence of 0.5s, and
essentially all of the impulsive phase of the flare was recorded
at the highest cadence. Based on the time evolution of the emis-
sion measure and temperature derived from the STIX data, the
estimated GOES class is ~X2, with a lower limit of ~X1 and
a higher limit of ~X4. After pre-flare background subtraction,
the observed GOES class from the Earth viewing perspective
is ~C5. Hence, GOES only observed a few percent of the total
soft X-ray flux due to the high occultation of this flare as seen
from Earth. As the flare was at X class level and Solar Orbiter
was rather close to the Sun at 0.41 AU, the STIX attenuator was
inserted during the impulsive phase of the flare. However, this
had only a minor effect on the time profile, as shown in Fig. 1.

2 https://cdaw.gsfc.nasa.gov/CME_list/

To correct for detector livetime, we used the best available live-
time parameters as of February 2023.

The imaging of the flare from STIX and the EUI/FSI and
Solar Orbiter’s position relative to the Sun are shown in Fig. 2.
We used the CLEAN algorithm (Hogbom 1974) and the stan-
dard software in SSWIDL (version v0.3.1) to produce the STIX
images. The thermal source of this flare (red contours) is rather
compact, outlining a flare loop with non-thermal sources at its
footpoints (orange contours). These sources correspond to the
standard flare picture where electrons precipitate to the foot-
points producing non-thermal bremsstrahlung emission followed
by ablation of heated chromosphere that fills the flare loop. How-
ever, for this flare, there is clearly a third non-thermal source
visible at a strength similar to the non-thermal sources at the
footpoints of the flare loop (as can be seen in the upper-left hand
panel of Fig. 2). The third source is clearly separated from the
flare loop to the northeast, and it is not associated with a thermal
X-ray source. This type of flare is generally believed to be asso-
ciated with interchange reconnection (e.g. Krucker et al. 2011),
where emerging magnetic flux reconnects with open field lines.
The reconnection process changes the connectivity of one of the
footpoints to an open field line (or an apparently open field line
that connects back to the Sun far away from the flare). The third
source is associated with this newly open field line. The lack
of thermal X-ray emission is because heated plasma expands
and escapes along the open field line, making the thermal X-
ray signal much weaker compared to the flare loop that confines
the heated plasma within its rather compact volume. The avail-
able EUI/FSI images are saturated at the flare site, but they show
enhanced emission from field lines connecting the flare site with
the high corona.

2.4. SDO/AIA and SUVI observations

The EUV imagers in Earth orbit observed extended and strongly
varying loops above the northeastern solar limb. We inspected
multiwavelength EUV imagery of the corona with the Atmo-
spheric Imaging Assembly (AIA; Lemen et al. 2012) on board
the Solar Dynamics Observatory (SDO; Pesnell et al. 2012)
and the GOES-16 Solar Ultraviolet Imager (SUVI; Darnel et al.
2022). These multi-band observations of the solar corona cover
a broad range of temperatures, and they also profit from the high
cadence of AIA (125s) and the large field of view of SUVI (up
to 2.3 Ry). The activation of this loop system above the north-
east limb started around 11:55UT and is very distinct in the
AIA and SUVI filters that are sensitive to the high flare tem-
peratures (94 and 131 A). The AIA and SUVI filters revealed
the presence of an unusual high-flare loop system reaching up
to about 120 Megameters above the solar limb (see, e.g., the
frame at 11:56:55 UT, right panel of Fig. 3). This was followed
by an ejection of the upper part of the loop system, which then
developed into the CME (see also the movie accompanying
Fig. 3). There is one fast and localized ejection at the north-
ern leg of the loops observed at 11:56-11:58 UT in AIA and
SUVI, and a slower expansion of the higher lying flare loop sys-
tem that started its rise at about 12:00 UT and left the AIA field
of view at around 12:08 UT. The two snapshots in Fig. 3 show
the AIA 131 A images at the beginning and end of the impul-
sive phase emission with superposed radio contours, which we
discuss below.

In addition, a minor and very localized brightening was visi-
ble in the AIA 304 A and 1700 A filtergrams between 11:58 and
12:07 UT at N 23°E 60°. The observations suggest that there was
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an energy transport between the main activity behind the solar
limb and certain regions on the disk, as seen from the Earth.

2.5. Radio spectral imaging as a tracer of electron
acceleration and source geometry

In this section we investigate in more detail the radio emis-
sion that accompanies the HXR and gamma-ray bursts. As seen
in Fig. 1, the type III bursts below 100 MHz are accompanied
by more complex spectral features in the 100—-600 MHz range.
At frequencies above 650 MHz (e.g., in the 790-1000 MHz
range in the central panel), a broadband continuum dominates
the radio spectrum. It extended throughout the microwave fre-
quency range, as observed at fixed frequencies between 1.4 and
15.4 GHz by the San Vito station of the US Air Force Radio
Solar Telescope Network (RSTN; data not shown), with simi-
larly slowly-evolving time profiles as the 1000 MHz time his-
tory in Fig. 1. Bursts, which occur mostly at frequencies below
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field of view at 12:01 UT.

about 650 MHz, are more clearly shown in the time-differenced
ORFEES dynamic spectrogram displayed in Fig. 4. Strong
bursts between about 11:54:50 UT and 11:55:30 UT accompa-
nied the rise of the microwave emission and the rise, maximum,
and early decay phase of the HXR burst observed by GBM. This
suggests that the radio bursts are closely related to the accelera-
tion time history of non-thermal electrons in general. Since the
type II burst occurred well after the HXR and gamma-ray peaks,
we do not go into a detailed study of it in this present paper. We
note, however, that it is uncommon that the type II burst as well
as the eruption (as observed by AIA; see Sect. 2.4) occur after
the impulsive flare phase.

The bursts in the ORFEES range have a frequency drift
similar to type III bursts in absolute value (Fig. 4). We there-
fore ascribed them to plasma emission by beams of non-thermal
electrons. But while the bursts below 200 MHz are the high-
frequency parts of the type III bursts observed by the Ooty
(India) e-Callisto station, NDA, and Wind/WAVES, those bursts
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Fig. 2. STIX and EUI/FSI imaging observations of SOL20220929. Top row, from left to right: STIX thermal (red) and nonthermal (orange) sources
overlaid on the 174 A EUI/FSI image at 11:55:51 UT (panel 1); zoom out of panel 1; and EUI/FSI 304 A image at 12:05:18 UT illustrating the
presence of a very large loop (panel 3). Bottom row, from left to right: EUI/FSI 184 A at 12:05:51 UT (panel 4); EUI/FSI 174 A image at 13:05:51
illustrating how the large loop is still present (panel 5). The rightmost insert gives the position of Solar Orbiter and Earth relative to the flare site

(indicated by the red dot).

above about 200 MHz all have a sharp cutoff at low frequencies,
and they display drifts both to lower and higher frequencies. The
low-frequency cutoff means that the non-thermal electrons emit
in a plasma with ambient electron densities above some thresh-
old (i.e., in closed magnetic field structures). The negative and
positive frequency drifts imply electron beams traveling toward
lower and higher densities in different coronal structures. Over-
all, the bursts cluster in four slowly-drifting chains, which are
clearly separated in the time-differenced dynamic spectrogram
by three dividing lines. These dividing lines are overplotted on
the dynamic spectrum as red dotted lines, and we refer to them
as the low-frequency, central, and high-frequency dividing lines.
They have been adjusted by eye to guide the discussion of the
burst chains.

The central dividing line separates bursts of opposite drift,
namely, bursts drifting toward high frequencies above the line
and bursts drifting toward low frequencies below the line. This
central dividing line is naturally interpreted as the signature of a
region from where electron beams are released upwards (nega-
tive drift, i.e., toward lower frequencies) and downwards (pos-
itive drift, i.e., toward higher frequencies; Aschwanden 2002;
Tan et al. 2016; Klein et al. 2022). The negatively drifting bursts
on the low-frequency side of the dividing line are type J bursts.
The drift toward lower frequencies slows down and stops at some
frequency (see Sinclair Reid & Ratcliffe 2014, and references
therein, Zhang et al. 2023). This is generally explained by elec-
tron beams being in a magnetic loop, as they stop radiating when
they reach the top of the loop. The low-frequency border of the
bursts is seen to proceed stepwise toward lower frequencies, but
it can be constant for some seconds (e.g., 11:55:07-11:55:20 UT
at 220 MHz).

On the high-frequency side of this burst group, Fig. 4 shows
a few positively drifting bursts at frequencies above the high-
frequency dividing line. The burstat 11:55:07 UT in the band 480—
620 MHz has a counterpart in the band 315-470 MHz, and the
burst at 11:55:29 UT in the band 410-520 MHz has a counterpart
in the band 270-370 MHz. In both cases, the high-frequency burst
is at about 1.5 times the frequency of the low-frequency counter-
part. Because of the spectral similarity and the constant frequency
ratio, we consider that this high-frequency drifting chain is closely
related to the positively drifting bursts adjacent to the dividing line
and thatitis notevidence of an independent accelerator. This high-
frequency drifting chain could be explained by the simultaneous
downward release of electrons into two different structures with
a ratio of ambient densities of 1.52.

The radio bursts below the low-frequency dividing line (i.e.,
below 200 MHz) comprise the high-frequency part of the type
III bursts seen below 100 MHz. However, several of the bursts
have high-frequency counterparts that drift in the opposite direc-
tion, similar to the situation around the central dividing line.
This can be clearly seen for the burst in rectangle 4 in Fig. 4.
The separation between these oppositely drifting bursts below
the low-frequency dividing line hence shows a different source
of electron beam generation, namely, higher in the corona but
closely related in time to the lower acceleration region where the
X-ray emitting electrons are accelerated.

We analyzed NRH images during individual bursts using the
full time resolution of 0.25s. The geometries of selected bursts
are shown in Fig. 5, where sources at different frequencies are
represented by isointensity contours at half maximum with dif-
ferent colors. The upper-left panel shows sources of the early
type J burst on the high-frequency side of the spectral dividing
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Fig. 3. Snapshots of SDO/AIA EUV images at 131 A near the start and the end of the impulsive phase radio emission with superposed isointensity
contours of the radio sources (NRH; 10 s integration). A movie showing the evolution over the time range from 11:54 to 12:04 UT accompanies
this figure. The movie extends until 12:04:45 UT, that is, far beyond the impulsive phase, which is the focus of this paper.

line (rectangle 1 in Fig. 4). The source at 327 MHz (green con-
tour) is located in projection to the south of the 408 and 432 MHz
sources (blue contours). Since the emission is at the plasma fre-
quency or its harmonic, the height of the sources is expected to
increase with decreasing frequency. The southward location of
the source at the lower frequency is therefore a projection effect,
which can be understood if the parent magnetic structure con-
nects the active region behind the solar limb, where the electron
beams are supposed to originate, with a point located southwest-
ward of the active region on the Earthward solar hemisphere.
The 327 MHz source, which the dynamic spectrum shows to be
close to the loop top, is also more elongated than the one at 408
or 432 MHz. The elongation can be explained by the small den-
sity gradient along the magnetic field line around the top of the
magnetic structure.

The type J bursts are followed by a chain of mostly positively
drifting bursts on the high-frequency side of the central dividing
line of Fig. 4. The sources of the burst with the best NRH fre-
quency coverage near 11:55:30 UT (rectangle 2 in Fig. 4) are
displayed in the top-right panel of Fig. 5. The high-frequency
source (327 MHz) is now southwestward of the low-frequency
sources (271 and 299 MHz). These sources are located in the
other leg of the magnetic structure that hosted the previous type
J burst. This geometry is again consistent with the magnetic field
lines from the parent active region behind the limb to the disk.
The positively drifting burst is observed in the Earthward leg of
this structure.
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The sources of a well-observed type J burst on the low-
frequency side of the spectral dividing line (rectangle 3 in Fig. 4)
are displayed in the bottom-left panel of Fig. 5. They are again
on the northern side of the magnetic structure identified at higher
frequencies (top row of the figure). The sources at different fre-
quencies appear superposed on each other, which means that the
magnetic field lines that guide the electron beams are parallel to
the line of sight, consistent with the idea that the structure guid-
ing these electron beams overlies the one hosting the bursts on
the high-frequency side of the central dividing line.

The bottom-right panel of Fig. 5 is a color-scale image of
the radio continuum source at 432 MHz after the end of the
bursty emission. The image was integrated between 11:56:20
and 11:56:50 UT, after filtering out fluctuations that come from
residual weak bursts and from sidelobes of the noise storm
source seen near the disk center. The continuum radio source
was observed at the time of the last significant excess measured
by LAT (Fig. 1).

In summary, the imaging observations around the central
dividing line in the dynamic spectrum show emission from an
extended magnetic structure bridging the solar limb. The north-
ern leg of the radio structure projects to above the northern leg of
the loop in the AIA image (Fig. 3), where a fast localized ejection
was observed in EUV images (Sect. 2.4). The source geometry
during individual bursts turns out to be well represented by the
radio contours in Fig. 3, where a much coarser resolution of 10's
was used. This figure also shows the sources at lower frequencies
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(228, 173, 151 MHz) than discussed above, which lie above the
northern part of the high-frequency sources, again connected to
the region where the strongest activity is observed in the EUV
images. The sources at 151 and 173 MHz are the sources of the
type III bursts near their start. These sources are hence close
to the region where electron beams are released onto field lines
that are open to the interplanetary space. The oppositely drifting
bursts that appear on their high-frequency side are not imaged
by the NRH. A possible scenario explaining the observed source
geometry and spectral organization is discussed in Sect. 4.

2.6. Connection between behind-the-limb and on-disk HXR
emission

The time history of the HXR emission observed by STIX
shows a series of bursts, while GBM observed a very smooth
time profile (bottom panel of Fig. 1), as is usual for occulted
X-ray sources (e.g., Kaneetal. 1992). This is because the
bremsstrahlung process leads to bright emission in the chro-
mospheric thick-target sources seen by STIX, where the non-
thermal electrons lose their energy by collisions so rapidly that
particle injections become discernible as individual bursts.

The smooth time profile seen by GBM can be understood
if the details of the electron releases are smeared out by trap-
ping and thin-target emission. In order to emphasize the changes
in the GBM time profile, in Fig. 6, we compared its derivative
(blue line) with the STIX count rate time history (black). The
derivative of the microwave flux density at 8.8 GHz observed by
the RSTN San Vito station is also shown in the figure. It appears
that the three major distinct components of the STIX time profile
(start to 11:55:03 UT, 11:55:03 to 11:55:15UT, and 11:55:15UT
to the end) have counterparts in the derivatives of the count rate
and flux density time histories seen from the terrestrial view-

Fig. 4. Time-differenced ORFEES dynamic
spectrum during the impulsive phase with three
superposed dividing lines between chains of
drifting bursts. The five numbered red rectangles
delimit burst groups that were later used for the
source localization. Time resolution is 0.1 s.

11:55:40

point. These similarities suggest that the electrons seen by STIX
and from the terrestrial viewing direction come from the same
processes of acceleration.

2.7. Fermi GBM and LAT data analyses

The GBM data was background subtracted using a polynomial
fit to the background before and after the flare to approximate
the time variation during the flare. After background subtraction
and normalization of the count rates, the time profiles of the five
most sunward directed detectors were compared. As all of these
profiles agree well with each other, we used the summed profiles
of the five most sunward directed detectors.

We performed an unbinned likelihood analysis of the LAT
data within the Multi-Mission Maximum Likelihood (3ML)3
framework using fermitools* version 2.0.8. We selected
P8R3_SOURCE_V3 class events from a 10° circular region cen-
tered on the Sun and within 100° from the local zenith (to reduce
contamination from the Earth limb). We first analyzed the flare
by integrating over the entire time interval that the Sun was in
the field of view, from 11:55:02 to 12:01:36 UT, and selecting
all the events above 60 MeV to better constrain the shape of
the spectrum at low energies and test three models to the Fermi
LAT data. The first two, a pure power law (PL) and a PL with
an exponential cutoff (PLEXP)’, are phenomenological func-
tions that may describe bremsstrahlung emission from relativis-
tic electrons. The third model uses templates based on a detailed

3 https://threeml.readthedocs.io/en/stable/index.html
4 https://github.com/fermi-lat/Fermitools-conda/wiki

5 The definition of the models used can be found here:
https://fermi.gsfc.nasa.gov/ssc/data/analysis/
scitools/source_models.html.
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Fig. 5. NRH maps during selected periods of the event. Top left: Isointensity contours at half maximum during the type J burst at 11:55:03 UT
(rectangle 1 in Fig. 4). Top right: Reverse-drifting burst near 11:55:30 UT (rectangle 2). Bottom left: Type J burst at 11:54:57 UT on the low-
frequency side of the red spectral dividing line (rectangle 3). Bottom right: Image of the continuum source at 432 MHz (average 11:56:20—

11:56:50 UT).

study of the gamma rays produced from the decay of pions orig-
inating from accelerated protons with an isotropic pitch angle
distribution in a thick-target model (updated from Murphy et al.
1987). In all three analyses, the background was modeled by a
fixed contribution coming from the galactic gamma-ray emission
(described by the standard template available in fermitools)
and by an isotropic emission describing the unresolved parti-
cle background (also described by the standard available tem-
plate). This latter background component was left free to vary,
as it encompasses the background variation due to orbital
modulation.

We relied on the likelihood ratio test and the associated test
statistic (TS; Mattox et al. 1996) to estimate the significance of
the detection. The TS of the PL fit (TSpy) indicates the signifi-
cance of the source detection under the assumption of a PL spec-
tral shape, and the ATS = TSarr — TSpL quantifies how much an
alternative model improves the fit. We note that the significance
in o can be roughly approximated as VTS. For the PL model,
we obtained TSpp =238, while for the exponential cutoff, we
obtained an improvement of ATS =~ 4, suggesting that the curved
model is preferred with ~20 significance.

In order to help define the optimal binning for a time-
resolved analysis, we used the results from the time-integrated
likelihood analysis using the exponential cutoff model to com-
pute the probability that each event is associated with the Sun
(using the gtsrcprob tool available in fermitools). We then
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Fig. 6. Time histories of the HXR count rate observed by STIX (black
curve and gray-shaded background) of the derivatives of the count rate
observed by GBM (blue) and of the microwave flux density at 8.8 GHz
(red; San Vito station of RSTN). Each curve was normalized to its
maximum.

required that each bin contain at least 10 photons and that the
start of the detection coincide with the arrival of the first pho-
ton, with a probability greater than 0.9 of being associated with
the Sun. The selected bins together with the results for the time-
resolved likelihood analysis are reported in Table 1. Since the
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Table 1. Results for the time-resolved likelihood analysis.

Time window Fluxpi-10Gev Photonindex TSy,
(cm™2s7h

11:55:02-11:55:16 12+6 -4.8+09 77

11:55:16-11:55:25 18+9 -53+1.0 116

11:55:25-11:56:13 33+1.6 -53+1.0 70

11:56:13-12:01:36 09+04 -44+0.8 33

Notes. The analysis was performed using the PL. model (% = NyED).
In each interval, we report the time window for the analysis, the photon
flux between 100 MeV and 1 GeV (in 107 cm™2s™"), the photon index,
and the significance of the source in TS.

PLEXP model is only marginally preferred, we performed the
time-resolved analysis with the PL. model.

3. Comparison with other Fermi LAT
behind-the-limb and on-disk flares

One of the most striking aspects of this flare is how the
>100MeV flux peaks in coincidence with the non-thermal GBM
flux and how both of these emissions peak within less than 20 s
of the STIX emission (see Fig. 1). The shared peak time between
LAT and GBM has never been observed in a BTL flare before
and is suggestive of a common origin. Other characteristics of
this flare that set it apart from the previously detected BTL flares
are the fast rise and decay time. In order to facilitate the com-
parison between this flare and the other BTL detected by the
LAT, we estimated the rise time of the gamma-ray time pro-
file and the time difference between the peak flux in gamma
rays and non-thermal GBM emission (APeak hereafter). The rise
time was taken to be the difference between the start of the first
detection to the midpoint of the time bin in which the flux peaks,
whereas APeak is simply the time difference between the peak
flux in 32-76 keV and >100 MeV as observed by GBM and LAT,
respectively.

We found that the rise time for the BTL flares are all on the
order of minutes, whereas the flare of September 29, 2022, is
only 18 + 45, and the value of APeak is only 5 + 4s, when
the other BTL flares all peak several minutes after the GBM
non-thermal peak. The peak flux value for this event lies within
those of the other BTL flares. The fast rise time and small value
of APeak are characteristics reminiscent of impulsive on-disk
flares. We searched through the sample of impulsive on-disk
flares listed in Table 3 of Ajello et al. (2021) for events with suf-
ficient emission above 100 MeV to be able to perform a time-
resolved analysis in more than four time windows and with a
single peak. While there are several flares with significant high-
energy emission, the flare that best suited our requirements for
this case study was the flare of September 6, 2011 (SOL2011-
09-06). This flare, classified as an X2.1 GOES class, erupted
from active region (AR) NOAA 11283 at 22:12UT and was
associated with a CME with an estimated speed of 990km s~!
(Dissauer et al. 2016) based on STEREO-A COR data, and the
CME was observed almost perfectly on the plane of sky. The
position of the AR from Earth view at the time of the flare was
N14W18. It was a bright impulsive flare observed and stud-
ied in several wavelengths (Feng etal. 2013; Xu et al. 2014;
Macrae et al. 2018), reported that the HXR contours as mea-
sured by RHESSI show two closely spaced sources, as expected
to occur for the footpoints of a flare loop. We performed an
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Fig. 7. Multiwavelength light curves of the on-disk flare SOL2011-
09-06. The Fermi LAT >100MeV flux points are indicated with red
markers, and the GBM time profiles in the 32-76 keV energy range are
in blue. The SOL2011-09-06 also had a delayed emission component,
indicated by the gray points following 22:22 UT. The Sun came into the
field of view at 22:11 UT, and prior to 22:19 UT, no significant detection
of the flare was observed by Fermi LAT.

unbinned likelihood analysis on SOL2011-09-06 following the
same procedure described in Sect. 2.7 with the exception that
for this flare, we used PSR3_TRANSIENTO020E_V2 class events
instead of PSR3_SOURCE class (in order to increase the statis-
tics). The LAT time-resolved light curve is shown together with
the GBM 32-76keV time profile in Fig. 7. The flare SOL2011-
09-06 had a very bright >100 MeV delayed emission compo-
nent that lasted until 22:47, when the Sun left the field of view
of the LAT. For the purposes of this study, we only consid-
ered the impulsive phase of this event, and this is indicated by
the red points in Fig. 7. We defined the end of the impulsive
phase as the time where the flux value reaches its minimum
following the initial peak®. In Table 2, we report the values
of the rise time, APeak, and peak flux for five LAT-detected
BTL flares together with the impulsive phase of SOL2011-09-
06. We used the results reported by Pesce-Rollins et al. (2022)
and Ackermann et al. (2017) to estimate the values for the BTL
flares listed in the table.

From this table it is clear that the flare SOL2022-09-29 is
remarkably similar in terms of the basic characteristics listed in
the table to the on-disk impulsive phase of the flare SOL2011-
09-06. Another striking similarity between the flare of Septem-
ber 29, 2022, and SOL2011-09-06 is that in less than a minute
the peak flux dropped by an order of magnitude. The BTL flares
of SOL2013-10-11, SOL2014-09-01, and SOL2021-07-17 all
took more than 10min for the peak flux to drop by the same
amount, whereas for the BTL flare of SOL2021-09-17, the Sun
left the LAT field of view 4 min after the peak, and the flux had
still not decayed by an order of magnitude. This simple com-
parison suggests that the BTL event of September 29, 2022, and
the on-disk flare SOL2011-09-06 are driven by an acceleration
mechanism or governed by transport processes that could be dif-
ferent from those at work in the remaining four BTL flares listed
in Table 2.

4. Discussion

In this work we reported on the multiwavelegth observations of
the BTL solar flare of September 29, 2022. The greater than

® We note that the exact definition of the end of the impulsive phase
and the start of the delayed phase is not relevant for the comparison in
this work.
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Table 2. Comparison between BTL and on-disk LAT flares.

Flare Rise time APeak Peak flux AR
(min:s) (s) (1073 ph cm~2s7h)

SOL2013-10-11 | 9:00 = 1:00 600 + 60 49 +2 N21E103
SOL2014-09-01 | 9:00 = 1:00 240 + 60 565 +£21 N14E126
SOL2021-07-17 | 8:00 = 1:00 - 4+1 S20E140
SOL2021-09-17 | 1:09 +0:07 1897 67 =20 S30E100
SOL2022-09-29 | 0:18 = 0:04 5+4 44 + 14 N26E106
SOL2011-09-06 | 0:16 = 0:01 101 50+ 16 NI14W18

Notes. Rise time, difference between GBM 32-76keV and >100 MeV peak times (APeak), peak flux value of the gamma-ray emission, and the
position of the active region for the five BTL flares detected with the LAT and with sufficient statistics to perform a time-resolved analysis (top
table) and the impulsive on-disk flare of September 6, 2011 (bottom table). The criteria for the selection of the on-disk flare is described in the
text. The BTL flare that is not considered here is the flare of January 6, 2014, due to a lack of sufficient coverage by the LAT. We do not list the
value of APeak for SOL2021-07-17 because the GBM did not detect any significant emission from this event.

100 MeV time profile of this event had a fast rise and decay
that is reminiscent of impulsive on-disk gamma-ray flares. The
LAT and GBM emission peaked at the same time (within the sta-
tistical uncertainties) and within 20 s after the STIX 32-76 keV
emission peaked. We compared the basic characteristics of the
gamma-ray time profile (rise/decay times and the time delay
between the gamma-ray peak flux and the peak flux in HXRs)
of this event with those of four BTL flares observed by LAT and
with an on-disk event, and we found that the flare of Septem-
ber 29, 2022, shares more similarities with the on-disk flare than
with the other BTL LAT-detected flares. Vilmer et al. (1999)
came to a similar conclusion for an event producing electron
bremsstrahlung emission up to several tens of MeV, but this is
the first case in the Fermi LAT energy range. In addition, com-
plementary data allowed us to establish a scenario of the relation-
ship between the flare behind the limb and gamma-ray emission
seen from Earth’s orbit.

The radio observations show several bursts of type J and
reverse drift above 200 MHz, type III bursts below 200 MHz dur-
ing the impulsive phase of the gamma-ray flare, and a type II
burst during the later phase of the event. The type II burst indi-
cates that a shock is present during the event. However, its onset
occurred during the decay phase of the >100MeV emission.
This shock wave cannot be the source of the LAT emission. Con-
trary to the findings reported in Pesce-Rollins et al. (2022), no
coronal wave was observed to be associated with this event. As
was described in Sect. 2.4, the similarity between the STIX time
histories and the derivatives of the GBM count rates suggests
that the electrons producing the emission observed by STIX and
by GBM were accelerated by the same process. Both EUI/FSI
and SDO/AIA imaging show the presence of very large loops
seen from the Solar Orbiter and Earth viewing perspectives.

However, the delay of approximately 20 s between the HXR
peak seen by GBM and STIX cannot be explained via the simple
picture that electrons escape the flare site and freely stream to the
visible side of the Sun because the distances required would be
greater than four solar radii’. The structures observed in radio
for this event are much smaller than this. Moreover, the smooth-
ness of the HXR and microwave time profiles observed from
Earth suggests that the electrons do not stream freely but are
trapped. This can result in a time delay. To estimate its size,
we assumed that the STIX time profile is the injection function

7 The electrons that produce the observed emissions are typically
semirelativistic. If they travel at half the speed of light, a delay of ~20's
implies a traveled distance of over four solar radii.
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and that the HXR emission is related to the number of electrons
injected and trapped in a magnetic structure® (see for example
Vilmer et al. 1982). Therefore, any delay between the time inte-
gral of the injection function and the STIX count rate will be
related to the induced delay due to trapping. We found that the
delay between the half-maximum values is 17 s, that is, of the
same order as the observed delay.

The imaging observations of the radio sources during
the HXR and gamma-ray emission suggest that electrons are
injected into large-scale closed magnetic structures that bridge
the northeastern solar limb, connecting the occulted flare with
the Earthward hemisphere of the Sun. The dynamic spectrum
comprises two groups of bursts above and below a spectral divid-
ing line around 200 MHz, with a combination of forward-drifting
and reverse-drifting bursts in each group. The existence of two
groups indicates two regions of electron release at different alti-
tudes. While the type III bursts in the low-frequency group
come from electrons released to the high corona and interplane-
tary space, the sharp low-frequency cutoff of the high-frequency
group (type J bursts) demonstrates the release into closed mag-
netic structures. At the same time, electrons were injected down-
ward (reverse drift) into the low atmosphere, where they gener-
ated HXR emission. Such sharp radio cutoffs were reported in
earlier gamma-ray events, too (Trottet et al. 1998; Rieger et al.
1999). In addition, a localized brightening was observed in the
SDO/AIA 304 A and 1700 A channels, suggesting that energy
was being transported between the main activity behind the vis-
ible limb and the disk as seen from Earth during the flaring
activity.

In a standard scenario of a CME eruption (see review by
Chen 2011), a magnetic flux rope rises in the corona, forming
a current sheet below where magnetic reconnection creates a
loop arcade (see Aschwanden & Alexander 2001; Warren et al.
2018; Cai et al. 2019, for detailed case studies of current sheets
in events where high-energy particles are accelerated). Another
current sheet is expected at greater altitude, where the rising
flux rope pushes against the arcades of overlying magnetic field
lines. This scenario can explain the observed spectral organiza-
tion of radio bursts during the event, namely, the existence of
two groups of bursts with oppositely directed drifts. Bursts at
high frequencies with oppositely directed drifts on either side
of the central spectral dividing line can be ascribed to elec-
trons released from the lower current sheet upward into the flux
rope and downward into the loop arcade, where they are trapped

8 We assumed the electrons were perfectly trapped.
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or precipitated into the dense lower-atmosphere emitting HXR.
The bursts in the low-frequency group, below the low-frequency
dividing line, would be ascribed to electrons that are either accel-
erated at the upper current sheet or released from the flux rope
as it reconnects with the ambient magnetic field. If this field is
open, the electrons will generate type III bursts. The overall drift
of the dividing lines toward lower frequencies reflects the rise
of the current sheets with the erupting flux rope. The stepwise
decrease of the low-frequency cutoft of the high-frequency burst
group suggests that this rise occurs in discrete episodes rather
than continuously. All of these observational results support the
scenario that the >100 MeV emission originates from particles
accelerated in large loops or during the formation and evolution
of a magnetic flux rope that connects the flaring site behind the
limb to the visible disk of the Sun.

Based on the observations of six BTL flares with measured
energies greater than 100 MeV, we can conclude that there are
more ways than one for the accelerated particles to travel from
the acceleration site to the visible disk. The observations demon-
strate that a gamma-ray flare may involve complex magnetic
structures extending well beyond the parent active region. In
Pesce-Rollins et al. (2022), observational evidence was reported
in favor of the CME-shock scenario for four out of the five BTL
flares considered in that work. In contrast, the flare reported in
this work clearly indicates that the CME shock is not the source
of the gamma-ray emission. In fact, the majority of the gamma-
ray emission of this event occurred several minutes prior to the
appearance of the type II burst, and no significant variation in
the time profile was observed in coincidence with the onset of
the type II burst. Therefore, this suggests that there is no indica-
tion of shock acceleration of relativistic ions. Mann et al. (2022)
argued recently that the acceleration of type II burst emitting
electrons may be due to shocks with a relatively low Mach num-
ber, whereas relativistic particles require particularly high Mach
numbers (see the model by Afanasiev et al. 2018, which applies
to relativistic protons).

Our comparisons between the LAT-detected BTL flares also
suggest that the flares with a clear association with the CME
shock have a significantly longer duration than the September
29, 2022 event. While indications of trapping are present in the
event studied here, it could not have lasted very long, judging
from the duration of the HXR event observed from Earth’s orbit,
setting this event apart from the remaining BTL flares observed
with Fermi LAT.

This work emphasizes processes that do contribute to the
broad variety of gamma-ray events, but we cannot pretend to
give a general conclusion

on the overall population of BTL flares or gamma-ray flares
in general. However, with the observation of the flare of Septem-
ber 29, 2022, we can say that the CME-driven shock is not a
necessary condition for BTL gamma-ray flares.
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