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ABSTRACT

Context. Solar eruptive events, including solar flares and coronal mass ejections (CMEs), are typically characterised by energetically
significant X-ray emissions from flare-accelerated electrons and hot thermal plasmas. However, the intense brightness of solar flares
often overshadows high-coronal X-ray emissions from the associated eruptions due to the limited dynamic range of current instru-
mentation. Occulted events, where the main flare is blocked by the solar limb, provide an opportunity to observe and analyse the
X-ray emissions specifically associated with CMEs.
Aims. This study investigates the X-ray and extreme ultraviolet (EUV) emissions associated with a large filament eruption and CME
that occurred on February 15, 2022. This event was highly occulted from the three vantage points of Solar Orbiter (∼45◦ behind the
limb), Solar–TErrestrial RElations Observatory (STEREO-A), and Earth.
Methods. We utilised X-ray observations from the Spectrometer/Telescope for Imaging X-rays (STIX) and EUV observations from
the Full Sun Imager (FSI) of the Extreme Ultraviolet Imager (EUI) on-board Solar Orbiter, supplemented by multi-viewpoint ob-
servations from STEREO-A/Extreme-UltraViolet Imager (EUVI). This enabled a comprehensive analysis of the X-ray emissions in
relation to the filament structure observed in EUV. We used STIX’s imaging and spectroscopy capabilities to characterise the X-ray
source associated with the eruption.
Results. Our analysis reveals that the X-ray emissions associated with the occulted eruption originated from an altitude exceeding
0.3 R⊙ above the main flare site. The X-ray time-profile showed a sharp increase and exponential decay, and consisted of both a hot
thermal component at 17±2 MK and non-thermal emissions (> 11.4±0.2 keV) characterised by an electron spectral index of 3.9±0.2.
Imaging analysis showed an extended X-ray source that coincided with the EUV emission as observed from EUI, and was imaged
until the source grew to a size larger than the imaging limit of STIX (180′′).
Conclusions. Filament eruptions and associated CMEs have hot and non-thermal components and the X-ray emissions are ener-
getically significant. The findings demonstrate that STIX combined with EUI provides a unique and powerful tool for examining
the energetic properties of the CME component of solar energetic eruptions. Multi-viewpoint and multi-instrument observations are
crucial for revealing such energetically significant sources in solar eruptions that might otherwise remain obscured.

Key words. Sun: filaments, prominence – Sun: X-ray

1. Introduction

Solar eruptive events, which include solar flares, coronal mass
ejections (CMEs), and occasionally associated solar energetic
particle (SEP) events, are fundamental drivers of space weather
and constitute the most energetically significant processes within
our solar system. These phenomena are driven by the rapid re-
lease of free magnetic energy in the Sun’s corona. According to
the standard model of solar eruptive events, the energy release is
predominantly driven by large-scale magnetic reconnection be-
neath an erupting magnetic flux rope or filament, leading to the
flare and CME. A fundamental challenge in solar physics is un-
derstanding how this released magnetic energy is partitioned and
transformed into other forms, such as heat and particle accelera-
tion.

X-ray observations of solar eruptive events provide one of
the most direct diagnostics of the hottest flare plasma and the
non-thermal flare-accelerated electrons. Typically in solar erup-
tive events, these observations reveal bright hard X-ray foot-

points within the chromosphere, as well as hot flare loops rooted
in these footpoints that often form an arcade in the lower corona
(Fletcher et al. 2011; Benz 2017). Although it is theorised - and
occasionally observed - that hard X-ray emissions also originate
from higher in the corona near the acceleration regions or in con-
junction with CME eruptions, detecting these emissions presents
a significant challenge. Since the intensity of bremsstrahlung X-
ray emission depends on the ambient density, emission from the
denser lower solar atmosphere dominates and, given the limited
dynamic range of current and past X-ray imaging instruments,
usually obscures higher altitude sources. Nevertheless, in cer-
tain exceptional circumstances (e.g. Masuda et al. 1994; Krucker
& Battaglia 2014), or during times when the solar flare foot-
points are occulted behind the solar limb, coronal hard X-ray
emissions become detectable, offering rare glimpses into high-
corona processes (e.g. Krucker & Lin 2008; Effenberger et al.
2017; Lastufka et al. 2019) .

In only a handful of cases where the main flare is either fully
or partially occulted by the solar limb, high-coronal hard X-ray
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emissions associated with CME eruptions have been reported,
with both Yohkoh and RHESSI (Hudson et al. 2001; Krucker
et al. 2007; Glesener et al. 2013; Lastufka et al. 2019). In these
reported cases, both a non-thermal and hot thermal component
of the erupting flux ropes were reported, suggesting that ener-
getic electrons and hot plasma are present in the CME erupting
filament. More recently with observations from the Expanded
Owens Valley Solar Array (EOVSA), Chen et al. (2020) reported
for the first time non-thermal microwave emission in the anchor
points of the erupting filament, further suggesting the presence
of accelerated electrons trapped within erupting flux ropes. With
recent X-ray observations from the Spectrometer Telescope for
Imaging X-rays (STIX) (Krucker et al. 2020) on-board Solar Or-
biter (Müller et al. 2020), Stiefel et al. (2023), reported the first
observations on non-thermal emissions in the flux-rope filament
footpoints (albeit in the chromosphere) - where flare-accelerated
energetic electrons trapped in the flux-rope presumably precip-
itated to the denser anchor points of the flux-rope to produce
X-ray emission. Understanding the nature and energetics of non-
thermal emission from erupting filaments is an important aspect
of understanding particle acceleration and energy release in solar
eruptive events.

In this paper, we present hard X-ray observations of a fila-
ment eruption that occurred on February 15, 2022, captured by
the Spectrometer/Telescope for Imaging X-rays (STIX) and the
Full Sun Imager (FSI) of the Extreme Ultraviolet Imager (EUI)
on-board Solar Orbiter (Rochus et al. 2020). STIX offers hard
X-ray imaging and spectroscopy, measuring X-rays in the 4-
150 keV energy range. Our analysis includes both the spatial
and spectral aspects of the X-ray observations, revealing that the
eruption exhibited both hot and non-thermal components. This
work highlights the unique observational opportunities provided
by STIX and other instruments on-board Solar Orbiter. Section 2
presents an overview of the event, as well as more detailed X-ray
imaging and spectroscopic analyses, while Section 3 discusses
the implications of this work and provides our conclusions.

2. Observations

2.1. Event overview

On February 15, 2022, a large filament eruption took place off
the eastern limb of the Sun, captured from three distinct observa-
tional vantage points: Earth, Solar–TErrestrial RElations Obser-
vatory (STEREO-A), and Solar Orbiter. The main body of the
event was obscured by the solar limb from all three locations,
providing a unique perspective on the eruption. Figure 1 illus-
trates the positions of the spacecraft relative to the Sun, and the
black arrow in the figure indicates the filament eruption’s loca-
tion and trajectory, determined to be ∼59◦ behind the limb as
viewed from Earth. The eruption was clearly captured by the
large field of view of the EUI/FSI telescope on-board Solar Or-
biter, where parts of the filament eruption were tracked out to
6 R⊙ in 304 Å (see Mierla et al. 2022). The eruption was also
associated with a fast CME (∼2200 km/s) and an interplanetary
CME-driven shock which caused a widespread solar energetic
particle event that was detected by in-situ instrument on several
spacecraft throughout the heliosphere (see Palmerio et al. 2024;
Giacalone et al. 2023; Khoo et al. 2024). Such fast CME’s have
been known to produce hard X-ray signatures in the high corona
(Krucker et al. 2007).

Figure 2 presents X-ray and radio measurements taken from
various viewpoints during the filament eruption. Panel a demon-
strates that, from Earth’s perspective, there was no detectable en-

Fig. 1. A plot of the relative positions of the Solar Orbiter, Earth,
STEREO-A, and PSP at the time of the CME eruption. The black ar-
row marks the estimated longitude of the eruption.

hancement in X-ray emission across the channels of the GOES-
16 X-ray Sensor (XRS). Conversely, panel b shows that from the
perspective of Solar Orbiter, STIX captured clear X-ray emis-
sions reaching up to 28 keV, even though the event was also
occulted behind the limb from this viewpoint. Panel c features
radio observations from the Parker Solar Probe (PSP)/FIELDS
(Bale et al. 2016) across both the Low Frequency Receiver (LFR;
bandwidth 10.5 kHz–1.7 MHz) and the High Frequency Re-
ceiver (HFR; 1.3 MHz–19.2 MHz). During the eruption, pro-
nounced radio bursts characteristic of Type-III signatures were
detected, their onset aligning with the peak of the X-ray emis-
sions captured by STIX. These bursts indicate the presence of
impulsively accelerated electron beams travelling from the so-
lar atmosphere’s lower layers at the flare site into interplanetary
space along open magnetic field lines. Additionally, Langmuir
wave signatures were identified in the dynamic spectrum at fre-
quencies around 0.05 MHz after approximately 22:30 UT, indi-
cating in-situ measurements of these Type-III generating elec-
tron beams by PSP and suggesting a magnetic connection be-
tween the spacecraft and the event source.

The source region of the solar eruptive event (i.e. solar
flare) was occulted from the three remote sensing viewpoints of
STEREO-A, Solar Orbiter, and Earth as depicted in Figure 1.
This is highlighted by Figure 3, which shows the eruption as
observed in the 304 Å channels of Extreme-UltraViolet Imager
(EUVI) on-board STEREO-A (Wuelser et al. 2004) and Solar
Orbiter/EUI/FSI. EUI’s imaging cadence at this time was 2 min-
utes. Therefore, each EUI image is paired with the STEREO im-
age closest to it in time, after accounting for the different light
travel times from the eruption to the two observatories. The five
frames shows the filament as it comes into the field of view of
both instruments, first in STEREO-A/EUVI (row a) and then in
EUI/FSI (row b). It should be noted that the scale in arcsec dif-
ference is due to the fact that Solar Orbiter and STEREO-A are
at different AU distances, at 0.72 AU and 0.96 AU respectively.
Panel c presents the STIX light curve, with vertical dashed lines
correlating the timing of the frames to specific points on the light
curves. A comparison of the FSI frames with the STIX light
curves distinctly reveals an increase and subsequent decrease
in X-ray emission as the filament eruption becomes visible in
EUI/FSI (and hence STIX), matching the CME’s outward ex-
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Fig. 2. The X-ray and radio observations of the eruption as observed by
Earth, Solar Orbiter and PSP. The GOES XRS 1–8 Å and 0.5–4 Å chan-
nels are shown in panel a. The STIX lightcurves in 4 energy bands (flux
summed over these energies) is shown in panel (b), where clearly X-
ray emission associated with the eruption can be observed. In panel (c),
the dynamic spectra from HFR and LFR from PSP/FIELDS is plotted,
where the Type III radio bursts associated with the event is observed.
Langmuir waves are also observed at ∼0.05MHz after around 22:20
UT. The times here are all adjusted to UT at PSP location.

pansion. Panel d further shows the prominence’s continued ex-
pansion and acceleration, captured by the large field of view of
FSI.

To estimate the 3D location and propagation angle of the
eruption, we applied a line-of-sight triangulation technique
(Ryan et al. 2024) to the isolated feature in the core of the
eruption. This is clearly identifiable in both EUVI and FSI at
21:56 UT (Figure 3 (a, b), 4th column). This analysis revealed
that the eruption originated approximately 59◦ behind the solar
limb as viewed from Earth - a finding consistent with Mierla
et al. (2022) - and about 45◦ by the limb from the perspective
of Solar Orbiter. Assuming the eruption propagated radially, the
occultation heights are estimated at around 250 Mm. This im-
plies that any X-ray emissions observed from Solar Orbiter must
originate from an altitude exceeding 250 Mm, or at least 0.3 R⊙,
above the solar limb. This supports our assertion that X-ray emis-
sion observed by STIX must originate in the filament eruption
itself, as flare footpoints and loop arcade would be too low to be
visible above the limb.

The time profiles of the STIX X-ray emission show a sharp
rise and an exponential decay. The time evolution profile is due
to a combination of actual variation of the X-ray emission and
an increase of the visible part of the source (see Figure 3). The
time-profiles across energies are quite consistent which is high-
lighted further in Figure 4, where the 4-10 keV and 12-28 keV
normalised lightcurves are shown. The decay appears similar in
both the thermal and non-thermal emissions (this is determined

in Section 2.2), and fitting an exponential decay to the time-
series we find a decay time of τ ∼ 130 s. This is notably very sim-
ilar to the case reported in Krucker et al. (2007). Using this value,
and Equation 2 for the collisional energy loss from Krucker et al.
(2008) together with an energy of 20 keV, we can estimate the
electron number density, which we find to be on the order of
108 cm−3, which is a reasonable value for the high corona (see
more in Section 2.4). However, we should also note that a power-
law decay also fits this decay well, with a power law exponent
of ∼3.5. The time profiles are consistent with a scenario that the
X-ray source comes into view of Solar Orbiter/STIX such that
the X-ray emission rapidly increases, followed by a decay as the
X-ray source expands outwards.

As we have no direct observation of the flare associated with
the eruption, we cannot estimate the GOES-class of the flare.
However, from the STIX observations, we can estimate what the
corresponding GOES-class would be of the X-ray emission asso-
ciated with the filament eruption itself. This can be done by using
correlations between the STIX 4-10 keV and the GOES/XRS 1–
8 Å channel of historically observed events (Xiao et al. 2023).
Using this, the GOES-class of the peak emission from the fila-
ment is between a B6 and C.1 flare. However it should be noted
that this correlation relationship between the GOES/XRS X-ray
flux and STIX flux is based upon regular flares rather than X-ray
emissions associated with a CME so it is not necessarily clear if
this correlation should hold for the case of this observation. For
example, if the temperature of the source is very high, it would
give a relatively small GOES-class due to the differences in the
GOES/XRS and STIX temperature responses. If instead we use
the temperature and emission measure from the fit of the STIX
spectra (see Section 2.2), the estimated GOES-class from these
parameters is that of an A4 GOES-class flare. However, we note
here that this value is a lower limit of the estimated equivalent
GOES-class of the high coronal X-ray source, as it only contains
the hottest temperatures that STIX is sensitive too, and it is most
likely that there are also contributions from the ‘cooler’ plasma
that GOES/XRS would be sensitive too, but we just do not have
the observations in those energy ranges. In either case, it is no-
table that the STIX fluxes of this event is a substantial level of
emission given the eruption’s separation from the main flaring
site behind the limb. Yet had the event not been occulted, this
emission would not have been distinguishable amid the much
brighter flare emission

2.2. X-ray spectral analysis

In order to determine the nature of the coronal X-ray emission
observed by STIX, we conducted spectral analysis focusing on
the peak of the X-ray emission. The time-interval used here is
within the grey shaded region in Figure 4, during the peak minute
from 21:52:29 to 21:53:32 UT, ensuring a sufficient count rate
for analysis. The background-subtracted1 spectrum was then fit-
ted using OSPEX (Tolbert & Schwartz 2020). The spectrum is
well represented by an isothermal model (f_vth) combined with
a thin-target non-thermal model (f_thin2) fitted over an energy
range of 4 to 28 keV. We attempted to fit different models to
the data, including a super-hot component, and combinations
of thick-target and thermal components, but found the isother-
mal and non-thermal thin-target combination of models fit the
best. The results of the fit are shown in Figure 5, where the
background-subtracted X-ray count spectra is plotted in black,
and the thermal and non-thermal models are shown in red and

1 Background file from quiet period on 2022-02-16, UID: 2202160007
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a. STEREO/EUVI

b. SolO/EUI/FSI

c. d.

Fig. 3. An overview of the EUV observations in 304 Å from the different vantage points of STEREO/EUVI and Solar Orbiter/EUI/FSI. Panel (a)
and panel (b) shows five consecutive images from EUVI and FSI, respectively. The images of EUVI and EUI are matched to the closest time,
taking into light-travel time, and are given in the time at Solar Orbiter. They are not reprojected to one viewpoint - the maps are plotted from their
respective vantage points, hence the arcsec scales are different. The grey marked line in panel a shows the solar limb as viewed from Solar Orbiter.
In panel (c), the STIX lightcurves are plotted with the five vertical lines corresponding to the five EUV images plotted in (a) and (b). In panel (d)
the EUV filament eruption is shown at a later time when the X-ray emission has ceased.

Fig. 4. The STIX 4-10 keV and 12-28 keV time-series plotted (nor-
malised). The grey shaded region marks the time interval over which the
spectral fitting is performed. The black marked curve is the exponential-
decay fit to the decay.

blue, respectively. The vertical dashed lines show the energy
range over which the spectrum was fit, and the bottom panel
shows the residuals of the fit to the data. Below approximately

10 keV, thermal emission is dominant, with the fit indicating a
low energy cutoff at 11.4±0.4 keV. The spectra also reveal a pro-
nounced non-thermal component, characterised by an electron
spectral index (δ) of 3.9±0.2. The fit of the thermal component
suggests a high temperature of 17±2 MK and a relatively low
emission measure of 1.36±0.56×1046 cm−3, consistent with the
emitting plasma being a hot, diffuse X-ray emitting source.

2.3. X-ray imaging

STIX is an indirect Fourier imager, and uses a grid-based ap-
proach to reconstruct images from spatial modulation patterns
of the incident X-ray flux on the detectors (Krucker et al. 2020;
Massa et al. 2023). The instrument is designed such that the
grid pitches and orientations provide spatial information on an-
gular scales on the Sun of 7′′to 180′′. To generate images from
STIX visibilities, significant flux and signal modulations are es-
sential from each subcollimator. Utilising the forward fit algo-
rithm (FWDFIT; Volpara et al. 2022), we constructed a sequence
of thermal X-ray images with 30-second integration in the 4-10
keV range during the peak X-ray emissions. Modulations were
primarily detected in the coarsest grids (subcollimators 7-10), in-
dicating an extended source size, which were then employed for
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Fig. 5. The STIX background subtracted X-ray count flux spectra
(black) over the peak of the X-ray emission, and the fitting results. The
isothermal fit is plotted in red, and the non-thermal thin-target model is
plotted in blue. Below the spectrum is the residuals of the fit to the data.
The vertical dashed lines mark the energy range over which the spectral
fit was performed.

image construction. For each time interval, the CLEAN algo-
rithm was also used to construct the X-ray source images, adopt-
ing a clean beam width of 60′′, corresponding with the resolution
of the finest grids used (i.e. subcollimator 7).

Figure 6 presents the reconstructed STIX thermal X-ray im-
ages across five intervals at the X-ray emission peak in the top
panel row. For the two time intervals for which a corresponding
EUI/FSI map is available, the map is plotted directly beneath.
The CLEAN reconstructed maps are denoted by the green col-
ormap and contours at each time-step, with the forward fit map
full-width at half maximum (FWHM) represented by a black cir-
cle. The dashed black circle delineates the 180" boundary limit
of the coarsest STIX sub-collimator. The observed thermal X-ray
source in the 4-10 keV energy range is large and extended, align-
ing with the filament eruption’s entry into Solar Orbiter’s field of
view. The FWDFIT FWHM indicates the source’s growth and
outward movement, reaching the 180" limit of the coarsest sub-
collimator, as visible in the final panel. After this time, we can-
not reliably construct an image with STIX, as the source is too
extended. The CLEAN maps show an evolution of the source
that similarly follows the FWDFIT maps, but also shows struc-
ture as it evolves which appears to track the legs of the filament
eruption. We find similar morphology using the MEM_GE imag-
ing algorithm. Given the limited temporal resolution of EUI/FSI
we can only compare the time the source comes into view and
then notable in the last panel where the thermal source mirrors
the EUV structure’s brightest “arm” feature, suggesting that the
bright emission in EUV 304 Å also has a hot thermal compo-
nent as evidenced by the STIX X-ray source. For the last panel,
we shifted the STIX image in this frame by (40′′, 20 ′′) to match

with the brightest sources of the EUV emission. This is similarly
observed in the 174 Å channel of FSI.

For the non-thermal emissions, we choose an energy range
from 12-28 keV to construct an image. This was chosen as the
fitted count spectrum shows that the energy range from 12-28
keV is largely non-thermal. Given that the count statistics are
lower relative to the thermal X-ray source, we use a longer in-
tegration time of 1 minute over the peak of the lightcurve to
construct an image. For reference, we also construct a thermal
source image in the 4-10 keV over the same time range interval.
We applied the forward fit algorithm (FWDFIT) to obtain esti-
mates of the positions and sizes of both thermal and non-thermal
sources during the peak X-ray emission. Figure 7 displays these,
with the 12-28 keV non-thermal source outlined in blue contours
and the 4-10 keV thermal source in red. These contours are over-
plotted on a running difference image from EUI/FSI at 174 Å
which distinctly shows the CME shock front or the leading edge
of the CME, prominently visible well above the filament erup-
tion and the X-ray sources. According to the forward fit re-
sults, the thermal source exhibits a FWHM of 110±16′′while the
non-thermal source measures 76±17′′. Although their locations
slightly diverge, pinpointing their precise positions relative to the
filament eruption and its orientation presents a challenge. How-
ever, it seems that both sources are situated within the "legs" of
the filament as it enters Solar Orbiter’s field of view.

2.4. Energetics of the X-ray sources

Combining the parameters derived from the X-ray spectral fit-
ting, and X-ray imaging we can estimate the thermal source
properties. We determine the volume of the X-ray emitting ther-
mal plasma through the forward fitting of the circular source
over the peak of the emission from Figure 3. Here, after using
the FWDFIT source to estimate the volume, we also tested the
method using CLEAN maps by estimating the area within the
30% contour levels and found a similar volume estimate. We
can then estimate the ambient density, ne of the thermal source
by combining with the emission measure (EM) derived from the
spectral fit;

ne =

√
EM
V

[cm−3] (1)

If we assume the simple approach that the thermal source is
spherically symmetric with a filling factor of one, (i.e. V = f V ,
where f < 1), the derived density of the hot (17 MK) plasma
source is ∼ 3.7 × 108 cm−3; a reasonable value for CME high in
the corona. This source hence contains around 3.8 × 1037 elec-
trons, and has an estimated thermal energy content of ∼ 2.7 ×
1029 erg. We want to note that these values are estimates, rather
than definitive values. For example the largest uncertainty in
these calculations is the volume estimate. If we use the ranges of
volumes given from the uncertainties in the source size, we get
ranges of the ne to be between (3 − 4.7) × 108 cm−3, the number
of electrons in the thermal source to be between (3− 4.6)× 1037,
and the thermal energy content between 2.1 − 3.2 ergs.

For the non-thermal emission, we can estimate the instan-
taneous electron density and number of non-thermal electrons.
For a thin-target model, this can be estimated by using Equation
6 from Kontar et al. (2023), (see also Appendix B in Musset et al.
2018), given by;

nnth =
⟨nVF0⟩

nVnth
E−0.5

0
δ − 1
δ − 0.5

√
me

2
[cm−3] (2)
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Fig. 6. The time-evolution of the X-ray 4-10 keV source during the peak of the X-ray emission. The top panel shows the STIX images reconstructed
using the CLEAN algorithm with a 30s time integration. The green colormap, and green contours show the CLEAN intensity maps, scaled to the
peak flux, and the contours show the 40-100% levels. The black circle marks the FWHM of the FWDFIT reconstructed maps over the same time
intervals and the dashed black circle marks the 180 ′′limit. The corresponding EUI/FSI maps for the two time intervals for which observations
are available are plotted below with the STIX contours overplotted on-top. To overplot these STIX images on the corresponding EUI/FSI maps,
the contours are overplotted using the ‘SphericalScreen‘ context manager available through the sunpy package. For the right-most panel, the
STIX contours are shifted by (40 ′′, 20 ′′) to align better with the EUV emission based on the brightest sources.

Fig. 7. The non-thermal 12-28 keV (blue) and thermal 4-10 keV (red)
forward fit X-ray sources over the peak of the X-ray emission overplot-
ted on the running difference EUV 174 Å image from EUI/FSI.

where n is the ambient density, ⟨nVF0⟩ and δ are the normal-
isation factor and the electron spectral index from the thin-
target model fit, respectively, E0 is the low energy cut-off, Vnth
is the non-thermal source volume, and me is the electron mass
in keV/c2. From the spectral fit from Section 2.2 (⟨nVF0⟩ =
1.86 × 1054 electrons s−1 cm−2, δthin = 3.9, and Ec = 11.4 keV),
and estimating the volume from Section 2.3 (Vnth ∼ 3 × 1028

cm3, assuming spherically symmetric source with filling factor
of unity). As the ambient density is not well constrained, and
similarly the low-energy cut-off is not well constrained, we can
plot the instantaneous non-thermal electron density for a range

of ambient densities and low-energy cutoffs, in a similar manor
to that done in Lastufka et al. (2019). For a range of ambi-
ent densities, we only calculate the instantaneous non-thermal
electron density for values for which the thin-target assumption
holds (i.e. the ambient density does not act as a thick-target).
To determine the high densities for which the assumption does
not hold, we calculate the stopping column densities for differ-
ent cut-off energies using the estimated source size from Sec-
tion 2.3, and Equation 1 from Krucker et al. (2008). In Fig-
ure 8, this is shown for three ranges of the Ec, namely 6 keV,
11.4 keV and 20 keV. The shaded regions note the ranges of
values for the non-thermal volume estimate, Vnt. The grey solid
line shows the extreme case when the ambient density equals the
non-thermal density, and the dashed grey lines show the cases
when the non-thermal density is 10% and 1% of ambient density.
If we take ambient density, n, to be that of the thermal source
(∼ 3.7 × 108 cm−3), we get an estimated nnth ∼ 2 × 107 cm−3

(marked by the black star in Fig 8). With these assumptions, we
find that the ratio of the non-thermal to thermal electron density
is ≃ 0.05. Under these assumptions, that the ambient density is
the thermal source, we find a total number of non-thermal elec-
trons of ∼ 7 × 1035, which is approximately 2 % of the total
population of electrons, and a total energy content of the non-
thermal source to be ∼ 2 × 1028 erg. This is approximately 7 %
of the estimated thermal energy. Similar to the thermal source
estimates, if we take the ranges of the volume estimates for the
non-thermal source, we find that the total number of non-thermal
electrons range from (5.3−8.3)×1035, and the total energy range
from (1.5 − 2.3) × 1028 ergs.

3. Discussion & conclusion

The large filament eruption and CME that occurred on Febru-
ary 15 2022 provided an excellent opportunity to study an oc-
culted solar eruptive event from the perspective of Solar Or-
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Fig. 8. A plot of the instantaneous non-thermal electron density as a
function of ambient density for three different low-energy cut-offs. The
instantaneous non-thermal electron density is only calculated for which
the thin-target assumption holds. The shaded regions mark the ranges
of the volume calculation from the source size. The grey lines at 100%,
10% and 1% mark where the ambient density equals the respective per-
centages of the non-thermal density (i.e. 100% is the extreme cases
when the ambient density equals the non-thermal electron density.) The
black star marks the value of the instantaneous non-thermal electron
density if we assume the ambient density is that of the thermal source.

biter. By combining STIX and multi-viewpoint EUV observa-
tions from both EUI/FSI and STEREO-A/EUVI, this study re-
veals the existence of a hot (>17 MK) X-ray component and
the presence of flare-accelerated non-thermal electrons within
the coronal source associated with a filament eruption located at
least 250 Mm radially above the main flare site. The X-ray time-
profile is relatively simple; it peaks as the filament comes into
view of Solar Orbiter, as identified in EUV from EUI/FSI, and
shows an exponential decay on the timescale of ∼130 s. The X-
ray source was imaged over the peak of the emission, and shows
a source that spatially aligns with the EUV structure as seen in
the 304 Å and 174 Å channels of EUI/FSI, and grows in size un-
til it reaches the detection limit of STIX’s largest grids of 180′′,
for which after an X-ray image cannot be reconstructed as its
too extended to show any modulation even in the coarsest grids
of STIX. The presence of the hard X-ray non-thermal emissions
above 11 keV, with an electron spectral index of 3.9±0.2 keV,
suggest that there is a population of accelerated electrons that
are confined to magnetic field line structures associated with the
CME and filament eruption, likely situated in the legs of the fil-
ament eruption that is observed in EUV, behind the CME shock.

The question then is, how the X-ray emitting plasma of the
filament reached temperatures as high as 17 MK, and how a
population of accelerated electrons became embedded within
this structure at these altitudes? A likely scenario, based on a
3D eruptive flare model (e.g. Janvier et al. 2015), is that flare-
accelerated electrons escaping upwards from the acceleration re-
gion near the current sheet are injected into the complex mag-
netic configuration of the filament. Within this structure, they
are then trapped and carried outward with the erupting filament.
Recent observations have documented similar processes at lower
altitudes - microwave emission from accelerated electrons at the
conjugate legs of a filament eruption (Chen et al. 2020) and
hard X-ray detection at the filament anchor points in the chro-
mosphere (Stiefel et al. 2023). This study extends those find-
ings to their coronal counterparts, suggesting that these electrons
can remain trapped within the filament structure for an extended
duration, observable at these higher altitudes. It should also be

noted that the detection of Type-III radio bursts indicates some
flare-accelerated electrons have also escaped upwards onto open
magnetic field lines, as well as those that access the confined
magnetic structure.

The hot thermal X-ray sources match with the structure ob-
served in the EUV channels of EUI/FSI, and are similarly seen
in the other hotter coronal channels from EUVI (see Figure 5 in
Mierla et al. 2022). Although the FSI 304 Å passband is typically
dominated by He II 304 Å, it also contains hotter lines indica-
tive of temperatures around 2 MK, and the FSI 174 Å channel
has a peak temperature response at approximately 1 MK. These
observations suggest that the filament exhibits a multi-thermal
distribution and is significantly heated. The heating of the flux
rope to temperatures up to tens of MK could be attributed to
flare-accelerated electrons heating the CME filament, a mech-
anism that has been proposed in similar studies (see Glesener
et al. 2013). We strongly encourage modellers to further inves-
tigate the injection of accelerated electrons into different plasma
conditions (Galloway et al. 2010) and in particular the injection
in CMEs structures. This will allow us to understand the produc-
tion of bremsstrahlung emission from these scenarios.

The observed time-profiles of both thermal and non-thermal
X-ray emissions, characterised by a sharp rise followed by an
exponential decay, also offers insights into our understanding
of the nature of the sources. Typically, in emission associated
with a solar flare, one would expect the non-thermal emissions
to peak sharply and decay rapidly, preceding the thermal emis-
sions which would peak later and decay more gradually. How-
ever, in this case, both the thermal and non-thermal emissions
exhibit similarly structured profiles and decay rates. The non-
thermal decay could be explained by collisional losses; how-
ever, different energy levels would likely exhibit varying decay
times under such a scenario. Another plausible explanation is
that as the emitting source moves outward, the ambient den-
sity decreases, leading to a flux decay. Since both thin-target
and thermal bremsstrahlung emissions are dependent on ambi-
ent density, an isotropic expansion of the emitting volume would
naturally result in a decrease in emission over time, proportional
to the cube of the expansion time, aligning with our observations.
In this way, the observations of the initial sharp rise in X-ray
emissions is due to the emitting volume moving into Solar Or-
biter’s field of view from behind the limb. Once fully observable
by STIX, the source continues to expand outward, leading to the
observed decay in emission. This can also explain the absence
of detectable X-ray emissions when the event becomes visible
from Earth; by this stage, the expanded volume would be too
diffuse such that emission measure below the detection threshold
of GOES/XRS. In reality, both collisional losses and the expan-
sion are at play, but overall the observations show a consistent
picture of hot plasma and trapped non-thermal electrons within
a filament structure. The non-thermal population observed is a
lower limit of the total electrons in the high-altitude source, and
there may have been more at earlier altitudes that could have
contributed to the heating of the structure. This study shows that
while the emission is weak, they are still energetically signifi-
cant, and these studies are important for understanding how the
energy budget is utilised in solar eruptive events.

Future work will leverage STIX observations in conjunction
with Earth-based observatories, including the newly operational
Hard X-ray Imager (HXI; Zhang et al. 2019) on-board ASO-S
(Gan et al. 2019), the Gamma-ray Burst Monitor (GBM) (Mee-
gan et al. 2009) and Aditya-HEL1OS, to systematically search
for solar eruptive events from multiple vantage points to inves-
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tigate. This approach will enable us to identify configurations
where the main flare is occulted from one viewpoint but visi-
ble from another. Such multi-viewpoint observations will allow
simultaneous X-ray analyses of both the flare and the coronal
CME component, providing a comprehensive view of the high-
energy aspects of solar eruptive events. In addition, we will at-
tempt to search for events that occur during the perihelion of
PSP, such that PSP measures the in-situ aspect energetic elec-
trons of the CME very close to the Sun that could be compared
with the remote sensing X-ray observations.

While this study demonstrates the capability of STIX to mea-
sure coronal X-ray emissions associated with a CME, the iden-
tification of the source was facilitated by the fact that the main
flare was occulted behind the limb. The use of indirect Fourier
imagers like STIX are inherently limited by the dynamic range
of the observations, requiring reliance on occulted events - where
the bright flare source is obscured - to detect coronal X-rays.
Looking to the future, the adoption of a direct X-ray imager,
such as FOXSI (Christe et al. 2023; Glesener et al. 2023), which
has been proposed for as part of missions concepts of FIERCE
(Shih et al. 2023) and SPARK (Reid et al. 2023), would revolu-
tionise our observational approach. A direct imager would allow
for simultaneous imaging of both the flare and the coronal emis-
sion, substantially improving our understanding of the complex
dynamics of solar eruptive events and allow us to identify the lo-
cations of particle acceleration and heating and whether electron
acceleration occurs in the current sheet below the CME or within
the CME itself.
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Appendix A: Software used

This paper made use of several open source packages includ-
ing astropy (Astropy Collaboration et al. 2022), sunpy (The
SunPy Community et al. 2020; Mumford et al. 2020), mat-
plotlib (Hunter 2007), numpy (Harris et al. 2020), scipy (Vir-
tanen et al. 2020), pandas (pandas development team 2020),
sunpy-soar. The IDL software used in this work used the SSW
packages, and version v0.5.3 of the STIX software. See also
https://github.com/i4Ds/STIX-GSW.
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