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ABSTRACT

Context. Hard X-ray bremsstrahlung emissions are strong diagnostics of electron acceleration during the magnetic energy release
process that drives solar flares. Solar Orbiter’s unique vantage point away from the Earth-Sun line allows us to use limb occultation
as a diagnostic tool to investigate faint hard X-ray source located above the main flare site that are generally lost in the dynamic range
of hard X-ray telescopes.

Aims. We aim to highlight the feasibility and the diagnostic power of limb occultation with Solar Orbiter/STIX to quantify the
intensity, spectral shape, and location of the occulted signals relative to the main flare emissions to investigate the energetic importance
of nonthermal electrons in the high corona.

Methods. We report on a single event study of the GOES M6 flare on October 19, 2024, simultaneously observed by ASOS/HXI,
Fermi/GBM, and Solar Orbiter/STIX. We used standard X-ray spectral fitting tools available through OSPEX to compare the photon
spectra observed by the three different observatories. In a second step, HXI and STIX X-ray images were compared to UV and EUV
images seen by SDO/AIA to investigate the location of the occulted sources within the flare geometry.

Results. From Earth’s perspective, the flare was seen on-disk near the west limb, while for STIX the flare is occulted by ~19 degrees,
allowing STIX to detect a much fainter thermal and nonthermal source in the high corona related to the coronal mass ejection (CME)
associated with the flare. The nonthermal hard X-ray flux indicates that about 5% of flare-accelerated electrons are injected upward
into the CME, assuming a thick target model, while the fraction increases for a partially thick target interpretation. The thermal
source is hot (23.5 + 0.7 MK) and expands together with the CME. Even though the thermal source from the high corona has a weak
bremsstrahlung signal, due to its large volume, its thermal energy content is on the same order of magnitude as the energy content in
the main flare loops. Hence, hard X-ray sources associated with the escaping CME are an important signature of the energy release
process.

Conclusions. These observations highlight that high coronal sources are an integral part of solar eruptive events and are energetically
important despite their intrinsically faint appearance. For future instrumentation, an emphasis should be put on high-dynamic-range
imaging, such as that provided by hard X-ray focusing optics telescopes, to be able to simultaneously observe the flare and the

high-coronal sources from a single vantage point observatory.

Key words. Sun: corona — Sun: coronal mass ejections (CMEs) —

1. Introduction

Solar flares are driven by a sudden release of magnetic energy
that has been built up in the solar corona over the previous hours
to days (for a review of solar flare observations, see Benz 2017).
A significant fraction of the released energy is initially going
into the acceleration of particles, with energies reaching into
the relativistic range. In a second step, these nonthermal parti-
cles lose their energy in collisions in the chromosphere. As a
result, plasma is heated and rises up into the corona, forming hot,
dense flare loops. However, not all electrons end up in the chro-
mosphere: some are ejected upward from the acceleration site.
Depending on the magnetic connectivity, these upward-directed
field lines go straight out into interplanetary space or they can be
part of the coronal mass ejection (CME).

Hard X-ray observations provide strong diagnostics of flare-
accelerated electrons (e.g., Fletcher etal. 2011; Kontar et al.
2011) showing prominent bremsstrahlung emissions from the
chromosphere as the nonthermal electrons interact with the
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rather dense ambient plasma. Bremsstrahlung emissions from
the same electrons in the corona must be present as well, but
it is much fainter due to the low density of the corona (see the
review by Krucker et al. 2008). Hard X-ray observations there-
fore frequently only show the bright chromospheric footpoints,
but faint emissions from the corona are lost in the dynamic
range of the observations. Limb occultation has been exten-
sively used in the past to block out the bright footpoint emission
(e.g., Frost & Dennis 1971; Roy & Datlowe 1975; Hudson et al.
1982; Kane et al. 1992; Tomczak 2001; Krucker et al. 2010;
Ackermann et al. 2017; Effenberger et al. 2017). Such observa-
tions clearly show that coronal bremsstrahlung emission from
flare-accelerated electrons are present in essentially all flares
(e.g., Krucker et al. 2008; Effenberger et al. 2017). However, for
limb-occulted events, the properties of the main flare sources
generally remains unknown. A few examples of HXR flare
observations from two different vantage points are available to
compare both signals (e.g., Suzuki 1982; Kane et al. 1992), but
the diagnostic power of these observations are limited due to the
lack of imaging information and the limited spectral coverage
and resolution. The Solar Orbiter mission (Miiller et al. 2020)
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with its vantage point away from the Earth-Sun line combined
with Earth-orbiting observatories provides for the first time a
systematic view of occulted flares at much improved spectral res-
olution in combination with imaging (e.g., Pesce-Rollins et al.
2024; Hayes et al. 2024). This paper is an initial analysis of a sin-
gle flare simultaneously observed by the Spectrometer Telescope
for Imaging X-rays (STIX; Krucker et al. 2020) with simulta-
neous coverage by and Hard X-ray Imager (HXI; Zhang et al.
2019) on board the Advanced Space-based Solar Observatory
(ASO-S; Gan et al. 2019), which should be followed by a statis-
tical study using the same instruments.

The degree of occultation 8, is generally defined as how
many degrees the chromospheric footpoints are behind the limb.
In the past, the degree of occultation often had to be guessed
by comparing flare locations within the same active region when
the active region was seen on-disk. Consequently, the occulta-
tion angle was not well known. With Solar Orbiter STIX obser-
vations joint with observations from Earth, we have the ability
to determine the degree of occultation and we can even compare
the difference of 6. of individual locations on flare ribbons.

The degree of occultation can also be expressed in occulta-
tion height A giving the radial distance normal above the pho-
tosphere that is blocked by the solar limb:

1
hoce = (m - 1) Tsun,

where rg, is the solar radius. In this definition, Ao gives the
occulted length radial above the flare site. For some considera-
tions, the shortest distance of the occultation d,.. from the flare
site normal to the tangential to the solar limb is preferred, which
is reduced by a factor of cos(fc)-

ey

doce = (1 = c08(Boce)) Fsun- ()

Small occultation angles are less useful as a diagnostic as
the upper part of the chromospheric X-ray sources might still
be visible. For an occultation angles of 6 degrees, the occulta-
tion height becomes 3.8 Mm. Such a height should be generally
enough to block footpoint sources, but this depends from flare
to flare. Observations of footpoint source altitudes give values as
low as a few hundred kilometers (Martinez Oliveros et al. 2012)
and values of between 0.8 and 1.7Mm (Battaglia & Kontar
2011; Krucker et al. 2015). In any case, observations with small
occultation angles of below ~6 degree are tricky to interpret as
it will be difficult to prove that indeed the entire radial extent of
the footpoint sources are blocked. With the footpoints occulted,
faint emissions from the corona becomes the brightest non-
thermal component allow us to study the coronal acceleration
region in solar flares (e.g., “above-the-loop-top sources”). For
the most intense events, observations reveal that the above-the-
loop-top sources contain a highly energized plasma with a par-
ticle distribution far away from the thermal equilibrium where
all particles within the above-the-loop-top source gained energy
due to the energy release process (e.g., Krucker et al. 2010;
Fleishman et al. 2022). For less intense flares, the fraction of
energized electrons is generally lower (e.g., Volpara et al. 2024).

To also block the thermal flare loops, significant larger
occultation angles are needed. From statistical studies (e.g.,
Warmuth & Mann 2013, Fig. 2), loop lengths over a range from
5 to 40Mm are reported. To have an occultation height of
40 Mm, an occultation angle of about 20 degree is required. In
the case in which there are observations available that actually
show the flare loop, the required occultation height to block the
thermal loop can be approximated rather accurately. For events
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where the entire flare emission is occulted, nonthermal electrons
injected into the magnetic structure of the CME can be observed
(e.g., Hayes et al. 2024) or nonthermal emission from the escap-
ing electrons might be detected (e.g., Saint-Hilaire et al. 2009).
Most of the published work on hard X-ray sources in highly
occulted flares report emission from nonthermal electrons with
are injected into the expanding CME (for a list of published
flares, see the table in Lastufka et al. 2019). Several of those
events additionally report a hot (~20 to ~30 MK) thermal plasma
escaping within the CME (e.g., Hayes et al. 2024). This hot com-
ponent is at least partially produced by the energy losses of the
nonthermal electrons injected into the CME (e.g., Glesener et al.
2013).

In summary, there are two main ranges for limb-occulted
observations to give unambiguous diagnostics: for moderate
occultation angles (above ~6 degrees up to maybe 10-15
degrees), the footpoints are occulted and coronal emissions from
the flare loop or above-the-flare loop can be studied. For large
occultation, the flare is essentially not visible and faint sources
associated with the CME can be investigated. In our initial work
on STIX occulted flares, we present a case of the latter kind.

2. Observations

The Spectrometer/Telescope for Imaging X-rays (STIX;
Krucker et al. 2020) is an imaging spectrometer in the 4—
150 keV energy range on board the Solar Orbiter missions. STIX
has been operating for over four years with essentially continu-
ous data acquisition. STIX had recorded over 85000 flares by
August 2025, including hundreds of M class flares. Considering
that about 10% of all flares are partially limb-occulted (the good
zone for occultation is about 10 degrees on either side compared
to 180 degrees of coverage for on-disk flares, for each of the
two categories), there is an extensive database of occulted flares
waiting to be analyzed.

As the occulted emission have rather weak fluxes, only
large flares (M class and above) generally show strong enough
occulted emission to allow a detailed spectral and imaging anal-
ysis. Here we report on an GOES M6 flare (SOL2024-10-19T06
observed from 0.48 AU) with a high degree of occultation (fycc =
19°) for STIX, so that the flare loops is fully blocked. The event
was selected as it has good coverage from three hard X-ray
observatories (STIX, HXI, and Fermi Gamma-ray Burst Mon-
itor (GBM; Meegan et al. 2009) with a clear nonthermal signal
in all datasets. In addition, subtracting the non-solar background
is rather straightforward for all three observatories. Furthermore,
the degree of occultation is high so that only emission from the
high corona is seen by STIX. Hence, this flare is an ideal candi-
date to search for secondary X-ray sources in the high corona.

In the next subsections, the following order of topics are
addressed:

— The degree of limb-occulation of the STIX observations;
The relative evolution of X-ray time profiles;
Spectral fitting and determination of the relative strength of
the occulted nonthermal signal;
Imaging results in UV, EUV, and X-rays taken from Earth
and Solar Orbiter vantage points.

2.1. Flare location and degree of occultation

SOL2024-10-19T06 occurred on-disk as seen from Earth with
flare ribbons observed by the Atmospheric Imaging Assembly
(AIA; Lemenetal. 2012) in UV and by HXI in hard X-ray
around S04W83 (see Fig. 1). The flare is associated with a nar-
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Fig. 1. Flare location of SOL2024-10-19T06 as seen from Earth by AIA and HXI. The image to the left shows the UV and HXR flare ribbons
during the impulsive phase. The flare location is on-disk near the western limb. On the right, the EUV and HXR images at the flare peak time are
shown. The AIA 131A image is shown in logarithm scaling to enhance the faint extension to the north that reaches high altitudes. The flare loop
itself is saturated in this AIA image and strong diffraction pattern signatures are seen. At a higher order, the shape of flare loops can be seen in
the diffraction patterns. The insert on the left figure shows the associated CME as seen by LASCO as a running difference image (from CACTus
CME list). In both figures, the orange curve shows the limb as seen from the Solar Orbiter vantage point, indicating that the flare is highly occulted
and neither the flare ribbons nor the flare loop can be seen from Solar Orbiter’s vantage point. The high reaching faint loops, on the other hand,
are visible from Solar Orbiter. The dashed black curve gives a rough estimate as to the altitude above which the solar corona becomes visible for

instruments on board Solar Orbiter.

row CME at moderate speeds of a few hundred kilometers per
second (CACTus CME list; Robbrecht & Berghmans 2004). At
the time of the flare, Solar Orbiter was at a radial distance from
the Sun of 0.48 AU, 23.6 degrees off the Earth-Sun line to the
east, and close to the ecliptic (within 0.8 degrees). This makes
the flare limb-occulted from the Solar Orbiter vantage point.
For the main flare ribbon with the brightest emissions in UV
and HXR, the occultation angle is around 19 degrees. Using
the eastern and western most part of the main flare ribbon, we
get an occultation angle between 17.9 and 22.0 degrees, or an
occultation height between 35.3 and 54.6 Mm. In UV, there is
an faint remote brightening to the east of the flare ribbon around
[9337,-92""]; see Fig. 1. Even this source is clearly occulted for
STIX by 10.6 degrees. Hence, STIX cannot detect any chromo-
spheric signals of the flare by a wide margin.

The main flare loops are heavily saturated in AIA 131A
images and a strong diffraction signal is seen (Fig. 1, right). The
diffraction patterns reveal the actual size of the flare loop indi-
cating a rather compact source of about 4" x 10”". The compact
size is confirmed by HXI observations in the thermal range, see
Fig. 1. Hence, the main flare loop does not extend above the
occultation height by a large margin. Therefore, the main flare
loop is also invisible to STIX. In addition to the main flare loop
that saturates the AIA image heavily, there is a faint emission
from a much larger loop system to the north of the main flare
loops (see Fig. 1, right). For STIX, these large loops are par-
tially visible above the solar limb. As these loops are spatially
extended beyond the STIX angular resolution coverage, even the
coarsest STIX grids are too fine to fully modulate the hard X-
ray signal. Hence, STIX can detect these high-altitude loops, but
imaging diagnostics will be limited (see Sect. 2.4).

In summary, SOL2024-10-19T06 is highly occulted by the
limb from Solar Orbiter’s vantage point. STIX cannot see the

main flare site including the footpoints, the main thermal loop,
as well as a potential above-the-loop-top source. Hence, the
occulted signal detected by STIX is from secondary sources
associated with the CME, but not from the main flare loops. In
the next section, we discuss the time evolution of the occulted
STIX signal relative to the flare profiles seen by GOES, GBM,
and HXI.

2.2. X-ray time evolution

Figure 2 compares the GBM, HXI, and STIX nonthermal time
profiles with the GOES light curves. All curves have been back-
ground subtracted with the pre-flare flux and normalized to the
peak value. STIX times have been adjusted by 257.4s to take
into account the closer radial distance of Solar Orbiter compared
to Earth at that time. The GOES thermal profiles show a simple
shape with an impulsive increase and a slower decay. The GOES
short wavelength channel peaks slightly earlier and decays faster
indicating the usually observed behavior that the hottest flare
temperatures are reached before the peak time of the GOES low
wavelength channel. The nonthermal profile from GBM (40—
80keV) and HXI (35-50keV) show the total flare emission with
several nonthermal peaks during the rise in the thermal emission
seen by GOES. The two curves agree well at first glance (a quan-
titative comparison will be presented in the following section).
In summary, the flare is a standard example of a flare, with an
impulsive phase of a few minutes duration followed by a decay
phase, without any further nonthermal bursts during the decay.
The profiles from STIX are different due to the partial limb
occultation. The nonthermal (20-50keV) profile from STIX
looks nevertheless similar in duration and shows the same main
peaks as seen in the total flare profile by GBM and HXI, although
the dip between the first and second peak is less pronounced. It
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Fig. 2. X-ray time evolution of SOL2024-10-19T06: Background-subtracted and normalized X-ray profiles are shown from GOES, GBM, HXI,
and STIX. For GOES, GBM, and HXI, the entire flare emission is seen, while for STIX the profiles are strongly affected by limb occultation.

is obvious that the STIX signal is much noisier, indicating that
it sees a smaller fraction of the total signal. The thermal pro-
file from STIX, however, is different, with an initial peak that
reaches a maximum at the end of the main nonthermal burst. This
behavior follows the same trend as reported by Glesener et al.
(2013) in SOL2010-11-03T where the nonthermal profile was
interpreted as the heating rate that drives the thermal profile.
The first peak is followed by a second less pronounced peak that
decays slower than even the GOES long wavelength channel.
These differences reflect how STIX does not see the main flare
loops due to limb occultation. Before we discuss the imaging
results in Sect. 2.4, the relative intensity of the hard X-ray pho-
ton spectra are discussed in the following section.

2.3. Forward fitting the individual count spectra

The goal of forward fitting the observed count spectra is to
get an estimate of the incoming photon spectra for each instru-
ment. Such an approach is necessary as hard X-ray counts at
a fixed energy can be produced by a range of photons above
that energy (i.e., the spectral response matrix of X-ray telescopes
have significant contribution from non-diagonal elements). The
fitting result is a photon spectrum which is in agreement with
the observed count spectrum given the knowledge of the spec-
tral response of the instrument. With the photon spectra in
hand, we can then compare the relative strength of the total
flare signal to the partially occulted signal, as a function of
energy.

For spectral fitting, the Object Spectral Executive (OSPEX
software; Schwartz et al. 2002) package was used, which has
been the standard package for solar HXR spectral fitting over
the past decades. We used the SolarSoftWare implementation
from December 2024 in combination with the STIX software
version v0.5.2. As OSPEX is not set up for joint fitting of multi-
ple datasets, we fit each spectra separately.

— For GBM, data from each detectors was fit separately. We
excluded the most sunward detectors as the count rates are
high and pileup effects can distort the spectrum. The detec-
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tors used are NO, N2, and N4, using OSPEX detector number

definitions.

— For HXI, we used the three dedicated detectors without
imaging grids (using the HXI naming convention, we used
detector t1, t2, and t3).

— For STIX we summed over the 12 detectors with coarse
sub-collimators (grid 7 through grids 10; see Krucker et al.
2020) to enhance statistics. We excluded the detectors cov-
ered by finer grids as the grid self-calibration was not yet
available at the time of the data analysis (STIX GSW ver-
sion 0.5.2). For more details on the detector selection, we
refer to Jeffrey et al. (2024).

Background subtraction of non-flare related signals is a key step
in spectral fitting. For this initial paper, an event with a rather
simple background time evolution has been selected for which
pre-flare background subtraction works well:

— For GBM taking data in low Earth orbit, background subtrac-
tion is generally challenging. However, for SOL2024-10-19,
the background variations during the flare can be rather well
approximated by using a pre-flare time interval (06:45:22.9-
06:47:29.8UT).

— HXI is also in low Earth orbit, in a polar orbit. For this flare,
HXI is near the equatorial region and pre-flare background
(06:46:42.6- 06:48:58.6UT) subtraction works well.

— As a deep-space mission, STIX has an essentially constant
background over the timescale of flares, making background
subtraction rather straightforward. For this flare we used the
non-flaring times (06:48:11.8-06:49:08.7UT) before the flare
onset.

Compared to the flare signal, the background starts to dominate
above 80keV for GBM and HXI. For the occulted signal seen
by STIX, the background dominates above 28 keV.

A straightforward fitting approach was used with a ther-
mal, a broken power law, and an albedo component, assuming
an isotropic emission pattern for the albedo estimation (e.g.,
Kontar et al. 2006). We did not use the standard thick target
model, as the interpretation of the occulted emission as thick
target might not necessarily be fulfilled. We therefore used a
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Fig. 3. Spectral fitting results for the first hard X-ray peak (06:52:43.1 to 06:52:57.5UT at Earth). The two plots on the top compare STIX with
GBM, while the two plots on the bottom compare STIX with HXI. The STIX spectrum is shown in histogram style, while the other two are shown
by crosses. For each comparison the count spectrum as well as the photon spectra are shown. Individual fit components are shown in color as

indicated by the annotation.

simpler parametric fit of a power law for the nonthermal compo-
nent. In any case, to derive the ratio of photon flux, it is in princi-
ple not important what kind of fit model we select, as long as the
fit model represents the data well. As the albedo component (i.e.,
photon which are Compton back-scattered in the lower layers of
the solar atmosphere) for the STIX signal is blocked by the limb,
the albedo component is not used in the fit to the STIX spectra.
GBM and HXI, on the other hand, see the albedo component,
giving us two options for comparing the photon fluxes: we have
the choice to remove the fit albedo component for GBM and HXI
and compare the primary component for all instruments, or leave
the albedo in and compare the photon spectra as measured by the

different observatories. From a physical point of view, the former
approach is likely appropriate. For the albedo component, we use
the standard isotropic approach in OSPEX. As SOL2024-10-19
is near the limb as seen from GBM and HXI, the albedo com-
ponent is relatively modest. For flares closer to the disk center,
however, the albedo component can be as bright as the primary
component. Hence, for a different flares the approach that is used
might matter.

We present here a detailed analysis of the spectrum during
the first hard X-ray peak. The observed count spectra of the dif-
ferent observatories and the resulting photon spectra are shown
in Fig. 3.
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Fig. 4. Comparison of the GMB, HXI, and STIX photon spectra shown
in Fig. 3. The thin gray and black lines give ratios of individual detector
pairs for HXI and GBM, respectively, while the orange curve represents
the ratio between the averaged GBM and HXI photon spectra. As GBM
and HXI both see the full flare emission, the ratio should be 1 for per-
fectly calibrated instruments. Above 20keV, the ratio is close to unity
indicating a satisfactory state of the calibration has been achieved to
date. At lower energy, the deviations from unity are significant reflect-
ing that these low energies are much more difficult to calibrate. As STIX
detects only part of the total flare signal due to occultation, a ratio of
less than one is expected. The ratio above 20keV is observed to be
around 4%. Surprisingly, the ratio stays constant with energy indicat-
ing the same spectral shape for the high-coronal sources as for the total
flare.

2.3.1. Thermal spectrum of the total flare

As GBM and HXI fitting of the thermal component is difficult,
we did not quantitatively compare the thermal fit results, but
instead used the GBM and HXI thermal fit to highlight that the
nonthermal component clearly dominates above 20 keV. To get
an order of magnitude estimate of the thermal energy content of
the flare, we used the emission measure and temperature derived
from GOES with the volume estimated from AIA 131A. Dur-
ing the first nonthermal peak investigated in detail here, we get a
GOES temperature of 17.5 MK (EM = 4.6x10* cm™3). Together
with the area of ~4”" x 10" derived from AIA 131A observations,
we get a volume on the order of 6 x 10%° cm™. This results in
a flare loop density of 2 x 10" cm™ and an order of magnitude
thermal energy content of 2 X 10 erg (note that these are the
values at the first hard X-ray peak, not at the GOES peak time).
These are all plausible values for an M6 flare.

2.3.2. Nonthermal spectrum of the total flare

The HXI and GBM photon spectra agree within 8% above
20keV (Fig. 4): a satisfactory result considering the current stage
of the available calibration. The fit power law slopes derived
from the two instruments agree well within the error bars given
values of y = 4.90 £ 0.12 and vy = 4.88 + 0.06 for HXI and
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GBM, respectively. The error bars given are the standard devia-
tion of the power indices obtained from the different detectors.
The error bars obtained from the fit procedure itself are generally
smaller, indicating, as was expected, that systematic effects con-
tribute to the overall scatter in the results of different detectors.
Nevertheless, the two measurements agree well within expected
error bars. Compared to the statistical study of flare nonthermal
emissions by Battaglia et al. (2005), SOL2024-10-19T06 has an
average nonthermal component within the reported distribution.

2.3.3. Nonthermal spectrum from the high corona

As was expected, the nonthermal component observed by STIX
is much fainter. Compared to the total flare, the emission STIX
detects is about 4.2 + 0.4% of the total flare. If we only com-
pare the primary component (i.e., subtract the albedo compo-
nent), the fraction become 5.0 + 0.3%. Considering that this is
emission from well above the flare, it is a surprisingly large frac-
tion. Even more surprising is that the ratio is the same even at
higher energies. Hence, the STIX spectra has a similar power
law slope as the total flare emission with a value of 4.79 + 0.12.
Such a value is slightly harder than the average of a statistical
study of occulted RHESSI flares that reports an averaged value
of the power law slope of 5.5 with a standard deviation of 1.3
(Krucker & Lin 2008). Nevertheless, it is not a particularly hard
spectral slope for an occulted flare. In any case, the simplest sce-
nario with the same electron spectral shape, ¢, with thick target
emission from the chromosphere (i.e., 6 = y + 1) and thin tar-
get emission from the corona (i.e., § = y — 1) does not hold at
all. We come back to this point of discussion after the imaging
results are presented in Sect. 2.5.

2.4. Imaging

X-ray imaging for this flare was done at four time intervals: the
onset of the thermal emission as seen by STIX, for the first and
second nonthermal peak, and during the second peak in the ther-
mal emission; see Fig. 5 for reference. Standard STIX imaging
(software version 0.5.2) was used (Massa et al. 2022, 2023). The
STIX images shown in Fig. 5 are reconstructed using the max-
imum entropy algorithm MEM GE Massa et al. (2020). As the
observed modulations of the finest grids are not seen above the
noise level, only sub-collimators 5 through 10 have been used in
the image reconstruction giving an angular resolution of 29.8".
At the radial distance of Solar Orbiter of 0.48 AU, sources appear
about twice as big in angular size compared to Earth. Such a res-
olution is adequate to study coronal sources. For each time inter-
val, images in the thermal range (4-9 keV) were reconstructed,
while for the two interval with nonthermal emissions a second
set of images at 18-28 keV were derived. The absolute location
of STIX images are currently not well known. We shifted the
STIX images by 25" in a negative heliocentric X direction. Such
a shift produces a better match with the optical solar limb loca-
tion. In any case, the conclusions presented in this paper are not
influenced by the uncertainty in location. The image quality of
the nonthermal images is moderate and we therefore only show
contours above 30%, as lower contours likely contain contribu-
tion from imaging reconstruction artifacts.

The STIX results are compared to the AIA and HXI images
obtained from Earth perspective (see the bottom row of Fig. 5).
HXI images were reconstructed using the CLEAN algorithm
within the HXI software package (Solar software package Ver-
sion December 2024). The images shown are the clean map
without the residuals added (the current version of the software
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Fig. 5. Imaging results from STIX (center row) and from HXI and AIA (bottom row) for four intervals during the flare. The top plot shows the
STIX X-ray profiles (normalized and stacked for a clearer display) with the four time intervals marked by numbers. The fields of view of the
images have been adjusted to display the same projected area on the Sun to take into account the closer distance of Solar Orbiter to the Sun. The

second and fourth time intervals are the same as the ones used in Fig. 1.

does not yet provide a clean map with the residuals added). Com-
pared to the backprojection map used as input to CLEAN, the
residual maps have remaining peaks up to the 30% level of the
peak flux in the backprojection images. As for STIX, we there-
fore only plot contours above 30%. In the following subsections,
we discuss imaging results during the different temporal phases
of the flare.

2.4.1. Onset

The STIX source before the start of the impulsive phase is seen
at the limb with part of the emission cut by the limb. Spectral fit-
ting indicate a temperature of 15.8 +0.4 MK (EM =3.4 £0.5 X
10* cm™ at 06:51:00UT). Similar temperatures are reported
for the onset of flares derived from GOES observations (e.g.,
Hudson et al. 2021). This STIX temperature and EM translates
into a GOES class of B1.0 for the occulted part. Such an esti-
mate is always a lower limit, as plasma at cooler temperatures is

weighted higher for GOES than for STIX. The observed GOES
flux at that time is C3.6 without subtraction of a non-flaring
component. It is not apriori clear how to subtract the part of the
GOES flux that does not belong to the flare. Subtracting the flux
from before the earliest onset in the STIX signal (06:48:00UT)
gives a flare flux of C1.0. However, it is not clear that such a
choice for the background subtraction is appropriate. Neverthe-
less, the STIX emission accounts for about 3 to 10 % of the
observed GOES flux. This is a plausible value and it is on the
same order of magnitude as the occulted nonthermal signal seen
during the impulsive phase.

The AIA 131A image taken around the same time shows an
extended source in the same direction as the STIX source poten-
tially reaching altitudes to become visible for Solar Orbiter. As
the temperature dependence of AIA 131A peaks around 10 MK,
the source structure compared to the STIX 4-9 keV observations
are not expected to be exactly the same. We speculate that the
STIX source corresponds to the hottest part of the AIA 131A
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source. The contribution of the STIX source to the 131A can be
faint as the STIX derived temperature is significantly hotter than
the peak temperature of the 131A channel. With the STIX X-ray
source size of 70.3 + 3.1” x 27.9 + 2.7” (derived from forward
fitting the STIX visibilites; Volpara et al. 2022), we derive a vol-
ume of ~3.7 x 10>’ cm® (assuming the volume scales with area
to the power of 1.5 and a filling factor of unity). Together with
the observed emission measure, this gives a density on the order
of 3 x 10° cm™3. This is a plausible density for a high coronal
source.

In summary, the STIX onset emission is seen just above the
limb from an extended source that is rather hot with a low den-
sity. The onset is located to the north of the main flare loop, but
the connection to the flare source is not immediately clear.

2.4.2. Impulsive phase

Both hard X-ray peaks show a similar source geometry in the
low corona with emissions mainly from the flare ribbons. There
is a good correspondence between the UV and HXR sources as
expected during the impulsive phase of the flare. The thermal
hard X-ray source seen by HXI connects the flare ribbons. Com-
pared to the ribbon location and separation, the thermal emis-
sion appears to be from a rather flat loop not reaching an alti-
tude as high as a semicircular loop connecting the flare ribbons.
The HXI images show some additional emissions from above
the thermal source reminiscent of an above-the-loop-top source
(e.g., Masuda et al. 1994). For further interpretations, the next
generation of HXI grid calibration needs to be available. In any
case, this potential above-the-loop-top source is clearly not visi-
ble from the Solar Orbiter vantage point.

The STIX thermal emission during the impulsive phase
comes from a similar location as during the onset. At the peak
of the thermal emission during the impulsive phase, the fit tem-
perature is T = 23.5 + 0.7MK (EM=17.0+1.6 x 10* cm™
at 06:53:31UT). The estimated GOES class for this compo-
nent is B6, with the observed GOES class at that time being
M3.0. Hence, the expected GOES signal of the high coronal
source is in the low-percentage range. Compared to the onset,
the temperature has clearly increased to a rather hot temper-
ature exceeding the GOES peak temperature of slightly above
20 MK. The increased emission measure and the increased area
(78. £2.0” x 33.9 + 1.0” at 0.48 AU; volume of 6 x 10’ cm?)
results in a slightly increased density to 5 x 10° cm™ relative to
the source before the onset. Such a low increase is different from
what is generally seen in flare loops as heated chromospheric
plasma is unlikely to contribute to increasing the density high in
the corona. Compared to the main flare loop (see Sect. 2.3.1), the
high coronal source has an emission measure that is ~30 times
lower and a volume that is ~100 times larger. In the calculation
of the total energy content in a thermal source,
Eyw =3k, TYEMYV, 3)
where k is the Bolzmann constant, the difference in the EM and
V of the flare sources relative to the coronal source largely bal-
ances out. As a result, the energy content of the coronal source
of 3 x 10% erg is surprisingly larger and on the same order of
magnitude as the energy content of the flare loop of 2 x 10% erg
(see Sect. 2.3.1). If the high coronal source has a filling factor
g smaller than unity, Veg = ¢V, the derived energy is smaller
by +/g. For a filling factor of unity, the high coronal source has
a similar energy content to the main flare loop. Considering the
expected GOES signal is so much fainter, this sounds strange
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at first glance. However, this reflects bremsstrahlung diagnos-
tics: extended X-ray sources at the same energy content as a
compact source radiate much fainter in X-rays as the compact
source. Consider two sources at the same temperature with the
same energy content, but with different volumes. As the temper-
atures are the same, the ratio of the resulting GOES flux is pro-
portional to the ratio of the emission measures. As the sources
have the same energy content and temperature, they both con-
tain the same number of particles, Neompact = Nextended> and the
ratio GOES fluxes become inversely proportional the ratio of the
volumes:
F oomgont

GOES
Fexlended

2
EMcompact _ Ncompact

EM, extended N 2

extended

— Vextended (4)

Vcompact

Vextended

Vcompacl

Hence, an extended source radiates much less than a compact
source due to how the bremsstrahlung process works even if
they contain the same energy content. Bremsstrahlung can be
enhanced if the number of particles is increased, but also by an
increased ambient density (increasing the density of the targets).
This favors compact sources over extended sources. Therefore,
the GOES fluxes (as well as any bremsstrahlung flux) are domi-
nated by the compact flare sources and extended sources can get
lost in the limited dynamic range of observations despite their
energetic importance. Compact flare loops and extended sources
in the high-corona as discussed in this paper are examples of this.
When only comparing flare loops, this bias is less pronounced,
as flare loops generally are all relatively compact. This is why
it works to use the GOES class as an approximate measure for
the “size” of a flare. Nevertheless, the generally adopted GOES
classification is of course also biased by this effect. For flares
with the same GOES fluxes, a compact flare contains less ther-
mal energy than a flare with an extended source structure.

The high-coronal thermal source associated with the impul-
sive phase decays after the nonthermal peak (decay from
06:52:45 to 06:53:15UT; see Fig. 2). Decays of thermal
bremsstrahlung sources are driven by cooling of the source, but
also by source expansion:

N(1)?
YON

where f,, is the bremsstrahlung flux, g(7’) represents the
bremsstrahlung dependence on temperature, EM is the emis-
sion measure, N is the number of particles, V is the volume
of the source, and ¢ denotes the time (e.g., Dennis & Phillips
2024). Conductive losses of the high coronal source are likely
low as the cold chromosphere is far away. Furthermore, radia-
tive losses are rather low for such a high-temperature plasma at
a rather low density (e.g., Bradshaw & Raymond 2013). Hence,
the decay might not necessarily be driven by cooling, but the
expansion of the source is an important factor. Over the first
minute after the thermal peak (06:53:30UT), the source area
expands by about 30%. Hence the volume is changing signifi-
cantly, and consequently the bremsstrahlung flux decreases. We
emphasize the often overlooked importance of source expan-
sion: The bremsstrahlung flux decay of expanding high-coronal
sources might not necessarily be due to cooling, but rather due
to expansion. While this topic is outside the scope of this paper,
it deserves to be addressed in a future quantitative study.

For a discussion of the nonthermal source interpretation, it is
helpful to look at the detailed time evolution in hard X-rays and
EUYV during the impulsive phase (Fig. 6). To highlight the EUV
emissions from the high corona, the lower coronal emissions are
not shown. The cutoff for flagging has been selected to roughly

Jos(t) = g(T(D)EM(1) = g(T (1)) (&)
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Fig. 6. Time evolution during the impulsive phase in ten time steps (STIX times are adjusted to Earth; for a reference of the duration, see the
green bar in Fig. 5, top). The cadence was taken from the ATA 131A frames (12 s cadence with a 2.9 second integration time). STIX images were
reconstructed around the same time steps as the AIA images with a 12 second integration time to enhance counting statistics. The top ten panels
show the STIX observations with thermal images (4—12keV) shown in a red-colored table and nonthermal images (18-28 keV) are given with blue
contours. The contour levels are scaled to the 20, 40, 60, 80% of the maximum emission in the time series. For the last two frames, the nonthermal
emission drops below 20% of the maxmimum and therefore no blue contours are seen. The bottom panels show running difference images (AIA
131A) in a blue-colored table, with the dark representing enhanced intensity. To highlight the visibility of the faint EUV emission from the high
corona, the low corona has been flagged and set to zero. For reference, the location of the main X-ray flare is shown by the contours; see Fig. 1.

represent what can be seen from Solar Orbiter’s vantage point.
While such an approach is of course not a perfectly accurate
representation of what is seen by STIX, it helps put the occulted
observations into context.

At the time of the onset of the nonthermal emission, AIA
131A images show that the top of the escaping plasma becomes
visible from Solar Orbiter’s vantage point. The STIX thermal
sources evolve with the escaping EUV structure and rise and
expand in time. By chance, the escaping EUV structure became
visible to Solar Orbiter at the start of the impulsive phase. For
an even higher degree of occultation, the initial nonthermal peak
from the high corona would not have been visible for STIX, but
only the later peak when the CME eruption has reached higher
altitudes. Hence, this event is a fortunate case with the degree
of occultation being at the right level. However, there should be
other events in the database for which the start of the impul-
sive phase is missed. The STIX nonthermal emissions are also

associated with the escaping EUV structure and resemble earlier
publications (e.g., Hayes et al. 2024). As has been reported pre-
viously, the nonthermal source locations are not identical to the
thermal sources (e.g., Lastufka et al. 2019, Fig. 2). The quality
of the reconstructed images are limited by statistics and it is dif-
ficult to draw stringent conclusions on the relative source loca-
tions. In any case, SOL2024-10-19 is a further case where the
occulted emissions are associated with flare-electrons injected
into the escaping CME.

2.4.3. Later thermal phase

For completeness, we also discuss briefly the later phase of the
thermal emissions without going into details. During the later
phase, the AIA 131A shows the flare loop and an extended
loop system reaching high altitudes. The main flare loop dom-
inates the AIA 131A image, with the extended source being
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much fainter. GOES is dominated by the main flare loops, while
the occulted signal sees only the extended loop system. This
explains why a different time evolution is seen in the thermal
profiles of GOES and STIX (Fig. 2). The hot source is clearly
expanding upward with approximate speeds of a few hundred
kilometers per second. These speeds are on the same order of
magnitude as the reported CME speed, and it is therefore plausi-
ble that the hot structure is escaping within the CME (CACTus
CME list; Robbrecht & Berghmans 2004).

The spatial extent of the extended source is in excess of 100”
as seen from Earth. From Solar Orbiter’s radial distance from the
Sun, the source is about double the angular extent. Hence, STIX
imaging is challenged, as the coarsest subcollimator has a reso-
lution of 180”. The coarsest STIX subcollimators indeed detect
modulations, but it is also clear that there is a second compo-
nent of un-modulated flux from a source significantly larger than
180”. Therefore the reconstructed STIX image show only part of
the source. To reflect this, the thermal hard X-ray image in Fig. 5
is shown in a gray color table. Nevertheless, it is reasonable to
assume that the STIX thermal emission comes from an extended
source seen in AIA 131A.

Contrary to imaging, spectral analysis is not affected by
the large source sizes seen in the later phase. The tempera-
ture at the second thermal peak is 19.2 +0.5 MK (EM =30.6 +
3.0 x 10* cm™ at 06:55:31UT) and deceases in time with an
increasing emission measure (14.7 + 0.3 MK (EM =59.2 + 5.3 X
10* cm™ at 06:58:31UT). As we do not have a source size esti-
mate, we do not derive a density and an energy content for the
later part.

2.5. Discussion on thick versus thin target model

In the previous section, we showed the hard X-ray source in the
high corona has a similar spectral shape as what is observed from
the footpoints, but the strength of the HXR emission is only
about 4%. A simple thick and thin target model for the foot-
points and the high coronal source would predict a difference in
slope of 2 in the power law index. This is definitely not real-
ized. While it makes sense to use the thick target approximation
for the footpoint source, it is remains open which is the better
approximation for the coronal source. Depending on the ambient
density and the degree of particle trapping, the thick, thin, or an
in-between scenario could be realized. Using the derived ambi-
ent density of the high-altitude thermal source of 5 x 10° cm™3,
the path length to stop 50 keV-electrons becomes /sy ~ 750 Mm
(e.g., Emslie 1978), much larger than the source size of 40 Mm.
Nevertheless, if electrons are trapped, it takes only about 59 ~
65 to stop it, much shorter than the duration of the first peak
alone of about 18 s. For 100keV, the values become [jop ~
3000 Mm and #1990 ~ 18s, while for energies below 10keV,
l1p becomes lower than 30 Mm and the thick target is realized.
Hence, a range of scenarios are possible. In the following, we
first discuss the thin target scenario followed by the thick target
version.

2.5.1. Thin target coronal source

The thin target is the extreme case assuming that the ambient
density is low enough so that collisions do not significantly lower
the energy of energetic electrons. In such a case, the resulting
thin target bremsstrahlung emission is inversely proportional to
the ambient density. If the density is known, the instantaneous
number of flare-accelerated electrons above a cutoff energy can
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be derived. Thermal density estimates within the nonthermal
source are generally difficult to obtain and therefore thin target
diagnostics are not as powerful as for the thick target case.

The thermal X-ray emission seen by STIX gives a rough esti-
mate of the ambient density in the energized region in the high
corona on the order of 5 x 10° cm™3. At least for the first hard
X-ray peak, when the thermal and nonthermal sources appear
mainly co-spatial, this density is a plausible value. For the sec-
ond hard X-ray peak which has a component further to the north,
the density might be different. Using a density of 5 x 10° cm™3
and a cutoff energy of 25 keV, the instantaneous number of elec-
trons becomes 2x 10** with a total energy content of 8 x 10%6 erg.
All these values scale inversely with density.

The instantaneous energy content gives the energy in elec-
trons present at a snapshot in time, and therefore it does not
represent the total number required to sustain the nonthermal
emission for the entire duration (the first peak lasts about 18 s).
The shorter electrons stay in the nonthermal source, the more
often they need to be replenished, and the required nonthermal
energy increases accordingly. To investigate the escape of elec-
trons, we can consider the collisional loss scales. A 25keV elec-
tron has a stopping column density of 9 x 10'° cm. For a den-
sity of 5 x 10” cm™3, we get a a mean free path of 2 x 10'? cm,
and with the velocity of a 25keV electrons (0.30 c), we get a
collisional lifetime of about 0.6 seconds. To have a thin target
scenario realized, the travel time through the X-ray source needs
to be much less than the stopping time. Hence, replenishment of
accelerated electrons during the 18 second long peak needs to
happen much more often than 30 times, and the total energy in
nonthermal electrons becomes 2 x 10?8 erg. The nonthermal
energy content in the thin target approximation reaches the same
order of magnitude as the nonthermal energy content in foot-
points. Furthermore, the electron spectral index is much harder
in the high coronal source with a power law slope of around 4,
while the footpoints have an index of 6. Hence, if the thin tar-
get approximation applies, the nonthermal population in the high
corona would have more high-energy electrons than in the flare
footpoints. Hence, it is questionable that a thin target scenario is
applicable.

2.5.2. Thick target coronal source

We discuss first the energy deposition rate in the main flare
ribbons using the thick target approximation. Using a cutoff
energy of 25keV, the energy deposition rate becomes 1.6 +
0.1 x 10® erg/s from the fit to the GBM spectrum and 1.8 +
0.1 x 10% erg/s from HXI. Integrated over the peak duration
of 18s, the total energy deposition becomes 3 x 10?° erg. This
is the same order of magnitude as the thermal energy content
(see Sect. 2.4.2). Hence, there is a similar amount of energy in
electrons above 25keV as in the thermal loop. This is similar as
observed in the many of flares (e.g Saint-Hilaire & Benz 2005).

As the coronal source has the same spectral shape, but only
5% of the flux compared to the footpoints (after subtraction of
the albedo component), the energy in accelerated electrons is 20
times smaller for the coronal source giving 1x 10?8 erg. The non-
thermal energy content is significantly lower than the thermal
energy content in the above the loop top sources (3 x 10 erg),
at least when using a cutoff of 25 keV. For a cutoff of 9.5 keV, the
energy content would be equal. Hence, nonthermal electrons in
the high-coronal source can significantly contribute to the heat-
ing of plasma ejected within the CME, as has been reported
reported by Glesener et al. (2013) for a different flare.
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These upward-traveling electrons radiate faintly in hard X-
rays as the ambient density is low. To realize the thick target sce-
nario, these electrons would need to encounter a dense plasma.
In such a case, the high-coronal thick target emissions would be
delayed by the travel time from the accelerator to the location of
the dense plasma structure. From the location of the nonthermal
source, such a distance (order of magnitude of 40 Mm) is crossed
by a 25keV electron in half a second. Hence, the time profile of
the footpoints and the high coronal source would be similar com-
pared to the available cadence of the observations, as observed.
Hence, in a scenario with spots of high density within the erup-
tion the thick target scenario could be realized and a similar time
evolution and spectral shape of the main flare and high-coronal
source is produced. Alternatively, and possibly more likely, the
thick target is realized due to trapping of particles within high-
coronal source. The trapping times needed for the thick target
approximation to be valid are given in Sect. 2.5 (e.g., 5o = 65)
are significantly shorter than the duration of the impulsive phase
of about 100 s. Hence, trapping would smear out the time profiles
of the high-coronal sources somewhat, but it would not create an
exponential decay after the injection stops.

2.5.3. Conclusions

A thick target scenario is clearly more likely. A thin-target sce-
nario requires a harder injected electron spectrum in the upward
direction and the number of electrons needed is very large, mak-
ing such an interpretation less likely to be realized. The time
evolution and the spectral shape clearly favor a common accel-
eration mechanism for the electron population injected into the
chromosphere and upward into the escaping CME, suggesting
a thick target scenario for both the upward- and downward-
directed components. A thick target scenario in the high corona
is plausible given the rather large observed source size and dura-
tion of the impulsive phase. Alternatively, over-dense substruc-
tures within the source region could produce a thick target.

3. Conclusions

This paper presents a single event analysis of a highly limb-
occulted flare detected by the hard X-ray imaging spectrome-
ter STIX on board Solar Orbiter. The Earth-orbiting observato-
ries Fermi/GBM and ASO-S/HXI saw the flare on-disk, allow-
ing us to compare the high-coronal sources with the main flare
emissions seen from the lower corona. The occultation height
of around 40 Mm is high enough to have fully blocked the main
flare site. STIX detects a thermal and nonthermal signal from the
high-corona that is generally lost in the dynamic range of hard
X-ray observations; see Table 1 for a summary of the derived
parameters. The main observational findings concerning hard X-
ray emissions are summarized as follows:

— The nonthermal signal from the high corona has a similar
time evolution and spectral shape as the footpoint sources,
but it is about 25 times fainter.

— The high coronal sources are located to the north of the flare
loops, away from the sunspot in the path of CME.

— In the thermal hard X-ray range, two components are
detected in the high corona: an initial increase, associated
in time and space with the nonthermal source, and a second
component peaking later that originates from an extended
source above the initial source with a much larger radial
extent (>200").

The same time profile and spectral shape of the high-coronal
component relative to the main flare emission can be explained

in a thick target scenario where 5% of the flare-accelerated elec-
trons have access to the magnetic structure of the CME. For the
thick target approximation to be valid, high-density structures
within the high-coronal sources would need to be present or elec-
trons would need to be trapped. While the temporal correlation
between the high-coronal component and the footpoints suggest
a common accelerator for both populations, we cannot exclude
that the high-coronal electrons are accelerated separately in a
secondary process such as through reconnection between the
flux rope and the surrounding magnetic field, for example.

The electrons injected into the CME are unlikely to reach
high altitudes, at least for electrons below 100keV that are
responsible for the detected hard X-ray signal. In a thick target,
the electrons are obviously stopped within the observed HXR
sources. In a partial thick target or thin target, they can reach
higher altitudes. However, as they are injected inside the com-
plex magnetic field of the CME, the overall outward motion is
limited by the CME speed. Hence, these electrons injected into
the CME are very unlikely to survive until the CME reaches 1
AU.

In the optically thin case, some of the electrons might reach
the anchor points of the flux rope in the chromosphere, pro-
ducing thick-target bremsstrahlung emissions. While nonther-
mal HXRs from anchor points have recently been reported
(Stiefel et al. 2023), such observations are rare. The HXI obser-
vations of SOL2024-10-19 do not show such sources, although
the dynamic range of the reconstructed images is limited and
HXR emissions from anchor points could be present at a low
level (i.e., <20%). It is not possible to make a quantitative state-
ment on the number of nonthermal electrons precipitating into
the anchor point without having a better estimate of the ambi-
ent density and without having a handle on the fraction of the
total number of electrons that end up in the anchor points. There-
fore, without a detection of HXR from the anchor points, the idea
that some electrons end up in the anchor points of the filament
remains speculation.

The nonthermal signal from the high corona belongs to
the group of events whereby flare-accelerated electrons are
injected into the magnetic structure of the CME (Hudson
1978; Kaneetal. 1992; Hudsonetal. 2001; Krucker et al.
2007; Bain et al. 2012; Glesener et al. 2013; Carley et al. 2017,
Fleishman et al. 2017; Kuroda et al. 2018; Lastufka et al. 2019;
Hayes et al. 2024). In the following we compare SOL2024-
10-19 to these events. For reference we used Table 1 in
Lastufka et al. (2019):

— The previously published flares have photon spectral indices
of the high-coronal source between 2 and 4. SOL2024-10-19
has a soft spectrum with an index of 5.

— The 30keV photon flux of the high-occulted source
0.16 photons/s/cm’z/keV) in SOL2024-10-19 is similar
to the one reported for the other events (0.03 to 10
photons/s/cm~2/keV).

— Multi-vantage point observations have been rare. Four
events had coverage by non-solar dedicated instruments
(see Lastufka et al. 2019), which reported that high-coronal
sources are generally much weaker than what is measured
for SOL2024-10-19. The fraction of the four events previ-
ously published is around 0.1% of the total flux at 30keV,
while SOL2024-10-19 is much stronger at 4%.

— While the onset of the high coronal source tends to be at
the onset of the impulsive phase, the time profiles of the
high-altitude sources often show an exponential decay with
decay times of a few minutes (e.g., Krucker et al. 2007,
Fig. 1). In those events, energetic electrons appear to be
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Table 1. Observed and derived parameters during the first nonthermal peak for the flare and the high-coronal source.

Source type  Parameter Entire flare High-coronal

Thermal temperature [MK] 17.5 23.5+0.7
EM [cm ™3] 46x10%  1.7+02x10Y
volume [cm?] 6 x 207 6 x 2077
density [cm™3] 2 x 10'! 5% 10°
GOES class M6 B6
thermal energy Eg, [erg] 2% 10% 3 x10%

Non-thermal photon spectral index y 49+0.1 48+0.1
F30 [photons sl em2 keV!] 40+03 0.16 = 0.01
non-thermal thick-target energy above 25 keV Ewpjck [erg] 3 x 10% 1x10%8
non-thermal thin target energy above 25 keV Egy, [erg] >2 % 1028

Notes. Values without error bars are order of magnitude estimates.

trapped within the CME and they travel outward with the

CME. Hudson et al. (2001) reported on a highly occulted

flare whereby the injected electrons are not only seen in hard

X-rays, but also in microwaves at 17 GHz and 34 GHz, and

move away from the Sun with a speed of up to 1000 km pers.

The long-lasting decay is due to energy losses of the ener-

getic electrons as a function of time, and/or due to the escape

of electrons from within the CME. In an event in which the
density is rather high, the energy losses are high as well, and
the exponential decay is suppressed or completely absent as
for the flare reported in this paper.
In summary, SOL2024-10-19 is somewhat different from the
previously reported events that showed nonthermal emissions
from flare-accelerated electrons injected into the CME structure:
it has a stronger high-coronal source in relative terms and does
not show an exponential decay. We speculate that this is linked
to higher densities being present in SOL2024-10-19 compared to
the other events. For an event in which the thick target approxi-
mation holds, such as potentially SOL2024-10-19, an exponen-
tial decay is not formed, and the high-coronal source becomes
more intense and has the same spectral slope as the footpoint
sources.

Besides the nonthermal aspects, these observations also
clearly show that thermal hard X-ray sources originating from
high in the corona can be energetically important despite their
intrinsic faint appearance relative to the main flare sources. The
faint appearance of large coronal sources is due to a bias of the
bremsstrahlung mechanism toward compact sources. Extended
sources in the presence of compact sources appear very faintly
in images, but they can contain a significant part of the energy
released during a flare.

While this initial publication of joint STIX and Earth-
orbit based observations showing new insights into solar flare
physics, this work only concerns a single event that was
selected because of its rather clear nonthermal signal despite
the large occultation degree. A statistical study is needed to
fully exploit the diagnostic potential of joint STIX/HXI/GBM
observations. This work demonstrates that the current ver-
sion of the calibration of the involved instruments is satis-
factory. As occulted sources are much fainter than the total
flare emissions, a factor of 25 for the flare presented here, a
calibration accuracy of 10% already provides accurate diag-
nostics for comparing occulted flare sources with the entire
flare.

Besides a statistical study, there are several individual topics
that should be addressed in the future:
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— The unknown filling factor of the thermal source produces
significant uncertainty in the thermal energy estimates. For
a large filling factor, the volume of the actual hot plasma
decreases, bremsstrahlung emission becomes stronger, and
the energy content can be lower than quoted here. Future
investigations should focus on getting a better handle on
the filling factor. Lastufka et al. (2019) has shown that EUV
diagnostics might not provide direct measurements of the
hottest plasma in the high corona as ionization timescales are
long and a collisional equilibrium might not be immediately
achieved, delaying or even suppressing the high-temperature
line emissions. Hence, EUV observations might not be the
ideal way to derive the different emission measure distribu-
tion of the hot CME core. Soft X-ray observations where
free-free emission dominates, on the other hand, are not
affect by ionization timescales.

— The expected GOES signal from the high-coronal thermal
sources is a few percent, and therefore on the same order
of magnitude as ‘“quasi-periodic” pulsations seen in the
de-trended GOES profiles (e.g., Hayes et al. 2020). High-
altitude sources might represent one of these pulses, or a
series of injections could produce several pulses.

— The onset of the high-coronal source should be compared
to the onset seen in the main flare signal (e.g., Hudson et al.
2021). For the event presented here, the onset signal from the
high corona is too faint to account for the entire GOES onset,
but high-coronal sources contribute to the overall hot onset
seen by GOES.

— A future study should look into the connection of these
impulsive phase hot sources from the high corona to the late-
phase EUV loops (e.g., Woods et al. 2011). While late-phase
EUV flare loops are typically seen tens of minutes after the
flare peak and are generally dominated by plasma at lower
temperatures, late-phase loops also contain a significant frac-
tion of the flare energy.

— The nonthermal electrons injected into the CME should be
detectable at radio wavelengths (e.g., Hudson et al. 2001).
Combined radio and hard X-ray observations should be a
high priority, to further constrains electrons injected into
the CME. Expanded Owens Valley Solar Array (EOVSA)
microwave observations could provide such diagnostics, but
SOL2024-10-19 occurred outside the EOVSA observing
window.

These observations highlight the importance of having X-ray
observations with a large dynamic range, both for the ther-
mal and the nonthermal energy range. To image the nonthermal
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corona at the same time as the main flare site, a dynamic range
better than 4% is needed for the flare presented in this paper.
This is difficult to achieve for indirect imaging systems such as
STIX and HXI. With the current calibration of STIX (December
2024), a dynamic range of 1:10 can be achieved for time inter-
vals with very high statistics and a source structure of three or
fewer sources. The process to improve the calibration is ongo-
ing, but a value of better than 4% is likely out of reach for STIX.
Hence, for existing observatories we shall be relying on limb-
occulted observations to study high-coronal sources. A future
instrument design using the STIX approach with an increased
number of measured Fourier component (visibilities) could be
able to reach such a limit, at the cost of increased instrument
size (the STIX concept scales linearly in size). Contrary to indi-
rect imaging system such as STIX and HXI, hard X-ray focusing
optics intrinsically have much better dynamic ranges, as pho-
tons from the weaker sources are separated away from the bright
flare sources by the focusing system. The high-altitude source in
SOL2024-10-19 is separated by about 50" (from Earth view). At
such a distance, a FOXSI type instrument (Krucker et al. 2014;
Glesener et al. 2016; Buitrago-Casas et al. 2020; Christe et al.
2023) has a predicted dynamic range of 1:1000, and would
be able to detect the high coronal sources easily. To conclude,
we would like to emphasize that high-dynamic-range observa-
tions are not just needed to get a complete overview of all flare
sources; such observations are needed as high-coronal sources
are an integral part of solar flares, a part that has been largely
neglected so far (e.g., Glesener et al. 2023).
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