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ABSTRACT

Context. It is well known among the scientific community that solar flare activity often begins well before the main impulsive energy
release. However, a consistent explanation for this phenomenon has not yet been established.

Aims. Our aim is to investigate the earliest phase of four distinct flares observed by Solar Orbiter/STIX and determine the relationships
of the newly heated plasma to flare structure and dynamics.

Methods. The analysis focuses on four events that were observed from both Earth and Solar Orbiter, which allows for a comparison
of STIX observations with those of GOES/XRS and SDO/AIA. The early phases of the events were studied using STIX and GOES
spectroscopic analysis to investigate the evolution of the physical parameters of the plasma, including the isothermal temperature and
emission measure. Furthermore, to determine the location of the heated plasma, STIX observations were combined with AIA images.
Results. The events with clear emission prior to the impulsive phase show elevated temperatures (>10 MK) from the very beginning,
which indicates that energy release started before any detection by STIX. Although the temperature shows little variation during the
initial phase, the emission measure increases by about two orders of magnitude, implying a series of incrementally greater energy
releases. The spectral analysis of STIX and GOES from the very first time bins suggests that the emission has a multi-thermal
nature, with a hot component of more than 10 MK. Alternative heating mechanisms may be more significant during this phase, since
nonthermal emission, as observed by STIX, is only detected later. STIX and AIA images reveal the presence of more compact sources
of hot plasma early in the flare that originate from different locations with respect to the standard loop-top source that is observed later
in the flare. However, because extended bremsstrahlung sources are much more difficult to detect than compact sources, there might
be additionally heated plasma in the loop-top during hot onsets.

Conclusions. This analysis confirms the existence of “hot onsets”, with STIX detecting the hot onset pattern even earlier than GOES.
These elevated temperatures imply that energy release actually begins well before any detection by STIX. Therefore, hot onsets may
be significant in the initiation, early development, or even prediction of solar flares.

Key words. Sun: X-rays, gamma rays — Sun: flares — Sun: corona

1. Introduction

Despite decades of research, the physics behind particle accel-
eration and plasma heating to millions of degrees in solar
flares remains elusive. However, a widely accepted scenario has
been developed, the “standard” flare picture, also known as the
CSHKP model (named after Carmichael 1964; Sturrock 1966;
Hirayama 1974; Kopp & Pneuman 1976). According to this sce-
nario, there is a sudden release of free magnetic energy in the
corona via magnetic reconnection, a large fraction of which
is converted into the kinetic energy of high-energy particles.
These particles travel along magnetic field lines and release their

energy at chromospheric altitudes through heating via Coulomb
collisions and radiation through bremsstrahlung emission, which
can be observed as X-rays. The Neupert effect (Neupert 1968),
which is consistent with the standard flare model, explains
the relationship between soft X-rays (SXRs) and hard X-rays
(HXRs). This effect suggests that nonthermal HXRs are emit-
ted by electron beams, while thermal SXRs are derived from the
plasma that is heated by the energy deposited by the same elec-
tron beams. This plasma subsequently “evaporates” and accu-
mulates in the corona. (e.g., Veronig et al. 2005).

Although observational evidence supports the validity of the
Neupert effect, previous statistical studies have found that it may
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be violated in a significant fraction of events. When tested in
terms of the timing between SXR and HXR emissions, it was
found that up to half of the events may show some inconsisten-
cies with this effect (e.g., Dennis & Zarro 1993; McTiernan et al.
1999; Veronig et al. 2002a, 2005). A rather obvious deviation
from the Neupert effect occurs when SXRs are emitted prior
to HXRs, which may indicate the presence of thermal plasma
not exclusively heated by accelerated electrons. Although the
prior observation of low-energy X-rays may be due to a sensi-
tivity threshold of the HXR detectors (Dennis 1988), previous
studies (e.g., Benz et al. 1983; Jiang et al. 2006) found that this
phenomenon cannot be simply explained by a lack of HXR
sensitivity (Benz 2017). A statistical study of 503 flares by
Veronig et al. (2002a) reports thermal “pre-heating” events seen
in SXRs prior to the onset of the impulsive phase (as detected
in HXRs) in more than 90% of the events. Additionally,
Veronig et al. (2002b) found no correlation between the duration
of the pre-heating phase and the intensity of the subsequent flare,
indicating that pre-heating occurs in the same manner in both
weak and intense events. These findings suggest that the Neupert
effect may be violated in even more than half of events, at least
during the very early phase, regardless of the intensity of the flare.

The onset of flare activity prior to the impulsive phase
has been well known for decades (e.g., Benz et al. 1983). It
is important to distinguish between “pre-flare” emission (also
known as pre-heating or “flare-preheating”) and a “flare precur-
sor.” The term pre-flare commonly refers to the early stages of
flares that occur before the start of the main impulsive energy
release (i.e., the impulsive phase characterized by a sudden
increase in nonthermal emission). This includes the detection of
SXRs before HXRs (e.g., Benz et al. 1983; Veronig et al. 2002a;
Battaglia et al. 2009). On the other hand, the term flare precur-
sor refers to events that occur well before the flare is observed in
X-ray energies, such as nonthermal velocity distributions (e.g.,
Harra et al. 2001) or the so-called SXR precursors (e.g., Tappin
1991; Farnik et al. 1996; Farnik & Savy 1998). We would like
to highlight here that in this paper we present an analysis that
focuses on the early emission of flares in X-rays (hence, pre-
flare). However, as we consider this early emission to be part of
the flare itself, we have renamed the pre-flare phase the “flare
onset” phase or simply the “onset” phase.

Several studies have investigated this detection of low-
energy X-rays prior to HXRs. Benz et al. (1983) conducted a
comprehensive study of three events at HXR and radio wave-
lengths and found radio emission during the onset phase, which
indicates the presence of accelerated electrons. Additionally,
Siarkowski et al. (2009) found that the energy delivered by non-
thermal electrons closely follows (but is not exactly the same
as) the 1-8 A time profile of the X-ray Sensor (XRS) aboard the
Geostationary Operational Environmental Satellite (GOES) after
conversion to thermal emission. However, Acton et al. (1992),
by examining images of ten flares, found evidence for the pres-
ence of high-temperature thermal sources in the corona sub-
stantially before the impulsive phase. This is in contrast to
the assumption of electron-beam-driven evaporation of heated
plasma. Similarly, the study by Battaglia et al. (2009) of four
distinct events showed that the flare onset phase is character-
ized by purely thermal emission from a coronal source, with
standard nonthermal sources appearing only at the beginning of
the main energy release. The authors argue that different heating
mechanisms may play a major role during the early stages and
that, later on, the resulting heating is transported from the coro-
nal source to the chromosphere via thermal conduction. Coronal
emission prior to the impulsive phase has also been reported in
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other studies (e.g., Caspi & Lin 2010; Caspi et al. 2014, 2015).
These studies highlight the need for additional heating mech-
anisms to explain the emission prior to the impulsive phase,
beyond the heating provided by accelerated electrons.

A few additional studies that concentrate on the early emis-
sion in flares and the location of their source are worth men-
tioning. Alexander et al. (1998) measured nonthermal velocities,
which are particle speeds in the plasma that exceed what would
be expected in thermal equilibrium, in a set of events and found
the maximum, or the decay, in nonthermal velocity to be prior
to the first significant HXR burst. This suggests that the non-
thermal velocity may be a direct consequence of the flare energy
release process, rather than a byproduct of the energy deposi-
tion (like chromospheric evaporation). Harra et al. (2013) found
early nonthermal velocity enhancements located at the base of
active regions, which may indicate the activation of flux ropes.
In the X-ray range, Warren & Warshall (2001) reported obser-
vations of early brightenings in different locations with respect
to the HXR flare footpoints, suggesting that the onset energy
release is occurring in loop systems other than those subse-
quently involved in the flare. More recently, in a sample of
four events, Hudson et al. (2021) found significantly elevated
temperatures from the very beginning of the flare phase. This
“hot onset” feature appears to be systematic, but a statistical
study is necessary to corroborate this. Based on extreme ultravi-
olet (EUV) filtergrams from the Atmospheric Imaging Assembly
(AIA; Lemen et al. 2012) on board the Solar Dynamics Obser-
vatory (SDO; Pesnell et al. 2012), they identified this early emis-
sion to occur within the footpoints and low-lying loop regions,
rather than in coronal structures.

In this paper we further analyze the geometry of these hot
onsets by means of observations performed by the Spectrom-
eter/Telescope for Imaging X-rays (STIX; Krucker et al. 2020)
aboard the Solar Orbiter spacecraft (Miiller 2020). STIX’s rel-
atively constant background on flaring timescales is advanta-
geous for studies where counting statistics are limited (e.g.,
Battaglia et al. 2021, 2023; Sagqri et al. 2022), such as in the very
early phase of flares. In Sect. 2 we describe the event selection
and the data analysis. The temporal and imaging observations
are presented in Sect. 3. In Sect. 4 we discuss the limitations and
the interpretation with regard to different scenarios. Finally, we
draw our conclusions in Sect. 5.

2. Data analysis
2.1. Event selection

In the present study, we selected four on-disk flare events jointly
observed by STIX and GOES, for which the GOES class is
larger than M1, in order to ensure good enough counting statis-
tics for both instruments. According to the study of 503 flares by
Veronig et al. (2002b), on average, the low-energy X-ray emis-
sion starts about 3 min prior to the impulsive phase. Therefore,
we selected two events with this duration shorter than 3 min —
SOL2021-05-07T19:00 and SOL2021-09-23T15:30 — and two
with a longer duration of the flare onset interval — SOL2021-
10-09T06:40 and SOL2022-03-11T22:30. Table 1 reports rel-
evant information about the flares, including the duration of
the flare onset phase as measured by the STIX instrument. The
onset phase is defined as the time from the first detected emis-
sion to the start of the impulsive phase, when emission above
22 keV rises impulsively. We note that SOL2021-09-23T15:30 is
a nice example of an early impulsive flare (e.g., Sui et al. 2006,
2007, and references therein), namely, a flare with short duration
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Table 1. Selected events sorted by duration of the onset interval, as measured by STIX, from the very first detection of HXRs to the start of the

impulsive phase.

Flare Onset Duration GOES  GOES bk. Flare Distance Separation angle
(Publication) interval  onset interval [s] class interval location SO —Sun [AU] SO — Earth [deg]
SOL2021-09-23 15:23:15 15:22:30

(Stiefel et al. 2023) 15:23:28 <18 MI1.8 15:23:10 E17S36 0.60 34
SOL2021-05-07 18:45:55 18:44:00

(Mondal et al., in prep.)  18:48:40 165 M3.9 18:45:40  E76N17 0.92 97
SOL2021-10-09 06:24:23 06:23:00

(Jebaraj et al. 2023) 06:29:10 287 MI1.6 06:24:10  E08N12 0.68 15
SOL2022-03-11 22:14:03 22:02:00

-) 22:28:08 845 M2.3 22:02:10  W60S24 0.45 8

Notes. All times are given in Earth UT. “SO” in the table stands for Solar Orbiter and “bk” for background.

23-Sep-2021 15:23:34 — 15:23:48 7-May-2021 18:45:05 - 18:45:23

9-Oct-2021 06:24:42 - 06:25:00 11-Mar-2022 22:14:23 - 22:14:41

T
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Fig. 1. Solar Orbiter/STIX spectral fitting of the earliest spectra for all events under investigation. The solid black line represents the observed
background-subtracted flare spectra, and the dashed black lines show the background. The SOL2021-09-23 event (left) can be fitted with an
isothermal component (red) and an additional nonthermal thick target model (blue). All other events, SOL2021-05-07 (middle-left), SOL2021-10-
09 (middle-right), and SOL2022-03-11 (right), can be fitted with a purely isothermal model only. The resulting fitted parameters can be found in

the legend.

low-energy X-ray emission prior to the onset of the main energy
release.

In this paper, X-ray spectroscopy plays a central role. There-
fore, to obtain reliable spectral parameters at the very beginning
of the event, when counting statistics are intrinsically low, an
important selection criterion was to find events during which no
other active region was flaring simultaneously. This is a stringent
criterion that significantly reduces the number of possible can-
didates. Indeed, periods of particularly high solar activity have
been excluded.

2.2. Solar Orbiter/STIX data

To investigate the early phase of the four selected events, we
used the STIX (Krucker et al. 2020) telescope aboard the Solar
Orbiter (Miiller 2020) mission. Because of the different helio-
centric distance of the Solar Orbiter spacecraft to the Sun rela-
tive to Earth, the photon arrival time is different. Therefore, in
this paper, all times measured by STIX have been corrected in
order to take into account this difference and they are expressed
in Earth UT.

To produce the STIX time profiles, we utilized pixel
data to avoid the digitization steps caused by compression
(Krucker et al. 2020) and to reduce noise, we integrated the data
over 8 or 10 s. For spectroscopic analysis, we used spectrogram

data because they are continuously available over time, including
before the onset of the X-ray emission, and are available at the
highest possible cadence. This allows for better flexibility in set-
ting integration intervals for spectroscopy. It is worth recalling
here that STIX has dynamic time binning in order to optimize
onboard memory usage.

Spectral fitting of STIX data has been done using the OSPEX
SSWIDL package via the STIX software (version 0.4.0, status
March 2023). The very first time bins in which enhanced X-
ray emission resulted in meaningful spectral parameters' have
been fitted manually, as shown in Fig. 1, whereas the follow-
ing ones are fitted automatically using the values of the previ-
ous time step as starting parameters. The integration time ranges
from 12 to 20 s. This range was chosen to ensure sufficient count
statistics for each fitted interval. As reported in Sect. 2.1, we
selected events during which only one active region was flaring.
Therefore, as a background for the spectral fitting, we only sub-
tracted the STIX observations taken during quiet times closer
to the events (see the dotted curves in Fig. 1). These quiet
time observations are mostly dominated by the onboard calibra-
tion source, especially at the energies considered in this paper
(4-50keV), which is constant during flaring timescales. This

! This means y? < 2 and at least an isothermal parameter (usually the

temperature) with the error smaller than the value itself.
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significantly simplifies the spectral fitting during times where the
counting statistics is intrinsically low, such as at the very begin-
ning of the flare.

For spectroscopic fitting of STIX data, we considered two
possible models, either a purely isothermal fit or an isothermal
fit with an additional nonthermal component from the standard
thick target model (Brown 1973). The nonthermal interpretation
of this additional component is consistent with the start of the
main energy release. It is important to note that not adding this
second component, when high energy counts are clearly present,
would result in an over-estimation of the plasma temperature.
The choice between purely isothermal or the addition of the non-
thermal component is based on the y? analysis and the errors on
the fitted parameters of the thick target model: if the errors are
larger than the values themselves, then we discard this nonther-
mal component.

For STIX image reconstruction, the compressed pixel data
need to be used. All images have been produced by means of the
CLEAN (Hogbom 1974) algorithm, using natural weighting and
a beam width of 14.8 arcsec. The size of the selected beam cor-
responds to the angular resolution of the sub-collimators associ-
ated with grid label 3 (Krucker et al. 2020), that is, 14.6 arcsec,
since the sub-collimators associated with the finest grids, labeled
1 and 2, have been excluded from the analysis. An exception
has been done for the thermal loop-top source of the SOL2021-
10-09 event. Indeed, at the nonthermal peak, there is no clear
modulation in sub-collimators associated with the grid labeled 3
and therefore the beam has been set to the resolution of the sub-
collimators associated with the grid labeled 4 (i.e., 20.9 arcsec).
The duration of the integration interval has been adapted to
the morphology of the flare by having a reasonable amount of
total number of counts, which we set to a minimum of 2000
(background-subtracted) for reconstructed images clearly show-
ing two sources. We estimated the error on the position of the
onset sources by means of the visibility forward-fit (FWDFIT;
Volpara et al. 2022) algorithm.

In order to directly overlay the STIX reconstructed images
on the AIA maps, the AIA 1600 A images have been re-projected
to the Solar Orbiter vantage point at the time of the events (more
details in Battaglia et al. 2021). In order to co-align the STIX
images with AIA, we first applied the standard aspect correction
(Warmuth et al. 2020) for the STIX pointing, which is now (as
of March 2023) automatically included in the IDL STIX imaging
pipeline. For three out of four events under study, an additional
manual shift within STIX pointing uncertainty has been applied
to the STIX sources to co-align them with the flare ribbons dis-
played in the re-projected AIA 1600 A maps. The SOL2021-09-
23 flare is the exception and did not require this adjustment. This
shift has been determined by co-aligning the X-ray nonthermal
sources (22-50keV) with the flare ribbons during the nonther-
mal peak.

2.3. GOES/XRS data

In order to relate the present study with the recent work by
Hudson et al. (2021), we included the time profiles as well as
the isothermal parameters (i.e., temperature and emission mea-
sure) obtained from the GOES/XRS, who measures the full-Sun
X-ray flux in the 1-8 and 0.5—4 A bands. The background times
selected for the subtraction for all events are reported in Table 1.
Since the GOES/XRS data analysis is the same here, we refer
the reader to Sect. 2.1 of Hudson et al. (2021) for more details.
We note that the GOES sensors sample the SXR spectrum
differently; essentially they bias the photon selection to lower
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energies, while the STIX response has the opposite bias (see
Appendix A). Accordingly, in the case of multi-thermal sources,
we expect systematic differences in the isothermal fits.

3. Results
3.1. Time histories

The time histories of the four events are shown in Fig. 2. This
compares STIX isothermal fits with GOES isothermal fits, and in
particular plots the emission measure—temperature correlations
in the right panels. A comparison of the time histories shows
that STIX has greater sensitivity, meaning that its first significant
time bin may precede that of GOES.

All events with clear emission prior to the impulsive phase
(i.e., SOL2021-05-07, SOL2021-10-09 and SOL2022-03-11)
confirm the presence of an early horizontal branch marking the
early elevated temperature phase. For these events, the first bins
fit well to purely isothermal components, as shown in Fig. 1.
As indicated by the correlation plots in Fig. 2, the tempera-
ture has been elevated since the beginning with little variation
in the range of 10-16 MK, while the emission measure steadily
increases by about two orders of magnitude. A further temper-
ature increase is only observed later during the main energy
release. A similar behavior is clearly visible in the GOES derived
isothermal parameters, with the XRS instrument being more sen-
sitive to lower-temperature plasma than STIX (see Appendix A).
The different temperatures obtained from the two instruments
highlight the multi-thermal nature of the emitting plasma. We
note that the initial elevated temperature is not caused by the
instruments reaching their lower limit of temperature sensitivity.
In fact, as we can observe later in the flare, the temperature goes
even below to what is observed during the flare onset interval for
both instruments.

For the SOL2021-09-23 event, the earliest spectrum could
be fitted with an isothermal component together with a nonther-
mal one, as shown in Fig. 1, even though the emission measure is
not well constrained. The argument in favor of this interpretation
relies on the fact that if we do not add the nonthermal compo-
nent, the purely isothermal fit returns a temperature of ~25 MK
and the y? is three times larger. It is hard to believe that from
an initial temperature of about ~25 MK there is, after about 30s,
a sudden drop in the plasma temperature to ~17 MK. The same
argument applies with a second isothermal, for which the result-
ing temperature is ~38 MK. In addition, as it is shown by the
STIX images (see Sect. 3.2.1), at higher energies we see foot-
points and not coronal sources as it would be expected from typ-
ical super-hot components (e.g., Caspi & Lin 2010). In this event
the correlation plot (right panel) indicates an increasing temper-
ature with time, which could be interpreted as the nonthermal
emission quickly dominating the heating of the plasma from the
very beginning.

3.2. X-ray and UV/EUV imaging
3.2.1. Events with onset intervals shorter than 3 min

Figure 3 depicts the AIA and STIX imaging of the SOL2021-
09-23 event. This intriguing flare, which has been extensively
studied by Stiefel et al. (2023), shows at the nonthermal peak
(second row) four distinct nonthermal footpoints. Stiefel et al.
(2023) interpret the two inner sources as the flare footpoints,
which is indeed consistent with the thermal loop located between
them, and the two outer nonthermal footpoints as the anchor
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Fig. 2. Time histories of the Solar Orbiter/STIX and GOES/XRS fluxes and the isothermal parameters, temperature, and emission measure for
all selected events. From top to bottom, the events are sorted by duration of the onset interval: SOL2021-09-23, SOL2021-05-07, SOL2021-10-
09, and SOL2022-03-11. From left to right, we show the time evolution of the STIX and GOES fluxes, time profiles of the temperature and
emission measure, and the correlation plot of the temperature as a function of the emission measure. The gray areas in the leftmost panels indicate
the accumulation interval selected for producing the STIX images of Figs. 3—6. The horizontal black lines in the plots of the first two columns
indicate the spectral model used at different times: purely isothermal (solid, TH) or isothermal with an additional nonthermal component (dotted,
TH+NTH). The STIX emission measure—temperature color coding in the rightmost column matches that of the temperature time series in the
central column.
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Fig. 3. Solar Orbiter/STIX and pre-flare-subtracted SDO/AIA images of the SOL2021-09-23 event. The leftmost column shows the STIX recon-
structed images, as contour levels, overlaid on the re-projected AIA 1600 A maps at two different instances: onset (top panels) and nonthermal
peak (bottom panels). The integration intervals used for the STIX images are represented by the gray area in Fig. 2. The red contours (60, 70, 80,
and 90% of the maximum) show the images reconstructed within the energy range from 5 to 9 keV, and the blue ones (40, 50, 60, 70, 80, and 90%
of the maximum) from 22 to 50keV. In order to guide the eye, semicircles perpendicular to the solar surface and connecting the flare ribbons are
drawn in gray at the onset and nonthermal peak times. The three columns on the right show the three selected AIA bands, in time (rows). The AIA
maps are the closest available to the central time of the STIX integration interval used for reconstructing the images. The same gray semicircles

are plotted on top of the AIA 1600 A maps as seen from Earth.

points of the eruptive filament. During the onset interval (first
row), two distinct sources can be observed in the 5-9 keV STIX
image. These sources seem to agree with the corresponding
sources visible in the AIA 1600, 131 and 94 A maps, which indi-
cate the presence of heated plasma at low altitudes.

The gray loop in the image is a semicircle perpendicular to
the solar surface. It has been drawn to guide the eye, as the same
loop is plotted in two different projections: as seen from Earth
and from Solar Orbiter. The semicircle was obtained by con-
necting the flare footpoints imaged in X-rays at the nonthermal
peak.

The SOL2021-05-07 event displays a similar configuration
during the onset interval, as outlined in Fig. 4. Around the non-
thermal peak (second row) the standard picture of solar flares in
X-rays clearly stands out, where two nonthermal footpoints cor-
relate well with the chromospheric emission of the AIA 1600 A
maps and the thermal emission with coronal AIA passbands,
which outline the top of the flare loop.

In these two flares, the double onset sources have slightly
different location with respect to the nonthermal sources, sug-
gesting one of two possible interpretations. On the one hand,
their location could come from slightly higher altitudes with
respect to the standard nonthermal footpoints, as shown by
their relative position with respect to the semicircles perpen-
dicular to the solar surface overlaid on the images. On the
other hand, the different position could simply be that the
shift is not in altitude, but rather parallel to the solar sur-
face, in which different field lines connects in a different
location.
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It is worth mentioning that the STIX images reconstructed
during the onset interval include times where nonthermal emis-
sion could be fitted to the spectra. This is obvious for SOL2021-
09-23, whereas for the SOL2021-05-07 we could not find a
short enough accumulation time for reconstructing a reliable
image only including instances with a purely isothermal spectral
model. This could be the reason why the STIX images during the
onset interval of these two events appear similar (more details in
Sect. 4.1).

3.2.2. Events with onset intervals longer than 3 min

SOL2021-10-09 is reported in Fig. 5. Since the onset interval
of this event is longer than that of the previously reported ones,
it is possible to reconstruct more images prior to the onset of
the main energy release. We note mainly two sources in these
images. Firstly, there is a northern source that seems to be away
from the main flare loop system, as shown by the nonthermal
footpoints during the main energy release. Interestingly, this
source seems to be spatially correlated with the filament that
later erupts. Indeed, from the AIA EUV passbands at 06:31:26,
at (x,y) = (-160,230), a structure similar to a filament stands
out, which later, at 06:37:02, clearly erupts, as evidenced by the
plasma visibly being ejected at (x,y) =~ (~180,260)>. Secondly,
the southern onset source is spatially correlated with the main
loop system. The shift with respect to the main thermal source

2 The LASCO CME catalog (https://cdaw.gsfc.nasa.gov/CME_
list/) reports indeed an eruption associated with this event.
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Fig. 4. Solar Orbiter/STIX and pre-flare-subtracted SDO/AIA images of the SOL2021-05-07 event. The figure has the same format as Fig. 3,
except the contour levels of the STIX images are 50, 70, and 90% of the maximum.
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Fig. 5. Solar Orbiter/STIX and pre-flare-subtracted SDO/AIA images of the SOL2021-10-09 event. The figure has the same format as Figs. 3 and 4
except that more time instances and AIA filters have been considered. The contour levels of the STIX images produced in the energy interval from
5 to 9keV correspond to the 50, 70, and 90% of the maximum, whereas the ones produced within the 22-50 keV range are 50, 60, 70, 80, and

90% of the maximum.

may be due to different field lines lines reconnecting in different
locations or to projection effects.

Figure 6 shows STIX and AIA images of the SOL2022-
03-11 event. It is also possible in this case to reconstruct
various STIX images during the onset interval. Similarly, differ-

ent sources are clearly observable during the onset interval with
respect to the ones at the nonthermal peak (bottom row). How-
ever, since this flare geometry is more compact as compared to
SOL2022-10-09, a more detailed analysis on the relative posi-
tion together with error-bars is needed: We then refer to Sect. 3.3.

A139, page 7 of 14



Battaglia, A. F, et al.: A&A 679, A139 (2023)

Solar Orbiter view Earth view
Reprojected AIA 1600 AlA 1600 AlA 335 AlA 304 AIA 131 AlIA 94
gsol  11-Mar-2022 22:15:26 %60 1
-380
- . P - .
§ 900 : % 400 o8
s Q 8
> 50 > a0f
o 440
1000f. STIX CLEAN 5.6 keV
sol  11-Mar-2022 22:18:38" 360
-380
]
2 900 g 1 : g A
% -400 0 :
[ <) 4
> 950 i > a20f 4
440 R e
1000}, STIX CLEAN 5,9 ke : ,
ssol  11-Mar-2022 22:2:38° %60 )
380 ' 4 ; y 4
g -900! - ; g ) . fl y
% @ % % -400 4% ¢ ¥ ! ‘J\\‘f Al‘ A
8 & 7 ) : B - 3
> gsof @ > 420 Y 4 ;
g -440 .
-1000f, STIX CLEAN 5:9 keV
ol 11-Mar-2022 22:36:62"" %60 3
: : -380 : ; ; 3 X ¥ i
g -900 : 3 . A K 5 1 . 3.
MY W) A A
8 - . 3 : / F) . Al b
> ;] > o 3 a4 / | A
> 950 / P > a20f . 1y ./ . : .‘ i
1000L STIX CLEAN 56 keV 440 AR I o 3 ; ¥
STIX-CLEAN 22-50 keV' :

1500 1550 1600 1650 720 740 760 780 800
X (arcsec) X (arcsec)

720 740 760 780 800

720 740 760 780 800 720 740 760 780 800 720 740 760 780 800

Fig. 6. Solar Orbiter/STIX and pre-flare-subtracted SDO/AIA images of the SOL2022-03-11 event. The figure has the same format as Fig. 5 except
that the contour levels of the STIX image during the onset are 50, 60, 70, 80, and 90% of the maximum, whereas the ones produced within the

22-50keV range are 60, 70, 80, and 90% of the maximum.

In any case, the double source structure visible in the first STIX
image can be related to the small loop structure visible in the
AIA 94 A and (very faint) in the AIA 131 A. The brighter source,
in the center of the figure, persists all along the onset interval.
At the time of the third STIX image (third row), another source
clearly appears south of the main source. According to the ATA
images, this seems to be related to one of the filament footpoints,
which later erupts (last row).

3.3. Relative location of the X-ray sources

In order to properly compare the relative position of the different
STIX sources, we plotted them together in the summary plots of
Fig. 7. The error-bars on the location of the onset sources have
been deduced using FWDFIT and then overlaid on the STIX
images.

The common feature in all events analyzed in this paper is
that the onset sources are different from the standard single loop-
top thermal source that is observed in the same energy range and
from the nonthermal peak on. This is clearly shown in Fig. 7.

4. Discussion
4.1. Potential limitations of the analysis

In the following, we discuss the limitations for the analysis of
the hot onset behavior with STIX and GOES.

Due to telemetry constraints, STIX automatically bins
onboard times when flare-related counts are low. This results in
time bins ranging from 15 to 20s during the earliest instances.
Therefore, we cannot exclude the possibility that the initial
increase in temperature occurs on the order of 15-20s or less.
Regardless, we can conclude that the relatively constant temper-
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ature behavior observed prior to the main energy release phase
is not affected by this dynamic time-binning feature.

During the STIX observations, the GOES data have 1-s time
binning and thus in principle can reduce the STIX limits on the
heating timescale of temperature increase. These sensors, unfor-
tunately, have a relatively high and fluctuating background of
counts due to radiation-belt electrons (e.g., Machol et al. 2022),
and this effectively limits the time resolution on a case-by-case
basis. As seen in Fig. 2 from the time-series fluctuations of the
GOES-derived isothermal temperature, the STIX data extend the
hot-onset pattern to earlier times, and so they provide the best
information about the early high temperatures.

Regarding the spectroscopic analysis, the first detection of
nonthermal emission has an inherent uncertainty. In three out of
four flares, the low-energy HXR flux was detected before the
high-energy HXRs. This could be due to a sensitivity threshold
of the HXR detectors (Dennis 1988) or to the thermal emission
completely or partially masking the nonthermal one early in the
flare. The fact that the nonthermal component is not well con-
strained (see Sect. 2.2), or even not detected, does not necessar-
ily mean that such a component does not exist.

From an imaging perspective, a potential complication arises
from the minimum number of counts required to reconstruct a
reliable STIX image. This is likely to be a limitation for all
events with a relatively short onset interval, as visible from
the error-bars in Fig. 7, which are larger for these events (i.e.,
SOL2021-09-23 and SOL2021-05-07) compared to events with
a longer onset interval (i.e., SOL2021-10-09 and SOL2022-03-
11), where the number of counts included in the reconstruc-
tions is significantly higher. Nonetheless, for all STIX images
shown in this paper, we included a minimum of 2000 counts
(above background) for reconstruction, which should be suf-
ficient to reliably obtain an image with a flare morphology
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Fig. 7. Summary plot with the STIX reconstructed images for all events considered in this paper. Gray contours (50, 70, and 90% of the peak
intensity) represent the images of the sources obtained during the onset interval, and the blue and red contours (50% of the peak intensity) the
nonthermal (22-50keV) and thermal (5-9 keV) images, respectively, obtained around the nonthermal peaks. The error on the location of the onset
sources has been estimated by means of the FWDFIT algorithm, and they are shown as gray crosses.

having a maximum of two sources. Regarding this aspect, for all
events for which we were able to fit a purely isothermal model
in the beginning, we attempted to reconstruct at least one image
prior to the emission determined to be nonthermal. This worked
well for the two events with a longer onset interval but not for
the SOL2021-05-07 event, since the integration interval of the
first image contains time-bins in which nonthermal emission
was clearly observed. Regardless of how we interpret the two
sources, this could be the reason why the STIX images during
the onset interval of the SOL2021-09-23 and SOL2021-05-07
events appear similar, that is, a double source structure closely
associated with the two nonthermal flare-footpoints.

4.2. Detection of compact versus extended sources in
thermal bremsstrahlung

Bremsstrahlung emission has an intrinsic bias that makes it eas-
ier to detect compact sources over extended sources. This is
because bremsstrahlung is proportional to both the number of
particles in the emitting source and the density of the source.
For the same number of particles, a compact source has a higher
density and therefore appears brighter. To better understand this,
consider a plasma with N electrons and N protons at an isother-
mal temperature 7. Such a plasma has a thermal energy content
of Ey, = 3kT N, where k is Boltzmann’s constant. The resulting
bremsstrahlung flux from this plasma depends on the source vol-
ume V and can be written as F = g(T) - EM, where g(T) is the
function containing the Maxwellian distribution (independent of
the volume) and EM = N?/V is the emission measure.

As an example, consider two compact and cylindrical foot-
points of 4 arcsec radius and 1 arcsec depth each. The total vol-
ume corresponds to Vg, =~ 100arcsec®. For a cylindrical loop
with a length of 40 arcsec connecting the footpoints, the result-
ing volume corresponds to Vigep = 2010 arcsec’. For footpoints
and a loop source at the same temperature 7, and where the
number of particles summed in the footpoints is the same as
that in the loop and corresponds to N, the ratio of the resulting
bremsstrahlung fluxes is

Fy,

_ Epr _ Vloop
F loop EMloop

= ~ 20.
Vip

ey

In this example, the footpoints have 20 times more flux than the
extended loop, despite the coronal loop having the same thermal
energy content. The brighter footpoints have a greater impact on
images because the lower total flux of the loop is spread over a

larger area (i.e., many pixels), while the footpoints’ flux is dis-
tributed over only a few pixels. To better investigate this, we can
consider the flux per pixel, expressed as F/p, where p is the
number of pixels. The corresponding ratio is

F fpPloop
F loop Pfp

_ Vloopploop ) )
prpr

Assuming we are looking at the loop from above, with pg, = 140
and pioop = 450, the resulting ratio is ~64, which means that
the loop would only be visible at contours below 1.5% of the
footpoint peak flux. Such a large dynamic range in imaging is
beyond the range of indirect imaging systems such as STIX; with
STIX we generally plot contours down to 10%, as lower levels
reveal the noise of the reconstruction. We note that for a side-on
view of the flare, this effect is enhanced. This is because the line-
of-sight depth of the loop is the same as that of the footpoints.
We note that the two equations above are valid only if we assume
that N is the same for both the footpoints and loop-top sources,
which may not always be true. In such scenarios, the loop may
be visible at higher contour levels.

This leads to the question of how this bias influences our
observations. For the onset of a flare, compact sources are much
easier to detect. Therefore, even if footpoints are detected in
STIX imaging, a coronal source hidden in the noise of the image
might still have significant energy content. For example, with an
imaging dynamic range of approximately 10, a source imaged
with less flux than 10% of the peak flux stays undetected. In
other words, if for a certain Fioop We have Fg,/Fioop > 10, then
the loop is not detected. With the assumed loop geometry, this
indicates that the hidden thermal loop could contain up to 50%
more particles than the apparently dominant footpoint sources
(i.e., 1.5 times more thermal energy content). Thus, there is a
clear bias in detecting footpoints over coronal loops, at least in
the very onset of the flare. In the later part of the flare, the flare
loops generally dominate. The hot plasma in the heated foot-
points expands, and the coronal loop quickly becomes stronger.
In combination with the rather low cooling times of coronal
loops, this makes the coronal source much brighter than the
decreasing footpoint emission later in the flare, despite the intrin-
sic bias that footpoints are easier to detect.

The above reasoning for detecting (compact) footpoints,
rather than (extended) loops, may apply to events with a rel-
atively short flare onset interval (i.e., SOL2021-09-23 and
SOL2021-05-07). In these events, two sources correlated with
the nonthermal footpoints are visible at the very beginning, as
shown in Fig. 7. For the other two events, a similar argument
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may apply even in the case of more compact, low-lying loops
rather than footpoints.

This bias in thermal bremsstrahlung indicates the need for
caution in interpreting X-ray images prior to the onset of the
main energy release. To investigate this point further, it would
be worthwhile to run simulations in the future and analyze
the energy content of the footpoints versus the loop-top. Fur-
thermore, combined observations with SXR images, such as
those provided by the X-Ray Telescope (XRT; Golub et al. 2007)
on board Hinode (Kosugi et al. 2007) with a higher imaging
dynamic range, should be crucial to find the origin of hot onsets.

4.3. Interpretation of the emission during the flare onset
phase

4.3.1. Early impulsive flare scenario

The first event in our sample, with the shortest onset interval
(SOL2021-09-23), falls in the category of the early impulsive
flares.

Its spectroscopic analysis indicates an early increase in tem-
perature during the flare, even though the emission measure is
not well constrained. In addition, the first STIX reconstructed
image shows a double source structure closely associated with
the two nonthermal flare-footpoints, which are the two inner
sources. One possible interpretation of these sources is the
increased plasma densities in the flare loop due to chromospheric
evaporation, which causes electrons to be stopped and to emit
bremsstrahlung radiation from the legs of the loop (Silva et al.
1997; Liu et al. 2006; Sui et al. 2006). Due to different altitudes
with respect to the nonthermal footpoints, they appear to be at
slightly different locations due to projection effects. This inter-
pretation is in agreement with the study by Sui et al. (2006) of
the early phases of an impulsive flare, in which low-energy HXR
emission was shown to originate from the legs of the flare loop.
Therefore, in this case, the Neupert effect is consistent from the
very beginning. This would explain the increasing temperature
observed at the very beginning of the event. Hence, in this flare,
the heating caused by energy deposition in the chromosphere due
to flare-accelerated electrons may dominate in the early stages
of the flare development, in addition to other possible heating
mechanisms.

This event nicely showcases the standard flare cartoon for
two reasons. First, the geometry of the X-ray and UV/EUV emis-
sion closely resembles the standard two-dimensional flare car-
toon, as shown in Fig. 9 of Stiefel et al. (2023). Second, the
energy deposition in the chromosphere by flare-accelerated elec-
trons appears to be the dominant heating mechanism in the early
stages of the flare development, which is consistent with the car-
toon. The evidence for this comes from the absence of signif-
icant onset emission, and the quick and impulsive increase in
nonthermal emission associated with the main energy release,
which potentially overcomes any other possible heating mecha-
nisms that may develop in the very first instances of the flare.

However, the standard flare picture does not consistently
explain the onset emission that is frequently observed in flares.
In their analysis of 503 flares, Veronig et al. (2002b) reported
that 90% of the events have a clear low-energy X-ray signal
before the onset of the main energy release, indicating that onset
emission is common to the vast majority of observations. Hence,
we interpret the SOL2021-09-23 event to be a rare and extreme
case where electron acceleration works very effectively from the
very beginning and may not represent all events that display
emission prior to the impulsive phase. In such cases, a process of
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continued energy release better suits the initial stage as opposed
to the impulsive behavior that is typical of the start of the main
energy release.

4.3.2. Flares with clear emission during the onset phase

The three flares with clear emission prior to the impulsive phase
(SOL2021-05-07, SOL2021-10-09, and SOL2022-03-11) show
the hot onset behavior.

From the spectroscopic perspective, we note two common
features among these events. Firstly, they exhibit a hot tem-
perature from the very beginning. Secondly, this initial ele-
vated temperature shows little variation in the range of 10—
16 MK throughout the onset interval, while the emission mea-
sure steadily increases by up to two orders of magnitude. This
clearly indicates that a continuous process of energy input is
necessary to explain the observations. According to the density-
temperature diagram shown originally by Sylwester (1996) to
model a flaring loop (see Fig. 2 in that paper), this phase cor-
responds to phase b, in which the elevated temperature is main-
tained by continuous heating. However, the diagram also shows
an earlier phase a, a rapid increase in temperature. Now, in accor-
dance with the typical average temperatures of active regions, the
question is not whether this phase a is present in flares, because
it must be present in order to explain temperatures above 10 MK.
Rather, the question is how quickly this phase develops and what
densities are involved. Therefore, based on our observations, it
appears that neither GOES/XRS nor STIX detect this rapid tem-
perature rise for the three events with clear emission prior to the
impulsive phase. This implies that the energy release has already
started well before the first signal above background is detected
in HXRs and the absence of detected emission is likely due to
the low emission measure.

Regarding STIX imaging, the common feature in all events
is the presence of onset sources with a different location than
the standard loop-top thermal source observed in the same
energy range but after the onset of the main energy release (cf.,
Hudson et al. 2008). Additionally, for the events with long onset
interval, one of the two observed sources is unrelated to the stan-
dard flare-loop geometry, and seems to be at, or close to, one of
the filament footpoints that eventually erupts.

As often reported in the literature, the thermal conduction
interpretation has been proposed as heating transport mechanism
during the early flare phase. Previous studies (e.g., Acton et al.
1992; Dennis & Zarro 1993) suggested that some coronal par-
ticles may be only slightly energized during the flare energy
release, so that this magnetic energy conversion results directly
in heating. Consequently, during the onset phase, this coronal
heated plasma can ultimately reach the chromosphere by thermal
conduction (Benz 2017). Battaglia et al. (2009) also reported on
events that are consistent with the thermal conduction interpre-
tation. They demonstrated that during the onset phase, the flare
morphology displays only one coronal source visible at low
X-ray energies, that is, in the thermal range. However, the time
range considered by Battaglia et al. (2009) did not included the
very early phase as we do in this work and therefore the few
minutes difference might have an influence on the fact that only
the main loop-top source is detected. In our events with long
onset intervals, we observe a different situation, with some onset
sources clearly located at different positions with respect to the
standard coronal thermal source. This suggests that different
heating mechanisms and transports may also significantly con-
tribute at these early stages.
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The outer STIX sources of the two events with longer onset
intervals appear to be spatially related to the footpoints of the
erupting flux rope. In this regard, Warren & Warshall (2001)
found onset sources located in a different location from the
flare footpoints as measured in HXRs. Interestingly, Harra et al.
(2013) found pre-flare enhancements in nonthermal velocity
measurements that were consistent with the location of the foot-
points of the flux rope. Additionally, Jeftrey et al. (2018) sug-
gested that turbulence low in the atmosphere could be observed
before the heating in the flare is detected. These nonthermal
velocity measurements have been observed to peak prior to the
first significant burst in HXRs (e.g., Alexander et al. 1998). This
suggests that the nonthermal broadening may be a direct conse-
quence of the flare energy release process, rather than a byprod-
uct of the energy deposition (e.g., chromospheric evaporation).
Consequently, it may be that these enhancements in the non-
thermal plasma velocities and the hot onsets are related, but we
cannot show this here. Further studies are needed to investigate
whether the location of the hot onset sources agrees with the pre-
flare enhancements of nonthermal plasma velocities. We note
that another possible interpretation of the presence of the outer
sources may be related to reconnection occurring at a different
loop system. However, it is an observational fact that plasma is
being ejected from the structures associated with these sources.
Future studies on magnetic field extrapolation are needed to
answer this question.

4.3.3. Heating mechanisms early in the onset phase

In the following, we discuss the hot onset behavior in terms of
possible different heating mechanisms.

For all events with a clear onset interval, it was possible to
fit the first STIX time bins with a purely isothermal model, con-
firming the presence of heated plasma at temperatures exceeding
10 MK during the initial phase. Alternative heating mechanisms
may be more significant during this phase, as nonthermal emis-
sion is only detected later in the onset interval. We should note
that the reason why an additional nonthermal component was
not always possible to fit may be due to the limited sensitivity
of the HXR detectors (Dennis 1988). However, as reported by
Benz (2017), this pre-heating problem is already well-known,
and previous studies (e.g., Benz et al. 1983; Jiang et al. 2006)
have found that it cannot simply be explained by a lack of HXR
sensitivity. Therefore, it is possible that different mechanisms
may play a major role at the beginning by transporting energy
from the coronal energy release site to lower altitudes, before
electron-beam-driven transport takes over. According to previ-
ous studies, other possible mechanisms involved in the early
heating could be related to Alfvén waves (Fletcher & Hudson
2008), low-atmosphere turbulence (Jeffrey et al. 2018) or Ohmic
heating.

Due to the aforementioned reasons, a better understanding of
hot onsets is needed, as they may be significant in the initiation
and early development, or even the prediction of solar flares.

5. Conclusions and outlook

In this paper we have analyzed the emission during the onset
phase of four large flares. These flares were jointly observed
by Solar Orbiter/STIX and GOES/XRS, and they presented key
aspects that allowed us to draw multiple conclusions. In the fol-
lowing, we summarize our findings.

The three events with clear emission prior to the impulsive
phase show the hot onset behavior from the very beginning, as

previously reported by Hudson et al. (2021). The elevated tem-
perature exhibits little variation in the range 10—16 MK, whereas
the emission measure steadily increases by about two orders of
magnitude, which indicates that a process of continued energy
release is needed. Based on typical average temperatures of
active regions, there must be a phase before the detection of these
hot onsets, on presumably small spatial scales, that explains
the increase in temperature to more than 10 MK. The lack of
detected emission prior to these enhanced temperatures is likely
due to the low emission measure. This suggests that the energy
release may have started well before the detection of these hot
onsets.

The new results from STIX observations are the following.
First of all, STIX data extend the hot onset pattern to even earlier
times than GOES/XRS, which means it provides better informa-
tion about the early high temperatures. However, we note that
the Reuven Ramaty High-Energy Solar Spectroscopic Imager
(RHESSI,; Lin et al. 2002) is more sensitive than STIX at lower
energies (see Appendix A). Therefore, RHESSI has the potential
to detect the actual onset. However, unlike STIX, RHESSI has
a strongly varying background that can compromise the analysis
during the very early stages. Secondly, the spectroscopic analy-
sis, which confirms the presence of heated plasma at tempera-
tures exceeding 10 MK in the very first stages of the flare, shows
that the nonthermal emission is only detected later. This suggests
that alternative heating mechanisms besides beam heating may
be more significant during this early phase. Finally, the combi-
nation of EUV/UV images with STIX observations in the very
early stages of the flare show the existence of hot plasma at dif-
ferent locations with respect to the standard main thermal loop-
top source. However, because extended bremsstrahlung sources
are much more difficult to detect than compact sources (see
Sect. 4.2), there may also be heated plasma at the top of the loop.

We suggest that future work address two main scientific
questions, firstly, the temperature distribution of these hot onsets.
Instruments in the SXR range would be particularly useful in
this regard. For example, instruments such as the Solar X-ray
Monitor (XSM; Vadawale et al. 2014; Shanmugam et al. 2020)
on board the Chandrayaan-2 mission and the Miniature X-ray
Solar Spectrometer (MinXSS; Mason et al. 2016; Moore et al.
2018) missions, which are sensitive to lower temperatures, could
be used to investigate the temperature distribution at lower ener-
gies and further explore the initial increase in temperature.
Additionally, XRT observations could also be used to diagnose
the temperature distribution of hot onset sources at tempera-
tures below the HXR-derived temperatures. The second would
be determining if there is a relationship between nonthermal
broadening, which has been observed to precede the low-energy
X-ray emission, and these hot onsets. Observations taken by the
Interface Region Imaging Spectrograph (IRIS; De Pontieu et al.
2014) and the EUV Imaging Spectrometer (EIS; Culhane et al.
2007) on board Hinode could be used to investigate whether
the location of the hot onset sources agree with the pre-flare
enhancements of nonthermal plasma velocities. This would tell
us whether turbulent energy contributes to the elevated tempera-
tures observed early in the flare.
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Appendix A: Responses of X-ray instruments to
incoming photon fluxes

A.1. Detection probabilities of incoming photons and
effective area
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Fig. A.1. STIX detection probability of an incoming photon flux as a
function of energy. From top to bottom, we show the windows’ trans-
mission, the grid transmission, the detector efficiency, and the STIX
detection probability, which is the convolution of the different compo-
nents. The solid (dashed) black line shows the STIX imaging (spec-
troscopy) probabilities. In gray, we highlight the effect of the attenuator
insertion. The horizontal dotted line indicates the value of 1.

Figure A.1 displays the updated (as of May 2023) STIX detec-
tion probability of an incoming photon flux. This STIX detection
probability is the convolution of the transmission through the
entrance windows, the tungsten grids efficiency, and the detec-
tor efficiency of the STIX CdTe detectors (Krucker et al. 2020).
In this figure, we highlight the difference in detection probabil-
ities between imaging and spectroscopy, which differ at high
energies. This difference is due to the relatively thin grids that
become slightly transparent to incoming photons at around 60
keV and above 80 keV. As a result, they do not produce any mod-
ulation for imaging but increase the detected photons for spec-
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Fig. A.2. Detection probability of an incoming photon flux and effective
area for various X-ray instruments as a function of energy. Top panel:
Detection probability as a function of energy for GOES 1-8 A (red),
GOES 0.5-4 A (blue), STIX imaging (solid black), STIX spectroscopy
(dashed black), and RHESSI (gray). Bottom panel: Effective area as a
function of energy for the same instruments. The plot includes the effect
of the attenuators in RHESSI (thin attenuator in dashed gray; thin plus
thick attenuators in dotted gray) and STIX (dotted black). The dashed
black line represents the STIX effective area multiplied by a factor of
12.8 (= (0.28[AU])"2), which corresponds to the increased sensitivity
at perihelion.

troscopy. This effect does not occur for RHESSI (see Fig. A.2),
which has thicker grids (Lin et al. 2002).

The detection probabilities of GOES/XRS and RHESSI
(non-attenuated) are shown in the top panel of Fig. A.2. For
comparison, we report the (non-attenuated) detection probabil-
ity curves of STIX. The GOES/XRS curves are the result of the
combination of the transmission through the entrance windows
multiplied by the detector efficiency®. For RHESSI, we consid-
ered the effect of the entrance window, the grids and the detector
efficiency of the front segment.

The effective area of GOES/XRS, RHESSI and STIX is
shown in the bottom panel of Fig. A.2. The difference in the
effective area of the GOES/XRS instrument compared to STIX
and RHESSI is clearly visible, as they have been designed to
work at different X-ray energies. Indeed, flare spectra are much
brighter at low X-ray energies (for a tenfold difference in energy,
the spectrum is a million times brighter with respect to high
X-ray energies), which explains why at low X-ray energies a
smaller effective area is enough to detect a sufficient amount of
photons. RHESSI has significantly larger effective area at lower

3 https://data.ngdc.noaa.gov/platforms/
solar-space-observing-satellites/goes/goesl6/12/docs/
XRS_responsivity/GOES-R_XRS_responsivity_readme.pdf
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Fig. A.3. Simulated incoming and detected photon fluxes by STIX and
GOES/XRS. Top panel: Simulated incoming photon flux, before pass-
ing through the entrance windows, for a purely isothermal simulation
(T = 14MK and EM = 10 cm™3), shown with the gray curve. Red,
blue, and black lines represent, respectively, the corresponding detected
photon fluxes of GOES/XRS 1-8 A, GOES/XRS 0.5-4 A, and STIX.
The hatched area highlights the common area under the different curves,
i.e., the photons jointly detected by STIX and GOES. Bottom panel:
Actual observed STIX count spectrum. In this case, we do not make any
distinction between the STIX imaging and spectroscopy spectra since at
these energies (< 20keV) there is no difference.

energies than STIX and therefore is better suited for detect-
ing hot onsets. Taking observations at perihelion with STIX
results in slightly better sensitivity than RHESSI from about
12 keV to 60 keV. Furthermore, the STIX background is sta-
ble during flaring timescales (Battaglia et al. 2021; Sagqri et al.
2022; Battaglia et al. 2023) and relatively low between 10 and
20 keV (Krucker et al. 2020). These two arguments highlight the
increased capabilities of STIX in studying nonthermal emission
in microflares during perihelia.

A.2. Simulations of flare spectra

The top panel of Fig. A.3 shows the detected photons by
STIX and GOES, assuming an isothermal flare spectrum. The
detected photon spectra were obtained by convolving the incom-
ing photon flux (gray curve) with the detection probability of
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Fig. A.4. Mean energy of the detected photons of GOES/XRS and STIX
against the temperature of the isothermal model. Red and blue curves
show the mean energies of the GOES 1-8 A and 0.5-4 A bands, respec-
tively, whereas the black line shows the STIX imaging mean energy. For
all temperatures, we assumed a constant emission measure of 1047 cm=.
In this case, we do not make any distinction between the STIX imaging
and spectroscopy mean energies since, for the considered flare spectra,
there is no difference.

the two instruments (see Fig. A.2). For the isothermal model,
we assumed typical parameters as observed by STIX during the
onset interval: T = 14MK and EM = 10* cm™3. Addition-
ally, for the STIX detected photon spectrum, we assume that the
attenuator is not inserted, as it is the case for all four events ana-
lyzed in this paper.

The bottom panel of Fig. A.3 displays what STIX measures
from the detected photons reported in the top panel. To obtain
this curve, the detected photon flux must be convolved with the
instrument response matrix. In the case of STIX, the matrix has
non-diagonal elements at low energies, which ultimately influ-
ences the shape of the spectrum.

The hatched region highlights the common area under the
STIX and GOES curves. In practical terms, this means that
these are the photons detected jointly by the two instruments,
assuming the spectral parameters reported in the first paragraph.
From this area, we can deduce that about 99% of the photons
detected by STIX are also detected by GOES. However, the per-
centage of photons detected by GOES/XRS 1-8 A and 0.5-4 A
that are jointly observed by STIX correspond to only 0.01% and
0.4%, respectively. This highlights how, for multi-thermal flares,
GOES and STIX probe different temperatures.

The difference in the mean energy of the detected pho-
tons is illustrated in Fig. A.4, in which this quantity is plot-
ted against the temperature of the isothermal model. Assuming
isothermal models with temperatures ranging from 9 to 50 MK,
the mean energy of the detected photons by GOES/XRS 1-8 A,
GOES/XRS 0.5-4 A, and STIX is about 2.5 keV, 4.5 keV, and 7-
10 keV, respectively. This clearly shows that GOES/XRS is more
sensitive to lower temperatures compared to STIX.



