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ABSTRACT

Context. The Spectrometer/Telescope for Imaging X-rays (STIX) is the hard X-ray instrument onboard Solar Orbiter designed to
observe solar flares over a broad range of flare sizes.

Aims. We report the first STIX observations of solar microflares recorded during the instrument commissioning phase in order to
investigate the STIX performance at its detection limit.

Methods. STIX uses hard X-ray imaging spectroscopy in the range between 4-150 keV to diagnose the hottest flare plasma and
related nonthermal electrons. This first result paper focuses on the temporal and spectral evolution of STIX microflares occuring in
the Active Region (AR) AR12765 in June 2020, and compares the STIX measurements with Earth-orbiting observatories such as
the X-ray Sensor of the Geostationary Operational Environmental Satellite (GOES/XRS), the Atmospheric Imaging Assembly of the
Solar Dynamics Observatory (SDO/AIA), and the X-ray Telescope of the Hinode mission (Hinode/XRT).

Results. For the observed microflares of the GOES A and B class, the STIX peak time at lowest energies is located in the impulsive
phase of the flares, well before the GOES peak time. Such a behavior can either be explained by the higher sensitivity of STIX to
higher temperatures compared to GOES, or due to the existence of a nonthermal component reaching down to low energies. The
interpretation is inconclusive due to limited counting statistics for all but the largest flare in our sample. For this largest flare, the
low-energy peak time is clearly due to thermal emission, and the nonthermal component seen at higher energies occurs even earlier.
This suggests that the classic thermal explanation might also be favored for the majority of the smaller flares. In combination with
EUV and soft X-ray observations, STIX corroborates earlier findings that an isothermal assumption is of limited validity. Future
diagnostic efforts should focus on multi-wavelength studies to derive differential emission measure distributions over a wide range of
temperatures to accurately describe the energetics of solar flares.

Conclusions. Commissioning observations confirm that STIX is working as designed. As a rule of thumb, STIX detects flares as
small as the GOES A class. For flares above the GOES B class, detailed spectral and imaging analyses can be performed.

Key words. Sun: X-rays — Sun: flares — Sun: corona
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1. Introduction

Microflares are dynamic, small-scale energy release events in
the solar atmosphere. They are presumably driven by the same
physical processes as larger flares, but with the energy release by
magnetic reconnection being many orders of magnitude smaller.
However, their occurrence frequency is much higher and thus
they may play an important role in heating of the solar corona
and supplying its mass (e.g., [Hudson|[1991). It has been shown
that the occurrence frequencies and energy distributions from the
smallest nano- (quiet Sun) and microflares to the largest X-class
flares follow a power-law, with the power-law index « obtained
from different studies, instruments, and wavelengths typically
in the range of 1.5 < a < 2.5 (Crosby et al.|[1993} [Shimizu
1995; |[Krucker & Benz|1998; |Parnell & Jupp|2000; Veronig et al.
2002a; [Christe et al.|[2008; [Hannah et al.|2008a, 2011)). Obser-
vations at X-ray wavelengths provide us with the most direct
insight into the energy release and energy conversion in solar
(micro-)flares, as they allow us to diagnose the properties of the
accelerated electrons, the heating of the flaring plasma, and part
of the atmospheric response to the energy input by the electron
beams. Since the latter can carry a substantial amount of the to-
tal flare energy (e.g. Dennis et al.|2003; [Emslie et al.|2012; |As-
chwanden et al.|2016; Warmuth & Mann|2020)), it is essential to
accurately determine their total energy.

The first hard X-ray (HXR) microflare observations by a
balloon-borne experiment (Schwartz et al.|1983} Lin et al.[1984)
have already shown that in microflares (as in larger flares), the
HXR spectra may reveal a power-law component indicative of
nonthermal bremsstrahlung from electron beams (Brown|[1971}
Lin & Hudson||1971). The Reuven Ramaty High Energy Solar
Spectroscopic Imager (RHESSI, in operation 2002-2018; |Lin
et al.|2002) has so far provided us with the largest observational
data base of microflares at HXR wavelengths. The nonthermal
photon power-law indices y in microflares are typically larger
than in larger flares, with 4 < y < 10 above energies of ~10
keV, indicative of a softer spectrum of the accelerated electrons
(Krucker et al.[2002; Battaglia et al.[2005; Stoiser et al.|[2007;
Christe et al. [2008; [Hannah et al. 2008a; Warmuth & Mann
2016). However, some microflares revealed HXR photon spectra
as hard as y = 2.5 down to energies as low as 4 keV (Hannah
et al.|2008b), and occasionally extend above 100 keV (Ishikawa
et al.|[2013). How low in energy the nonthermal component ex-
tends is an essential diagnostic, as most of the energy in non-
thermal electrons for these steep spectra resides in the low en-
ergy end. However, this low energy cutoff is notoriously difficult
to infer observationally (e.g. |Aschwanden et al.|[2019} Kontar|
et al.|[2019). Recent high-sensitivity observations with the Nu-
clear Spectroscopic Telescope Array (NuSTAR, Harrison et al.
2013)) showed that in at least in 1 out of 11 microflares, there
is a clear indication that the nonthermal emission dominates the
count rates down to <5 keV (Glesener et al.|2020; |Duncan et al.
2021).

Multi-wavelength observations of RHESSI microflares have
revealed common features as well as a significant variety and
complexity of their appearances. As in the case of larger flares,
HXR microflares occur in Active Regions (AR; [Stoiser et al.
2007} [Christe et al.|[2008). Contrary to what their name may
suggest, they are not necessarily spatially small (Hannah et al.
2008a). At lower HXR energies, RHESSI microflares typically
show an elongated structure, indicative of a flare loop. The
higher-energy HXR emission tends to be concentrated at foot-
points of the loops, which are rooted in opposite magnetic po-

* Deceased.
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larity regions (Krucker et al.[2002; [Liu et al.[|2004; [Stoiser et al.
2007; Berkebile-Stoiser et al./[2009; [Hannah et al.|[2011). De-
spite the “single loop” structure suggested by the HXR imag-
ing, the coordinated high-resolution imagery and spectroscopy
at EUV and optical wavelengths revealed more complex fine
structure and very dynamic responses of the transition region
and chromosphere to the microflare energy input with simulta-
neous upward and downward directed plasma flows due to chro-
mospheric evaporation (Stoiser et al.|[2008} Brosius & Holman
2009; Berkebile-Stoiser et al.|2009; |Glesener et al.|2017; [Han-
nah et al.| 2019} |Athiray et al.[2020; Vievering et al.|2021). A
number of RHESSI microflares have been reported to be asso-
ciated with EUV jets and radio emission, such as type III ra-
dio bursts (Liu et al.|2004; Stoiser et al.|2007; Berkebile-Stoiser
et al.|2009; |Chen et al.|[2018; |Glesener et al.[2012; [Musset et al.
2020; |Sharma et al.|2020), indicative of a multipolar magnetic
field topology involved in the energy release process, and elec-
tron beams being accelerated along closed loops as well as along
field lines that are “open” to interplanetary space.

With the launch and commissioning of the Solar Orbiter
mission, the Spectrometer/Telescope for Imaging X-rays (STIX;
Krucker et al.|[2020) is the latest HXR telescope to study solar
flares. While the HXR diagnostics capabilities of STIX resemble
its predecessor, RHESSI, its unique orbit away from the Earth-
Sun line in combination with the opportunity of joint observa-
tions with other Solar Orbiter instruments will provide essential
new inputs into understanding the magnetic energy release and
particle acceleration in solar flares. This paper presents obser-
vations of microflares taken during the commissioning phase in
June 2020 to demonstrate STIX diagnostics capabilities at its
sensitivity limit and to describe the STIX data products beyond
what is mentioned in the STIX instrument paper (Krucker et al.
2020). Additionally, we shed new light on the discussion of the
low energy extension of nonthermal emission to better constrain
the energy content in accelerated electrons in microflares.

The paper is structured as follows. In Sect.2, we present a
simulation of the STIX instrument response to the X-ray flare
spectra in the context of the diagnostic capabilities of STIX with
a focus on microflares. In Sect. 3, the newly available observa-
tions are first discussed on a statistical basis comparing STIX
and GOES microflares, followed by a more detailed discussion
of three individual microflares, where we consider additional ob-
servations by SDO/AIA and HINODE/XRT of the microflare’s
spatial and temporal evolution. Finally, we give a summary of
our findings in Sect. 4]

2. STIX microflare diagnostics

STIX is designed to observe a wide range of solar flares. To do
s0, high count statistics for the largest solar flares have to be at-
tenuated in order to avoid detector saturation. A 0.6 mm thick
aluminum attenuator, placed into the detector field of view, is in-
serted and removed autonomously on the decision of an onboard
Rate Control Regime algorithm (RCR; [Krucker et al.|2020). On
the other hand, while the RCR handles the count rates of the
largest solar flares, the limits for the detection of the smallest
flares come from the instrumental background produced by the
onboard radioactive calibration source (Ba-133). The main emis-
sion lines used to calibrate STIX are at 31 keV and 80 keV.
However, Ba-133 also produces CdTe escape lines at the low-
est energies of the STIX range (see Fig.[T} bottom panel, green
curve). These lines affect all STIX science low-energy bins with
the ones from 5 to 7 keV and above 9 keV being least affected.
Below ~18 keV, the instrumental background is much stronger
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Fig. 1. Simulated STIX instrument response to microflares by assuming
an isothermal optically thin source using coronal abundances plus an ad-
ditional nonthermal tail with a power-law shape and a break energy of
the photon spectrum. The simulations were performed for a radial dis-
tance from the Sun of 0.5 AU and a flare location at S800” E1600”
(these parameters roughly correspond to the observations shown in
Sect. 3). The top panel shows the arriving photon spectrum at Solar Or-
biter (black, with the thermal and nonthermal components shown in dot-
ted and dashed, respectively), the attenuated photon spectrum incident
on the STIX detectors (red), and the resulting count spectrum (blue).
The bottom panel shows the count spectrum after onboard binning into
the STIX science energy channels. The light blue and the orange curves
are simulations for two different microflares as given in the annotations.
The different histograms in the same color represent different realiza-
tions of the counting statistics assuming an integration time of 30 s.
The black histograms are the simulations without the noise from count-
ing statistics. The green histogram is the instrumental background that
is stable in time and can therefore be measured much more accurately
than the microflare count spectra.

than the cosmic X-ray emission that passes through the STIX
imaging grid apertures. As the half life time of Ba-133 is 10.7
years, the background is very stable in time making background
subtraction feasible even for microflares with count rates well
below the instrumental background rate.

To demonstrate the STIX sensitivity to microflares, we mod-
elled the STIX response to an isothermal flare with a nonther-
mal component using the current (October 2020) best STIX re-
sponse model. The top panel in Fig.[T| shows the arriving X-
ray photon spectrum for a flare with a temperature of 10 MK,
an emission measure (EM) of 1 x 10*® ¢m™3, assuming coro-
nal abundances, and a nonthermal power-law spectrum with a
slope of ¥y = 7, a break energy of the photon spectrum at
Ey = 8keV and a normalization factor at the break energy
ap = 0.3phs™' cm2keV~!. Below the break, the photon spec-
trum is assumed to be flat with a slope of 1.5 to simulate the
effect of a cutoff energy in the electron spectrum. The incoming
photon spectrum is then attenuated by various entrance windows
within the instrument before photons arrive at the detectors (i.e.,
the STIX entrance windows, the STIX imaging grids, the various
multi-layer insulations, and the detector dead layelﬂ) resulting in
an incident photon spectrum that is heavily attenuated at the low-
est energies (see red curve in the top panel of Fig. 1). At higher
energies, the attenuation is mainly due to the STIX imaging sys-
tem (tungsten grids) that attenuates the signal by roughly a factor
of 4 (i.e., half the photons go through each grid). The detector re-
sponse matrix is then used to calculate the count spectrum that
results from the incoming attenuated photon spectrum. With the
1 keV resolution of the STIX detectors, the high-energy part of
the count spectrum has a similar shape to the photon spectrum.
At low energies, however, the spectrum is smeared out by the
non-diagonal elements of the response matrix. The individual
lines in the Fe complex are therefore no longer resolvable. We
also note that the lowest STIX science energy channel from 4
to 5 keV is predominantly produced by photons at higher ener-
gies. This is due to the very strongly increasing attenuation of
the incoming photons for decreasing photon energies (see Fig. 3
of [Krucker et al.[2020). For the lowest STIX energy channel (4-5
keV), the attenuation falls off steeper compared to the smearing
out of Hence, the recorded 4-5 keV counts are mainly produced
by photons at higher energies for which the detector collects only
a fraction of photon’s energy. As same photons are registered at
a too low energies, the count spectrum (blue) is consequently
slightly below the incoming photon spectrum (red) for energies
around the peak in the count spectrum. While the 4-5 keV counts
do not reflect the actual photons in that energy, they still carry
spectral information and they are therefore nevertheless valuable
diagnostics in spectral fitting. The 4-5 keV channels is also im-
portant for the detection of cooler X-rays sources, such as qui-
escent active regions for which the photon spectrum is steeper
and in relative terms there are more 4 to 5 keV photons arriving
at the detectors compared the photons with energies around the
peak count spectrum (i.e., 6-7 keV here).

To cope with the limited telemetry, the STIX data are binned
onboard in time and energy (see Krucker et al.|2020). This is
in contrast to previous HXR missions such as RHESSI (Lin
et al|2002), where each individual photon was time and energy
tagged. However, this allows us to efficiently use the telemetry
allocated to STIX. There are 32 STIX science energy bins which
are currently selected to have a width of 1 keV at the lowest ener-
gies. The bottom panel in Fig. 1 gives the STIX count spectrum
of the simulated microflare for 100 different representations of
the counting statistics assuming a 30 s integration time (orange

! The transmission is still under evaluation using the STIX crab neb-

ula observations. First results show that the current calibration is better
than 20% accuracy, near the typical value of the absolute calibration
uncertainty between different X-ray observatories (Kirsch et al.|[2005;
Madsen et al.[2015)
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curves). The peak in the count spectrum is in the 6-7 keV bin and
the count spectrum of the microflare alone lies below the instru-
mental background (green curve) for all energies. As the back-
ground is stable in time and can be measured during non-flaring
times, even small events such as modelled here can clearly be
measured by STIX. The light blue curves show the result of a
slightly larger and hotter microflare (3 x 10* cm=3 and 12 MK).
For this slightly stronger microflare, the expected count rates are
already above the instrumental background for energies between
5 and 11 keV. For such a microflare, a nonthermal component
can indeed be measured.

While it is, in principle, straightforward to calculate the
GOES class for the simulated flares, which correspond to A2
and A7, respectively, this should not be interpreted as determin-
ing the likely GOES class associated with these two STIX sim-
ulations. As GOES observations reach down to lower X-ray en-
ergies than STIX, GOES fluxes can additionally contain emis-
sions from cooler flare plasma than STIX. As flares are gen-
erally multi-thermal in nature, the associated GOES class will
therefore be higher than the estimate obtained by using just the
emission that STIX detects (e.g., McTiernan|2009; Ryan et al.
2014; [Warmuth & Mann|2016). As the difference depends on
the shape of the differential emission measure distribution, an
associated GOES class cannot be readily estimated. As typical
values, we propose that the potential GOES class associated with
these STIX simulations are possibly a factor of 2 to 4 larger than
estimated above (e.g., A4 to A8 (orange) and B1 to B3 (blue),
respectively).

3. Observations

Despite the fact that the commissioning phase was intended for
instrument checkout and calibration, the acquired data is gener-
ally taken at full instrument performance and can therefore be
used for scientific studies. The best observing conditions for mi-
croflares during the Solar Orbiter commissioning phase were be-
tween June 5 and June 21, 2020, after active region AR12765 ap-
peared on disk from the Solar Orbiter vantage point. During this
period, Solar Orbiter was roughly at 0.52 AU from the Sun and
between 41 and 74 degrees west of the Earth-Sun line. As these
observations were taken during a commissioning phase outside
the nominal science phase of Solar Orbiter, no coverage from
the other Solar Orbiter instruments is available during this time
period. However, AR12765 was also on-disk as seen from Earth
and all microflares presented in this paper were therefore visible
to several Earth-orbiting observatories.

To best allocate its limited telemetry, STIX first sends to
the ground low resolution QuickLook (QL) data (for details see
Krucker et al|[2020). Figure[2] shows the STIX QL light curve
at the lowest energy channel (4-10 keV) during the time pe-
riod from June 4 through June 14. From the QL data, the STIX
team then selects the most scientifically promising flares, and so-
called data requests are sent to STIX to download the selected
flares at the chosen temporal and spectral resolution. From the
QL data during commissioning, a total of 69 microflares were
selected with the majority of events (53 of 69) having a back-
ground subtracted count spectrum below the instrumental back-
ground rate. Many microflares were only seen in a single STIX
science energy channel with rather low counting statistics. To
take advantage of STIX temperature diagnostic capabilities, we
restricted the statistical analysis to the 26 microflares, which are
clearly seen in at least two energy channels (see Sect.[3.3), while
for three events, we present a more in-depth analysis at different
wavelengths in Sect.[3.5] Prior to the discussion of the scientific
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findings, the data analysis approach is outlined in the following
two sections for GOES and STIX individually.

3.1. GOES

The GOES analysis was done using GOES-16 observations and
the latest version of the GOES Workbench within SSWIDL (sta-
tus October 2020). This software package applies a correction
factor to GOES to match the previously used GOES flare classi-
fication. For all flares, an individual GOES background has been
subtracted depending on the time variations observed before and
after the selected events. For many cases, a constant pre-flare
background subtraction gives good results. For flares occurring
during the decay of a previous event, a time dependent back-
ground was selected. As all values of the GOES flare class given
in this paper are from background subtracted light curves, they
might be somewhat smaller than the values given in the official
flare catalogues, which do not have backgrounds subtracted. To
reduce the noise in the time profiles, the GOES curves shown in
this paper have been integrated from the nominal 1 s resolution
to 15 s time bins. This reduction in time resolution is appropri-
ate considering typical rise and decay times of microflares of a
minute or longer. The time derivative of the GOES 1-8 A low
energy channel is used as a proxy to roughly outline the dura-
tion of the impulsive phase of the flare. As the derivative can be
very noisy, a box car smoothing with a window of 30 or 45 s has
been applied for smaller events before calculating the derivative.
GOES temperature estimates were done using the same standard
software, but using integration times of one minute in order to
further mitigate noise issues. To double check, the temperature
estimates were additionally derived from GOES-17 data.

3.2. STIX

To maximize the counting statistics in our sample of microflares,
our analysis mainly relies on the averaged count rates over the
30 imaging detectors. There are two STIX data products that
can be used to get detector-averaged counts. The first product
is the L1 ’pixel’ data, which contains information on individual
detectors and pixels, with the cost of using up telemetry faster.
With this type of data product, the detector-averaging is done on
the ground, during data analysis. On the other hand, in order to
save telemetry, the detector-averaging can be done onboard by
the flight-software: this is the case for the L4 ’spectrogram’ data,
the second STIX data product to get detector-averaged counts
(Krucker et al.|2020). The analysis presented in this paper used
L4 spectrogram data for all events except otherwise noted, and
the total requested data for all 69 flares is only 0.3 MiB. In the
following, we briefly summarize the different aspects of data
analysis that have been considered:

— Attenuator: The STIX attenuator was out providing maxi-
mal sensitivity at the lowest energies. The STIX attenuator is
designed to only be activated for ~M class flares. As a side
note, we mention here that with the attenuator inserted, only
the largest event in our sample would have been detected.

— Background: The STIX background below ~18 keV is dom-
inated by counts related to the internal calibration source
and therefore the background is stable in time. As the de-
tector calibration depends very slightly on detector temper-
ature, the recorded background also varies slightly with de-
tector temperature. However, temperature effects are greatly
suppressed by the STIX detector system by using a base-
line holder feature (BSH; |Gevin et al.|[2021). Temperature
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seen in a single STIX science energy channel (middle, black), and they are therefore difficult to see in the displayed 4-10 keV light curve. For the
26 events which are at multiple STIX science energy bins, flare temperature could be derived (middle, red). The three flares discussed in detail are
marked and numbered in blue. We note that all flares are from AR12765, which only became visible from Solar Orbiter after June 5. Hence, flares
from earlier times were occulted by the solar limb and not visible by STIX.

variations are mainly driven by the cyclic passive cooling
provided by the spacecraft radiatiors to STIX. For observa-
tions at 0.52 AU, the radiator temperature still hits the low
temperature limit of —40°C and heaters are therefore period-
ically activated. This results in temperature variations from
—40°C to —38°C and back to —40°C every ~40 minutes,
causing a slight shift in energy in the detector calibration.
Consequently the background spectrum is minimally shifted
relative to the fixed energy bins. The largest effects of the
temperature dependence is seen in energy bins that are dom-
inated by the wings of an emission line of the background
spectrum. The maximal effect is seen in the 8-9 keV science
bin at 3% increase per °C, and correspondingly at 6-7 keV
with a 2% decrease per °C. Hence, the effect is rather small,
and therefore only visible for the smaller flares in our sam-
ple. As the detector temperature is measured at one minute
cadence, this effect can be corrected. We used observations
during non-flaring times to measure the temperature depen-
dence of the background and correct for it when we subtract
the background. However, the results presented in this paper
do not change even if this correction is not applied.

Light travel time: For all plots shown in this paper, the
STIX times have been corrected for the different light travel
time of Solar Orbiter, namely, the photon arrival time, rela-
tive to Earth. The correction ranges from 232.6 s on June 5
to 241.4 s on June 14.

Time resolution: The time resolution during commissioning
was not yet optimized to save onboard memory, and it was
set to a rather high cadence, resulting in time bins between 1
and 2 s, depending on the actual observed count rates. For the
analysis presented here, the data has been integrated on the
ground to 30 s or 90 s time bins, depending on the counting
statistics. Meanwhile, the STIX cadence during nonflaring
times has been set to 20 s to optimize onboard memory us-
age. This setting will fill the onboard memory significantly

more slowly and still allows us to get the same microflare
diagnostics as presented in this work.

Errors in light curves: The main contribution for the error
bars shown in this paper is counting statistics. Errors due to
the data compression are added, but are much smaller for
these low-counting statistics observations (the correction for
compression is only 0.25% relative error even for the largest
event in this sample).

Livetime: The detector livetime for these very small events
is very close to 1. During non-flaring time, the livetime is
99.87%, and decreases to 99.75% for the largest event in
our sample. The shown time profiles have been corrected for
livetime, but the effect is well below the statistical errors and
could in principle be neglected for the small events discussed
here.

Energy resolution: STIX bins counts into predefined sci-
ence energy bins. For this analysis we used the nominal bin
size, which results in ~1 keV bin width for the energy ranges
used here. The nominal 1 keV resolution is achieved by using
passively cooled Cadmium Telluride (CdTe) X-ray detectors
(Krucker et al.|2020))

Energy Look Up Table (ELUT): As the energy calibration
that is used onboard to bin the counts into the STIX science
energy bins is different for each pixel, the actual bin width
is slightly different for each pixel. The different bin width
can be corrected during data analysis for L1 ’pixel’ data. For
the L4 ’spectrogram’ data, the effect is smeared out. As a
correction is well below the statistical errors for our set of
flares, in this work, for simplicity, it is only applied during
spectral fitting.

Transmission correction: The light curves shown in this pa-
per are not corrected for the transmission and therefore re-
flect count rates. The transmission correction is only applied
to perform spectral fitting (see Sect.[3.5.3). As mentioned
in Sect. 2, the applied transmission corrections use current
knowledge as of October 2020.
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— Temperature diagnostics: For the 26 flares that were de-
tected in at least two STIX science energy bands, temper-
ature and emission measure estimates were performed, as-
suming an isothermal plasma. To have the ability to use the
same method for all events, the ratio of the 6-7 keV to the
5-6 keV channel has been used as a temperature diagnostic.
The simulations shown in Fig.[T|were repeated for an isother-
mal plasma (without adding a nonthermal component) for an
array of temperatures taking the transmission function into
account. These simulations give the expected STIX count
rates as a function of temperature for each energy bin, and
hence, the temperature dependence of the ratio of different
energy bins. From the observed ratio and its uncertainty, a
unique temperature and emission can be estimated with er-
ror bars. We note here that we will have software available
in the near future within the SSWIDL OSPEX package that
will properly fit the entire count spectrum making the cur-
rently used ratio method obsolete. For the GOES B6 flare
occurred on June 7 (see Sect.[3.3), a preliminary spectral fit-
ting is performed by using for the first time the OSPEX SS-
WIDL package with STIX data: This is shown in the dedi-
cated Sect.3.3.3

— Imaging: This first results STIX paper focuses on the time
evolution and simple spectroscopy of microflares observed
during commissioning. The current status of the STIX imag-
ing calibration does not allow us yet to make images rou-
tinely. In any case, imaging information for most microflares
presented in this paper will be limited, and it is only for the
few largest flares in our sample with high enough statistics
in individual detector pixels that imaging can provide scien-
tifically meaningful information. However, one preliminary
step toward STIX imaging is reported in Sect. 3.4.4.

In the following subsections, we first present the statistical re-
sults of the selected 26 microflares using STIX and GOES
data only, followed by a more in-depth discussion of three mi-
croflares, where we also include EUV observations from AIA
and soft X-ray observations by XRT.

3.3. Statistical analysis of the temporal evolution

Figures 3 through 5 show background subtracted and livetime-
corrected STIX count rates for three energy channels, together
with the GOES light curves. The plots are ordered by the GOES
class of the analyzed microflares from A2 to B6. As these are
all small events, all time profiles are shown in linear scale. The
displayed STIX energy bins (5-6, 6-7 and 9-10 keV) represent
the three energy channels with the lowest background emission
(see Fig.[I). As expected from the simulation (shown in Sect. 2),
the 6-7 keV energy bin has the highest count rate with rapidly
decreasing rates for bins at lower and higher energies. The 6-7
keV peak time is generally during the GOES impulsive phase
(defined as rise phase of GOES low energy channel and outlined
in each plot by the GOES derivative shown as dotted curve) and
the duration of the STIX emissions are shorter. Clear examples
for an earlier peak times in STIX profiles are flare 2, 10, and
20. There are only two events (9, 12) which show similar time
profiles as GOES, but for all the others the GOES flux decays
much more slowly. For a few events (e.g., 7, 17, 25, 26), the
decaying GOES emission appears to also be detected in STIX,
but for a shorter time. For other events (e.g., 18, 20, 23), the
decay as defined by GOES does not produce a signal in STIX.
The longer decay time of the GOES light curves is very likely
associated with the GOES’s sensitivity to temperatures below
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STIX’s temperature range (i.e., below ~8 MK). As flare loops
cool down, they eventually get too cold to be seen by STIX,
but they are still detectable by GOES. In other words, GOES
observes down to lower X-ray energies than STIX. Therefore,
GOES is sensitive to lower temperature plasma than STIX is and,
consequently, GOES detects the flare decay phase for longer.

The interpretation of the earlier peak time of the STIX pro-
files is not as straightforward to explain because there are two
effects that contribute to this phenomenon. STIX light curves
are expected to peak earlier because STIX has a higher sensi-
tivity than GOES to the hottest plasma, and the highest plasma
temperature tends to be observed early in the flare time evolution
(e.g., 'Warmuth & Mann|2016). However, the earlier peak could
also be attributed to the existence of a nonthermal component
produced by accelerated electrons. Nonthermal signatures are
most frequently observed during the the impulsive flare phase,
corresponding to the GOES soft X-ray (SXR) rise time (Fletcher|
et al.[2011). In large flares, which tend to be hotter than mi-
croflares (e.g.,|Stoiser et al.[2007; Battaglia et al.[2005; | Warmuth
& Mann|2016), the 6-7 keV emission is generally completely
dominated by thermal emissions. For smaller flares with lower
temperatures, the associated thermal emission in X-rays falls off
faster than for hotter flares, making it easier to detect nonther-
mal emission at lower energies. It has, indeed, occasionally been
observed that microflares display nonthermal emission down to
low energies (e.g., Hannah et al.|[2008b; (Glesener et al.[[2020).
Hence, the earlier peak of the 6-7 keV channel cannot be at-
tributed to one of these explanations without considering further
arguments besides the timing alone. For a NuSTAR microflare,
Glesener et al.|(2020) showed that the observed Fe line complex
around 6.7 keV is inconsistent with the underlying continuum
spectra assuming the emission to be purely thermal, indicating
that a significant fraction of the emission around the iron line
complex is nonthermal. With STIX’s limited spectral resolution
and steep transmission reduction around and below the Fe line
complex, an Fe line analysis as done by (Glesener et al.|(2020) is
much more difficult to perform with STIX, in particular, in this
early state of our calibration efforts. However, a detailed spectral
fitting could potentially give further insights, at least for events
for which a clear nonthermal component is detected at higher
energies. We further investigate the question on thermal versus
nonthermal emission in Sect. 3.4, where we add EUV and soft X-
ray observations as additional diagnostic tools for three selected
microflares.

The bottom right panel in Fig.[5] shows, for all events, the
scatter plot of the STIX 6-7 keV count rate as a function of the
GOES 1-8 A flux, where points corresponding to the same event
are connected by grey lines according to the time evolution. The
blue points outline the values at the STIX peak time, while the
red points are for the GOES peak time values. For the most
significant events, the individual time evolution can be traced
clearly, showing the earlier peak of the STIX light curve (blue
points above red points), while the decay in STIX is much faster
than for GOES. As expected, the two quantities are related to
each other. As the range of flares is limited and only one flare
is seen above the GOES B2 class, a fit to the data will only be
published after further joint observations are recorded.

3.4. Statistical temperature analysis

The results of our simple isothermal flare temperature estimates
at the STIX peak time using the ratio between the 6-7 keV and
5-6 keV STIX channels is shown in Fig. 6, together with previ-
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Fig. 5. GOES and STIX light curves for the largest size microflares (GOES A6 to B6) in our sample. Same format as previous figure. In addition,
the last panel shows the scatter plot of the STIX 6-7 keV count rate as a function of the GOES 1-8 A low energy channel for all events. The blue
and red points mark the values at the STIX and GOES peak time, respectively, while gray lines connect the different points according to the time
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Fig. 6. Comparison of the emission measures and temperatures of STIX

microflares detected during the commissioning phase with previously

published microflare and flare observations in X-rays above 2.5 keV.
The black dashed curves mark flares at equal GOES class as labeled.

ously published solar flare temperatures obtained via X-ray diag-
nostics of various instruments. Except for the five most signifi-
cant events, the STIX flares during commissioning correspond
roughly to the lower end of the RHESSI microflare distribu-
tion published by /Hannah et al.|(2008a)). Microflare observations
from NuSTAR (e.g.,[Duncan et al.[2021)) and FOXSI (Vievering
et al.[2021) represent significantly smaller events by two orders
of magnitude in emission measure, highlighting the advantages
of hard X-ray focusing optics for solar flare observations, as
X-rays are concentrated on small pixels with low background.
There is a small range of overlap between the NuSTAR and
STIX sensitivity. As a rough guideline, the largest microflares
that NuSTAR can still detect before the incoming photon flux
overwhelms the instrument electronics can also be detected by
STIX. We note that flares 11 and 19 are actually also observed
by NuSTAR. The statistical analysis also reveals that tempera-
tures down to ~8 MK can be detected with STIX, at least for
microflares. Lower temperatures could potentially be detected
by STIX for long-time integrated spectra in the late decay phase
of large flares (e.g.,|Gallagher et al.[2002)) or for hour-long inte-
gration of active regions during non-flaring times (e.g., Ishikawa
& Krucker|[2019). While these observations were taken at 0.52
AU, STIX will gain about a factor of two in sensitivity at perihe-
lia and will therefore be able to detect slightly smaller events at
those times.

What is striking about the scatter plot of flare temperatures
and emission measures is the overall correlation that higher tem-
peratures are only seen in larger flares (i.e., flares with larger
emission measures). This is a strong result as X-ray diagnostics
are biased towards the hottest temperatures. Hence, the absence
of microflares at high temperatures is a very solid result. To il-
lustrate this, we estimated the minimal emission measure that
would be needed to see a microflare at 20 MK with STIX by re-
peating the simulation presented in Sect. 2. To create a 6-7 keV
count rate of the same order as the smallest flares in our sample
of 26 flares (i.e., for a count rate 3 s~!), an emission measure
around 10* cm™3 is sufficient. Using NuSTAR for such an es-
timate gives an even stronger upper limit. The absence of such
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flares indicate that for the flare process to reach high tempera-
tures, it also needs to create a large amount of heated plasma
to account for large emission measures at high temperatures. In
other words, a lot of energy needs to be released in order for the
highest temperatures to be reached.

We now compare the emission measures and temperatures
that were obtained from STIX to those that were derived from
GOES. As the signal levels are comparatively low in our events,
we have derived EM and temperatures from GOES fluxes inte-
grated over one minute timesteps. Figure [/| shows scatter plots
of these parameters for two time periods: for the peak time of
the STIX count rate (fop) and for the time of the GOES peak
flux (bottom), which occurs after the STIX peak in all events.
The comparison shows that STIX generally yields smaller EMs
and higher temperatures than GOES. This tendency is more pro-
nounced at the STIX peak time, and is more clearly seen in
the stronger events, namely, for GOES classes of A6 and above
(highlighted in black in Fig. [7). This is also reflected in the cor-
relation coefficients, which are significantly higher at the STIX
peak and for the larger events. We went on to redo our analysis
using GOES-17 data and found the same qualitative behavior.

Similar systematic differences have been found when com-
paring EMs and temperatures from GOES and RHESSI (e.g.,
Battaglia et al.|2005; Ryan et al.|[2014) . These are commonly
interpreted as a result of the multi-thermality of the plasma com-
bined with the different temperature response functions of the
various instruments. While GOES has a very broad temperature
response (extending down to ~4 MK), the response of RHESSI
is weighted more strongly towards higher temperatures. Thus,
the high-energy instrument will tend to give lower EMs and
higher temperatures than GOES, and this evidently also applies
to STIX.

Interestingly, we find that the relation between the STIX-
and GOES-derived parameters changes during flare evolution.
At the peak of the STIX count rate, which occurs earlier in the
events, the discrepancy between the STIX- and GOES-derived
parameters is larger than later in the flares when the GOES
flux peaks. At the earlier time, the median STIX-derived EM
amounts to only 32% of the GOES EM, while the STIX tempera-
ture is 2.3 MK higher, while later the median STIX EM amounts
to 63% of the GOES value, and the temperatures are roughly
equal. This is consistent with the behavior reported by [Warmuth
& Mann! (2016]) for a sample of C to X-class flares observed with
RHESSI. It represents clear evidence that the differential emis-
sion measure (DEM) distribution, namely, the relative amount
of plasma at a certain temperature in a multi-thermal plasma, is
evolving as flares progress, and our STIX observations show for
the first time that this is also the case in microflares. A possi-
ble physical interpretation was suggested by [Warmuth & Mann
(2016) in terms of a combination of a cooler evaporated plasma
component that is detected by both RHESSI and GOES, and a
hotter directly heated coronal component that contributes signif-
icantly to the RHESSI flux, but not to the GOES flux. The hotter
component is clearly observable only as long as the evaporated
plasma does not dominate the emission. This interpretation could
also be valid for the microflares observed with STIX, with the
difference that in microflares also the hotter component will be
seen by GOES, but folding its signal through the instrument re-
sponse will result in a smaller contribution to the GOES result,
as compared to STIX.
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3.5. Multi-wavelength analysis of three microflares

The aim of this section is to place the STIX X-ray observations
in the context of the multi-wavelength analysis of microflares
observed together with Earth-orbiting observatories. This is not
intended to be a detailed microflare study, but a first comparison
of the STIX observations with the flare morphology and evolu-
tion as revealed in complementary multi-band EUV imagery. In
the light of the ongoing development of the ground-software and
understanding of the data calibration, the detailed investigation
of the microflares considered in the present section shall become
the subject of a subsequent study.

We restricted our current study to three events that are rep-
resentative of the whole sample: the largest flare of our sample,
along with a medium and a small size microflare, respectively.
These flares originated from the same active region AR 12765
and they correspond to event 26 of Fig.[5] event 17 of Fig.[] and
event 2 of Fig.E], with GOES classes B6, A6, and A2, respec-
tively. Additionally, the choice of the GOES A6 microflare was
also justified by the availability of simultaneous observations by
the Hinode X-ray Telescope (XRT;|Golub et al.[2007).

It is worth mentioning the different view point of STIX with
respect to Earth-orbiting spacecrafts during the observation of
the microflares. Indeed, Solar Orbiter was roughly at a distance
of 0.52 AU from the Sun with a separation angle to the Sun-Earth
line of about 45° west on June 7 and 57° on June 13. As seen
from Earth, the active region was located south-east with respect
to solar disk center when the GOES B6 and A2 microflares oc-
curred. Six days later, when the GOES A6 microflare occurred,
the active region was located south-west. As seen from Solar Or-
biter, the active region was located at S800”” E1600” on June 7,
namely, close to the eastern limb and at S1000”” E300” on June
13.

GOES temperature [MK]

peak. For the stronger events, this is also the
case in the later phase around the GOES peak.

Both GOES and STIX light curves presented in this analy-
sis have been obtained using the procedure outlined in Sects.[3.1]
and respectively. The other data sets for the selected events
include images and light curves of the Atmospheric Imaging As-
sembly (AIA;|Lemen et al.|2012) instrument onboard the Solar
Dynamics Observatory (SDO; Pesnell et al.|2012). The AIA im-
ages shown in this section are extracted from full-disk data and
the size of the field of view was chosen to be the same for all
events. To process them, we adopted the standard SolarSoft pro-
grams to calibrate the data (aia_prep) and to remove the effects
of solar rotation. Consequently, the light curves have been ob-
tained via the spatial integration of the flaring regions.

In this analysis, we considered the 94 /OX, 131 10\, 171 A, and
1600 A passbands at a cadence of 12 s for the former three and of
24 s for the latter. However, given that the AIA 94 A filter cap-
tures flaring emissions at the Fe xvin complex as well as from
lower temperatures, we isolated the Fexvmr line complex (see
Del Zanna|[2013) to grasp emissions from higher temperatures
only. This set of AIA bands should highlight two phases of the
event: the impulsive phase emission from the chromosphere (e.g.
1600 A and 171 A) and the peak time of the flare that shows
mostly hot coronal flare loops (e.g. Fe xvmm). Depending on the
microflare temperature, the 94 A and 131 A filter can have con-
tributions from both the flare ribbons and loops. In the case of
the June 13 event, XRT data of the Hinode spacecraft are used to
obtain a SXR (Al_poly) light curve. Similarly to the AIA anal-
ysis, the standard SolarSoft xrt_prep routine was employed to
calibrate the data and solar rotation effects have been removed
before light curves are derived by integrating the flaring region.
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Fig. 8. Sequences of SDO/AIA images in the 94 A and 171 A passbands for three microflares: (fop) the B6 GOES microflare on June 7, (middle)
the A6 GOES microflare on June 13 and (bottom) the A2 GOES microflare on June 7. Each panel is organized in the same way: on the left, a full-
disk image of the 171 A band is shown; on the right, close-ups of the corresponding sequences of the microflares, in which the first two columns
refer to distinct times while the last column indicates the difference between them. The color map of the difference image has been reversed in
order to better highlight the changes due to the flares.
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3.5.1. Spatial evolution and morphology

Before introducing the light curves of the different instruments,
we present a short description of the morphologies of the mi-
croflares under study. In this paper, this is done uniquely through
AIA imaging, since the calibration of the STIX imaging system
has not yet concluded.

Figure[§] shows sequences of AIA sub-fields and a full-disk
map for the three selected microflares, the GOES B6, A6, and
A2 from top to bottom, respectively. Each event is portrayed
in the same manner: a full-disk image in the 171 A passband is
shown on the left, and close-ups of the corresponding microflare
in the 94 A and 171 A passbands are presented on the right, for
two different times. To capture the complexity within the mi-
croflares themselves, the last column on the right depicts the dif-
ference between the two timings in the first and the second col-
umn. This helps in discarding the emission from the surrounding
active region, underlying the spatial and temporal changes oc-
curring during the events. The selected AIA images show sim-
ilar features for all three events: the 171 A passband indicates
the chromospheric emissions of the microflare ribbons, while the
94 A filter displays emissions from the coronal loops as well as
contributions from the ribbons. The general picture arising from
these images is one of a relatively complicated morphology (e.g.,
Stoiser et al.|[2007; Berkebile-Stoiser et al.[2009; [Duncan et al.
2021} |Vievering et al.| 2021} [Sharma et al.|2020). However, to
properly understand the structure of each microflare, the analy-
sis of several filters is needed. This goes beyond the purpose of
the paper and it is left to a subsequent study. Here, we intend to
give just an overview in order to discuss the light curves in the
next section.

The topmost panel of Fig.[§]shows the GOES B6 microflare.
Initially, during the pre-flare phase, a heated loop is visible in the
94 A filter. Afterwards, two impulsive bright ribbons with sub-
structures and several coronal loops appear. Most of the emission
in the the 94 A passband comes from the side of the loops con-
nected to the eastern ribbon. As inferred from the full-disk map,
this is due to projection effects, since the viewing angle makes
the loop-top appear right above the eastern footpoint.

The GOES A6 microflare, which is depicted in the central
panel of Fig.[8] is most likely a microflare with crossing loops.
Indeed, the loops belonging to the northern sub-structure of the
western ribbon (x = 655”7,y =~ —440") seem to be connected
to the ribbon located near the center. Conversely, the loops
belonging to the southern sub-structure of the western ribbon
(x = 650",y ~ —450") are likely to cross the previous loops,
despite their second anchorage being uncertain. It is not clear
whether they connect with the central ribbon or whether they
cross the central loops and connect to the bright feature on the
north-east side of the flaring region (x ~ 600",y ~ —425").

Likewise, the GOES A2 microflare, which is shown in the
lowermost panel of Fig.[8] exhibits a morphology different from
the classical single loop scenario. Indeed, fainter emissions to
the side of the main loop can be witnessed in the 94 A maps.
In the same way, the footpoints observed with the 171 A band
show different features on each ribbon. The western ribbon is
composed of two distinct sub-structures: the one on the north
seems to be connected to the fainter emission shown in the 94 A
filter, while the one on the south belongs to the main loop emis-
sion. The ribbon in the center of the map, associated with the
other end of the loop, exhibits a bright kernel toward the east
(x = —400”,y ~ —395”), which most likely is related to the
other faint emission seen to the eastern side of the main loop.

In summary, in the present section, the morphologies of the
microflares under study are presented. This serves as a context
for the temporal evolution analysis reported in the following sec-
tion. In general, the picture arising from the AIA images is the
one of a relatively complicated morphology and to gain more in-
sights, the analysis of several filters is needed. However, this is
out of the scope of this paper and it is left to a subsequent study.

3.5.2. Temporal evolution

Figure 9] shows the light curves of the three microflares in a se-
lection of distinct filters for different instruments. From top to
bottom, the respective time evolution of the GOES B6, A6, and
A2 microflares is shown, in which every panel is organized in
the same way. In the top plot, the AIA 1600 and 171 A light
curves show the impulsive phase of the events, in which the
emissions mainly come from the microflares’ ribbons. However,
in the same plot, we added the 131 A light curve that, depend-
ing on the microflare temperature, can show contribution from
both the flare ribbons and loops. The central plot includes both
GOES channels, the derivative of the GOES low energy channel,
the AIA 94 A and the Fe xvmn complex, which outline the rise
and decay due to the heating and cooling of the coronal loops,
respectively. Finally, the bottom panel shows the STIX time pro-
files. In addition, for the GOES A6 event on June 13, the light
curve of the Al_poly obtained from the XRT instrument is in-
cluded in the central plot. We note that for a better representa-
tion, some light curves have been scaled and the factor can be
found in the corresponding legend.

All the considered microflares show an earlier STIX peak
time compared to GOES. This may be an indication of the Ne-
upert effect, since it corresponds to the delay between the non-
thermal and thermal flare emissions (Neupert 1968} |[Dennis &
Zarro|1993}; [Veronig et al.[2002b),2005). In this scenario, guided
by the magnetic field lines, the previously flare-accelerated elec-
trons travel toward the solar surface where they interact with
the dense chromosphere, heat the ambient plasma and also pro-
duce nonthermal bremsstrahlung emission observed in HXRs.
As a consequence of the rapid energy input, the heated chromo-
spheric plasma expands and fills the flare loops through the pro-
cess of chromospheric evaporation, producing enhanced thermal
bremsstrahlung emissions at lower X-ray energies (for a detailed
review, see [Fletcher et al.|[2011)).

First, let us focus on the largest event under investigation,
the B6 GOES microflare on June 7 (top panel of Fig.[9). This
flare shows an impulsive component peaking around 21:43:30
UT reaching up to 25 keV (here shown only up to 14 keV). Radio
microwave observations recorded by the Expanded Owens Val-
ley Solar Array (EOVSA) also reveals an impulsive component,
with a decreasing spectra with frequency indicative of gyrosyn-
chrotron emission (D. Gary, private communication). Hence, this
early impulsive component is very likely produced by flare-
accelearated electrons (the spectral analysis of this nonthermal
component is presented in Sect.[3.5.3). The interesting feature of
this microflare is the clear separation of the peak times between
nonthermal and thermal emissions observed by STIX, which is
not the case for the two smaller flares investigated here, as re-
ported in subsequent paragraphs. Indeed, the nonthermal peak
time coincides with the peak times of AIA 171 A and 1600 A,
consistent with the standard flare picture where accelerated elec-
trons heat the chromosphere. In this flare, the 131 A filter de-
tects also thermal emission from the coronal flare loops, since
a clear delay is observable at the peak emission (about 155 s).
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Next, the gradual phase is highlighted in the central plot by both
GOES and AIA, where a good correlation between the impulsive
phase of the GOES low channel and the peak of the higher en-
ergy STIX channels can be observed. This is emphasized by the
derivative of the GOES low channel, which is shown by the dot-
ted black line. Although the peak time of the GOES 0.5-4 A high
energy channel appears to be best correlated to the lower-energy
STIX channels, a clear time delay can be observed between the
peaks of STIX and the GOES low channel, which suggests once
more the higher sensitivity of STIX toward hotter plasma, com-
pared to GOES. Using the ratio between the STIX 6-7 and 5-
6 keV channels at the peak time, the estimated single thermal
temperature of the plasma is 12.4 + 0.3 MK with an emission
measure of 11.1*7:5x 10* cm™. This is consistent with the peak

time of the AIA 131 A shown in the upper plot. Afterwards, since
GOES and AIA are sensitive to lower temperatures, we observe
the plasma cooling down. Additionally, no notable differences
are found between AIA 94 A and Fe xvi, which suggests that
the high-temperature component dominate the emissions in this
time interval.

The tendency of earlier peak times in higher STIX en-
ergy channels is clearly discernible within this event. However,
through temporal argument alone, it is not possible to quantify
the thermal emission observed by the STIX lower energy chan-
nels (e.g. 5-6 keV), since there are indications that they may
show part of the nonthermal bremsstrahlung emission. Indeed,
both 5-6 keV and 6-7 keV channels show an impulsive increase
in early times between ~21:42:30 UT and ~21:43:40 UT, which
is typical of a nonthermal X-ray bremsstrahlung emission, as
well as gradual increase typical of thermal emission later on,
between ~21:43:40UT and ~21:45:20 UT. With NuSTAR ob-
servations, occurrence of nonthermal bremsstrahlung emission
to energies below 7 keV has already been observed
let al|2020). Further progress in the ground-software and STIX
imaging is needed in order to be able to answer this question.

The earlier peak times in higher STIX energy channels is
less obvious during the A6 microflare, whose light curves are
depicted in the central panel of Fig.[9] Imprints of the Neupert
effect are discernible from other instruments: the impulsive man-
ifestation is detected with AIA in the first plot, while in the sec-
ond plot the gradual phase is detected by the GOES low, the SXR
light curve of the XRT and both 94 A and Fe xvi. However, it is
not clear how both thermal and nonthermal emissions contribute
at the different STIX energy channels at the peak time. With tim-
ing analysis alone, it is not possible to answer this question con-
clusively.

Interestingly, despite approaching the STIX detection lim-
its, the higher-energy light curves in the A2 microflare peak ear-
lier than the emission at lower energies. This event is shown in
the lowermost panel of Fig.[9] However, distinguishing between
thermal and nonthermal bremsstrahlung emissions in this case is
not possible. For events with such low statistics, it is generally
neither possible to differentiate emissions nor to perform STIX
image reconstruction.

In general, even for large-enough microflares, caution is in-
dicated when interpreting STIX emissions by temporal analy-
sis alone: firstly, nonthermal emission can contribute to the ob-
served emission even at the lowest energies, as suggested in the
5-6 keV and 6-7 keV light curves of the B6 event; secondly, if
thermal bremsstrahlung would manifest earlier, then it would be
impossible to distinguish between thermal and nonthermal emis-
sions. Both STIX imaging and spectroscopy would be needed.
Hence, timing analysis alone should not be used to conclude that
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emission is nonthermal. The relative shifts in peak times at dif-
ferent wavelengths show the multi-temperature nature of the dif-
ferent events: a thorough differential emission measure analysis
is needed to better characterize the energetics of solar flares and
this will be the topic of subsequent studies.

3.5.3. Preliminary spectroscopic results

Forward fitting of solar HXR spectra is commonly done using
the OSPEXE] SSWIDL package. This software includes a wide
range of commonly used functions for parametrising the thermal
and nonthermal components as well as an interface to perform
the fits.

For the spectroscopic analysis, the main input is a spectro-
gram of count rate data corrected for livetime. A Detector Re-
sponse Matrix (DRM), which encapsulates the conversion of re-
ceived photons to measured counts, including effects such as
window transmission, is also needed. The STIX science data in-
cludes several appropriate data formats including the L1 ‘pixel’
and L4 ‘spectrogram’ data (Krucker et al.|2020). The L1 "pixel"
data allows more detailed corrections to be applied for individual
pixels and detectors, such as the differing grid transmission be-
tween sub-collimators and the ELUT correction. This data also
has a smaller compression error so overall it is preferable for
fitting when available, but the L4 "spectrogram" data are far
more compact. It also provides full spectroscopic information.
While the software for routine OSPEX analysis of STIX data
are currently still under construction, it is possible to convert
STIX spectrogram data to a format that can be read by OSPEX.
This software will be available as part of the STIX IDL ground
software before the start of Solar Orbiter’s nominal mission in
December 2021.

For many of the smaller flares seen during commissioning
the flare emission is only seen in a small number of energy chan-
nels, so a detailed spectral fit is not possible and, thus, the ratio
temperature diagnostic detailed in Sect.[3.4]is appropriate. How-
ever, the B6 microflare contains significant counts over many
time intervals so that spectral fits can be performed and com-
pared. For the spectral fits shown in this section, "pixel data"
(large pixels only; see Krucker et al.|2020) with a 20 s cadence
for the time range from 21:37:08 to 21:52:08 UT was down-
loaded and analysed. As the detectors with the finest grids ex-
hibit significantly more complex transmission and additionally
have an extra Kapton covering, for simplicity, these detectors are
excluded from the current analysis as the calibration of this trans-
mission is still in progress. The Background (BKG) and Coarse
Flare Locator (CFL) detectors are also excluded. The grid trans-
mission also has a dependence on source location. An initial es-
timate of this, based on the coarse flare location, is applied here.

Background subtraction can be performed either within OS-
PEX by selecting relevant time intervals in the current spectro-
gram with the possibility to select time profiles which account
for background variation over the flare period. The second op-
tion is to manually subtract the background from the spectro-
gram before passing it to OSPEX. As STIX background is dom-
inated by the onboard calibration spectrum and it is stable over a
timescale of many hours, the approach of taking a long duration
background observation within a few hours of the flare provides
a good estimate. Here a background observation was taken for
approximately 90 minutes between 7 June 22:49 UT and 8§ June
00:19 UT. These background counts undergo the same correc-

2 http://hesperia.gsfc.nasa.gov/ssw/packages/spex/doc/

tions as the flare observation and are subtracted directly before
the spectrogram is passed to OSPEX.

The spectra are fitted with a standard isothermal function
‘vth’ in the lower energy range and, where appropriate, based
on the shape of the spectrum and the presence of significant
counts in higher energy bins, a nonthermal power-law compo-
nent. Indeed, EOVSA microwave observations revealing a gy-
rosynchrotron bursts (D. Gary, private communication) justifies
the addition of a nonthermal component, instead of a second, su-
perhot thermal component. For simplicity and consistency with
previous works on HXR microflares, the broken power-law com-
ponent "bpow" is used. To approximate a simple power-law in
photon space with a single power-law index and a low energy
cutoff, we fitted only the break energy of the photon spectrum
and the power-law slope above the break, fixing the value of the
power-law index below the break to 1.5. Figure[I0|shows the fit-
ted spectra for two time intervals: the peak in the higher energy
channels above 10 keV (21:42:42 UT - 21:43:02 UT, defined
as the peak time of the summed energy channels from 10 to 25
keV) and the time of the thermal peak (21:44:22 UT - 21:44:42
UT, defined as the peak time of the summed energy channels
from 4 to 10 keV). The impulsive time bin is fit with both ther-
mal and nonthermal components resulting in a temperature of
13.4 + 0.8 MK with an EM of (2.7 + 0.9) x10* cm™ for the
thermal component and a spectral index y = 5.6 = 0.3 with cut-
off energy Ey = 10.7 + 0.6 keV for the nonthermal component.
These fit results indicate that counts detected above ~10 keV are
mainly nonthermal (blue curve in Fig.[T0). For completeness, we
also mention the fit results for the standard cold thick target fit
(‘thick2”). The thermal and nonthermal components obtained
in this case result in a similar temperature and EM as in the pre-
vious case, but with an electron spectral index 6 = 7.0 + 0.5 and
a low-energy cutoff energy 13.9 + 0.9 keV. The derived energy
deposition rate for electrons above the cutoff energy becomes
(7.8+£2.1)x 10% erg s~!, a typical value for a B-class flare (Han-
nah et al.|2008al).

The thermal peak was fitted with a single isothermal func-
tion as there were insufficient counts in the higher energy bins
to find a reliable power-law component. This gives a tempera-
ture of 12.1 + 0.3 MK and an EM of (10.8 + 1.9) x10*® cm~3,
similar to the values estimated by the ratio method for this time
interval. There is a slight excess of counts above the thermal
fit in the higher energy bins for this time interval, suggesting
that there may still be some nonthermal emission that cannot
be adequately fit with a power-law function. The parameters de-
rived here match well with typical HXR microflare characteris-
tics found by [Hannah et al.|(2008a) who analysed the peak in the
6-12 keV energy range and found average temperature of 12.6
MK, EM = 2.5x10% cm™3, vy = 6.9 and Ey = 9.0 keV. Hence,
the spectra shown here reflect a typical case of a microflare, and
therefore demonstrates that STIX spectroscopy provides quanti-
tative measurements of the thermal and nonthermal component
for GOES B class microflares and larger.

3.5.4. Preliminary imaging results

STIX is an indirect imaging system that requires extensive cali-
bration before a robust imaging pipeline can be established. The
STIX team is in the middle of the calibration effort and a stable
version of the imaging pipeline will be available before the start
of the nominal mission. The currently available calibration of
the imaging system allows us to determine simple source shapes
(e.g., elliptical Gaussian), which are presented in this section.
The obtained image should be seen as a preliminary step towards
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Fig. 10. Hard X-ray spectroscopy results of the GOES B6 microflare (flare 26) at the nonthermal (left) and thermal (right) peak times. The
plots give the background subtracted count spectra in black, with the background shown in black dotted. The colored curves represent the fitted
components: thermal in red and nonthermal power-law in blue, while the sum between them in magenta. The bottom panels show the residuals
(observations minus fit) in units of the standard deviation calculated from counting statistics and a systematic error of 5% has been added in
quadrature to reflect the early stage of the calibration. The impulsive phase (lef?) is fitted with both, a thermal and nonthermal component, and the
combined fit is shown in magenta. The spectra around the thermal peak (right) is only fitted by a thermal, but there is potentially still a faint trace

of the nonthermal component visible above 11 keV.

STIX imaging to highlight STIX’s potential, but it is not a data
product that will be used in the future. The imaging analysis was
done for the thermal flare source of the largest microflare in our
sample (flare 26 and topmost panel of Fig.[9), in comparison to
the AIA images.

The left panel of Fig.|I1|shows in red the AIA image at the
peak emission of the 131 A band, and in black the chromospheric
flare ribbons as seen by the 1600 A filter in a dual color-table im-
age. As a reference, in green, a semi-circle perpendicular to the
solar surface connects the two ribbons seen in the the 1600 A
map, which gives a rough idea of how a coronal loop would ap-
pear in that location on the solar disk. On the top-left corner of
the same panel, a scheme outlines the different point of views
between Earth and STIX and on the top-right, a background-
subtracted map of the 131 A shows the location of the microflare
as seen from Earth. The panel to the right displays the same AIA
1600 A map, but rotated to take into account the different vantage
point of Solar Orbiter, which corresponds to about 45 degrees
from Earth-Sun line to the west. As the flare ribbons originate
from the chromosphere, we can assume that all emission orig-
inates from approximately the same known altitude, which im-
plies that the transformation to the Solar Orbiter look direction is
therefore feasible. In contrast, the 131 A map is not rotated, since
it shows ribbons as well as coronal loops and such a transforma-
tion would largely distort the coronal source shape. However, in
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green, the same semi-circle is plotted in order to show how the
same coronal loop would be seen from Solar Orbiter.

The STIX’s CFL subcollimator provides an approximate
flare location with an accuracy of around 1 arcmin, depending on
counting statistics (see |Krucker et al.|[2020). For this paper, the
CFL solution was calculated using optimized on-ground analy-
sis software and the currently best values derived from the STIX
aspect system (Warmuth et al.[2020). As the aspect analysis does
not yet include the calibration of the potential difference of the
detector location relative to the nominal value, we added an ad-
ditional uncertainty of 100" to the error estimates of the derived
CFL solution. The flare location of the event 26 derived from the
CFL corresponds to S745 + 125” E1525 + 157" as seen from
Solar Orbiter, in agreement with the expected flare location as
seen by AIA (see insert within the rightmost panel of Fig.[TT).

Each STIX subcollimator provides an amplitude (the "dif-
ference between the maximum and the minimum of the Moire
pattern") and phase (the "location of the peak of the Moire pat-
tern"), which are used to reconstruct images. The calibration of
the amplitudes is already available and contains a background
subtraction and corrections for the grid transmission (including
the flare location), ELUT and livetime (see Sect.@. The phase
calibration, on the other hand, is more complex and it is not yet
available.

To get a first STIX image from the observed amplitudes
alone, we used a forward-fit algorithm that compares a pre-
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Fig. 11. GOES B6 microflare as seen from different vantage points. Left panel: Dual color-table including the background subtracted SDO/AIA
131 A map (red) combined with the 1600 A map (black) as seen from Earth, which show the flare loops and the flare ribbons, respectively. In
order to guide the eye, a semi-circle perpendicular to the solar surface and connecting the flare ribbons is drawn in green. On the top-left corner,
a diagram of the different point of views between Earth and STIX is outlined and on top-right the background subtracted full-disk image of the
131A map, which highlights the location of the flare. Right panel: A dual color-table is used to show the rotated 1600 A map (black) and the STIX
6-10 keV image (blue) as seen from the Solar Orbiter vantage point. The green semi-circle is the same as shown in the left figure, but seen from
the Solar Orbiter vantage point. In the top-right corner, the location of the flare derived by the STIX Coarse Flare Locator (CFL) is shown. As the
phase calibration of the STIX imaging system is not yet completed, the absolute position of the STIX image is not yet known. For now, the STIX
thermal source has been positioned to roughly agree with the top of the semi-circle. The position and size of the field of view of the two figures
are chosen to show the same projected area on the Sun. The size of the solar disks shown in the inserts, on the other hand, use the same angular
scale for both figures.

defined shape to the observed amplitudes (see e.g.,|Aschwanden| and by computing the standard deviations of the reconstructed
et al.[[2002). This approach allows us to retrieve a source shape, parameters. We point out once again that this is a preliminary
but not a source location. Among several tested parametric mod-  analysis and that a more systematic investigation of STIX imag-
els, the best fitting, namely, the lowest y2, for the morphology of  ing will be carried out by putting more reconstruction algorithms
the event 26 is given by an elliptical Gaussian profile that is thus  in place and by implementing more reliable procedures for un-
parameterized by its orientation, the major and minor Full Width  certainty estimation. A thorough validation of these imaging ap-
at Half Maximum (FWHM), and the total flux. These parame- proaches will be realized once the calibrated visibility phases are
ters are estimated by means of a stochastic algorithm (Kennedy| ready.
& Eberhart|[1995) and the result is the blue source shown in the
right panel of Fig.[IT] in which the black contour represents the
FWHM. As the forward fit to the amplitudes only provides the
source shape, the position of the source has been selected as be-  We present the first results of the latest hard X-ray telescope to
ing the top of the semi-circle at the Solar Orbiter vantage point,  study solar flares, STIX, onboard the recently commissioned So-
since the considered integration interval occurs after the ther-  lar Orbiter mission. Despite that calibration efforts and software
mal peak. The flare shape is elongated, the estimated major and  developments are still ongoing, we report on 26 microflares that
minor FWHM being about 35.5 £ 5.9” and 27.5 + 4.1”, respec-  were observed during the Solar Orbiter commissioning phase.
tively, which correspond to 13.4 + 2.2 Mm and 10.4 + 1.5 Mm First, the light curves of the three STIX energy channels
on the Sun. The orientation, defined as the angle between the  with lowest non-solar background are compared to the respective
semi-major and the x-axis measured counterclockwise, is about  GOES fluxes for all the 26 observed microflares. For all of the in-
41+38 degrees, which outlines the direction of the flare I'ibeIlS, Vestigated microﬂares’ the peak in the count spectrum is seen at
consistent with the scenario of the presence of hot flare loops.  the 6-7 keV science energy channel. As a rule of thumb, GOES
Moreover, the source size roughly corresponds to the size of the  shows a slower decay phase compared to STIX due to GOES’s
ribbons. This suggests that the current calibration of the STIX Sensitivity to plasma at temperatures below the STIX temper-
amplitudes is performed correctly. ature sensitivity range. Furthermore, STIX time profiles peak
For completeness, we mention that the predicted total flux of  during the rise phase of GOES, the impulsive phase of the flare.
the flare is 3.1 +0.2 counts s~! keV~! and the y? is 0.35. The un-  The interpretation of this observation is ambiguous. One expla-
certainties on the parameters are estimated by performing multi- nation is the higher sensitivity of STIX to hotter thermal plasma,
ple reconstructions from the data perturbed with Gaussian noise ~ which tends to be observed early in the flare time evolution (e.g.,

4. Summary and conclusions
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Warmuth & Mann|2016). Another explanation is the existence
of a nonthermal component produced by accelerated electrons,
which are most frequently observed before the GOES peak time
(e.g., Veronig et al.|2002c; [Fletcher et al.|2011). Hence, despite
the fact that the STIX light curves — even at the lowest STIX sci-
ence energy bins peak during the impulsive phase of the flare —
tend to mimic the Neupert effect (Neupert|1968)), these timing ar-
guments alone should not be used to conclude that the observed
emission around 6 keV is nonthermal. In addition to the time
argument, the X-ray spectra should also be considered before
making a definite statement.

In a second step, the temperature and emission measure es-
timated for the selected set of microflares are compared to the
thermal fit parameters between STIX and GOES. As most events
are only seen at two STIX energy bins, a simple flux ratio
method is used to derive temperatures and emission measures,
instead of using the standard spectral fitting tools. Because of
both multi-thermality of the plasma in solar flares and the differ-
ent temperature responses, STIX generally yields smaller emis-
sion measures and higher temperatures compared to GOES (see
Fig.[7). Indeed, this effect is emphasized by the GOES temper-
ature response that extends down to ~4 MK. This is in contrast
to the response of STIX that is weighted toward higher temper-
atures with rather limited sensitivity to plasmas below ~8 MK.
Hence, for any flare, STIX will always detect the hottest part of
the temperature distribution, while a wider range of temperatures
contribute to the broad-band GOES fluxes. The difference in the
derived parameters between GOES and STIX reflect the spread
of the temperature distribution. Later in the flare, when the loops
are cooling, the difference is the greatest, and, therefore, GOES
generally shows a longer decay time than observed by STIX. For
a purely isothermal flare, the bias goes on to disappear and the
derived parameters are expected to be the same by both instru-
ments. However, we have not found such a flare, which supports
the idea that flares are intrinsically multi-thermal. To account for
the multi-thermal nature of solar flares, a differential emission
measure analysis should be routinely applied in future thermal
flare studies by combining different sets of soft and hard X-ray
observations and include EUV observations as well. Although
such an approach is much more labour-intensive than using the
standard approach of fitting an X-ray spectrum with an isother-
mal distribution, it will provide a more realistic description of
the thermal energy in the flare loops, which, subsequently, also
allows us to better constrain the nonthermal flare emission (Su
et al.|2018)).

To compare our statistical study with previous works, STIX
isothermal flare temperature estimates as a function of emission
measure are compared to previous flare observations with vari-
ous other instruments. The microflares observed during the com-
missioning phase suggest that STIX has a similar lower detection
threshold to RHESSI (see Fig.[)), since microflares with temper-
atures down to ~8 MK can be detected. However, one advan-
tage of STIX is the constant background in time compared to
RHESSTI’s often strongly varying background, which implies a
more simplified detection of small events. Moreover, while the
observations in this paper are done at 0.52 AU from the Sun, dur-
ing closest approach STIX will gain about a factor of two more
in sensitivity. This will enable STIX to detect slightly smaller
events during perihelia, but flares below GOES A class level as
can be detected by NuSTAR and FOXSI will be generally out of
reach for STIX.

In a third step, the question of whether emission observed by
the lowest STIX energy channels is due to thermal or nonthermal
bremsstrahlung (or a combination of both) is investigated with
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multi-wavelength analysis of three selected microflares. For the
three selected events, the GOES B6 microflare (event 26) shows
a clear nonthermal component, while it is difficult to make a def-
inite statement for the GOES A6 and A2 flares. In the B6 flare,
counts above ~10 keV are found to be mainly nonthermal, and
even around the Fe line complex, about ~10% of the emission is
nonthermal (see Fig.[T0). The peak time of the nonthermal emis-
sion nicely agrees with the peak of EUV ribbon emissions, con-
firming the standard flare picture in which accelerated electrons
heat the chromosophere. The peak of the STIX thermal emission
as defined by the 6-7 keV peak time is found about a minute and
a half after the nonthermal peak, but still almost two minutes
before the GOES peak. Hence, for the largest microflare, the
nonthermal and thermal peaks in the STIX light curves can be
clearly separated. For the two smaller flares, the counting statis-
tics are much decreased, making such an analysis challenging,
particularly at this early stage of the data analysis. However,
microflares with their relatively low temperatures compared to
regular flares, give us the best insight into electron acceleration
down to energies below 10 keV, and future efforts will be spend
to better quantify the nonthermal contributions at these lowest
energies.

Lastly, first STIX spectroscopy and imaging results are
shown for the largest microflare in our sample. While the cal-
ibration and data analysis tools are still under development, ini-
tial results can be already obtained, although not yet routinely by
non-expert users. This first analysis demonstrates that detailed
imaging and spectral analyses will be possible for microflares
down to at least the GOES B class level. However, STIX im-
ages taken from a different vantage compared to the Earth-Sun
line pose new challenges for comparing with images taken from
Earth bound observatories. A first attempt at comparing AIA and
STIX images is shown in Fig.[TT]

In conclusion, we demonstrate that STIX works as designed,
by analysing microflare observations taken during the Solar Or-
biter commissioning phase. The presented set of microflares
highlights the STIX diagnostics and gives insights into the anal-
ysis step beyond what is discussed in the STIX instrument pa-
per. Once the STIX analysis tools are fully developed, multi-
wavelength analyses in combined studies with the other Solar
Orbiter instruments and Parker Solar Probe, as well as Earth-
orbiting and ground-based solar telescopes will provide essen-
tial new insights in understanding the particle accelerations and
energy release in solar flares.

Acknowledgements. This paper is dedicated to the memory of Richard
Schwartz’| We wish to acknowledge the referee of this paper, L. Glesener, for
the valuable inputs and encouraging comments. Solar Orbiter is a space mission
of international collaboration between ESA and NASA, operated by ESA. We
thank all the individuals who contributed to STIX, and all the funding agen-
cies that supported STIX: Swiss Space Office, the lead funding agency for
STIX, the Polish National Science Centre (grants 2011/01/M/ST9/06096 and
2015/19/B/ST9/02826), Centre national d’études spatiales (CNES), Commis-
sariat a I’énergie atomique et aux énergies alternatives (CEA), the Czech Min-
istry of Education (via the PRODEX program), Deutsches Zentrum fiir Luft-
und Raumfahrt (DLR) (grants: 50 OT 0903, 1004, 1204), the Austrian Space
Programme, ESA PRODEX, administered in Ireland by Enterprise Ireland, the
Agenzia Spaziale Italiana (AST) and the Istituto Nazionale di Astrofisica (INAF).
AFB and HX are supported by the Swiss National Science Foundation Grant
200021L_189180 for STIX. JS and AMV acknowledge the Austrian Science
Fund (FWF): 14555-N. LK is supported by a SNSF PRIMA grant. FF and JK
acknowledge support by the project RVO:67985815.

3 https://www.forevermissed.com/richard-alan-schwartz/about



A. F. Battaglia et al.: STIX X-ray microflare observations during the Solar Orbiter commissioning phase

References

Aschwanden, M. J., Holman, G., O’Flannagain, A., et al. 2016, ApJ, 832, 27

Aschwanden, M. J., Kontar, E. P., & Jeffrey, N. L. S. 2019, ApJ, 881, 1

Aschwanden, M. J., Schmahl, E., & RHESSI Team. 2002, Sol. Phys., 210, 193

Athiray, P. S., Vievering, J., Glesener, L., et al. 2020, ApJ, 891, 78

Battaglia, M., Grigis, P. C., & Benz, A. O. 2005, A&A, 439, 737

Berkebile-Stoiser, S., Gomory, P., Veronig, A. M., Rybdk, J., & Siitterlin, P.
2009, A&A, 505, 811

Brosius, J. W. & Holman, G. D. 2009, ApJ, 692, 492

Brown, J. C. 1971, Sol. Phys., 18, 489

Chen, B., Yu, S., Battaglia, M., et al. 2018, ApJ, 866, 62

Christe, S., Hannah, I. G., Krucker, S., McTiernan, J., & Lin, R. P. 2008, ApJ,
677, 1385

Crosby, N. B., Aschwanden, M. J., & Dennis, B. R. 1993, Sol. Phys., 143, 275

Del Zanna, G. 2013, A&A, 558, A73

Dennis, B. R., Veronig, A., Schwartz, R. A., et al. 2003, Advances in Space
Research, 32, 2459

Dennis, B. R. & Zarro, D. M. 1993, Sol. Phys., 146, 177

Duncan, J., Glesener, L., Grefenstette, B. W., et al. 2021, ApJ, 908, 29

Emslie, A. G., Dennis, B. R., Shih, A. Y., et al. 2012, ApJ, 759, 71

Fletcher, L., Dennis, B. R., Hudson, H. S., et al. 2011, Space Sci. Rev., 159, 19

Gallagher, P. T., Dennis, B. R., Krucker, S., Schwartz, R. A., & Tolbert, A. K.
2002, Sol. Phys., 210, 341

Gevin, O., Limousin, O., Lugiez, F,, et al. 2021, Journal of Astronomical Instru-
mentation, 10, 2150009

Glesener, L., Krucker, S., Duncan, J., et al. 2020, ApJ, 891, L34

Glesener, L., Krucker, S., Hannah, I. G., et al. 2017, ApJ, 845, 122

Glesener, L., Krucker, S., & Lin, R. P. 2012, AplJ, 754, 9

Golub, L., Deluca, E., Austin, G., et al. 2007, Sol. Phys., 243, 63

Hannah, I. G., Christe, S., Krucker, S., et al. 2008a, ApJ, 677, 704

Hannah, I. G., Hudson, H. S., Battaglia, M., et al. 2011, Space Sci. Rev., 159,
263

Hannah, I. G., Kleint, L., Krucker, S., et al. 2019, ApJ, 881, 109

Hannah, I. G., Krucker, S., Hudson, H. S., Christe, S., & Lin, R. P. 2008b, A&A,
481, L45

Harrison, F. A., Craig, W. W., Christensen, F. E., et al. 2013, ApJ, 770, 103

Hudson, H. S. 1991, Sol. Phys., 133, 357

Ishikawa, S.-n. & Krucker, S. 2019, ApJ, 876, 111

Ishikawa, S.-n., Krucker, S., Ohno, M., & Lin, R. P. 2013, ApJ, 765, 143

Kennedy, J. & Eberhart, R. 1995, in Proceedings of ICNN’95 - International
Conference on Neural Networks, Vol. 4, 1942—-1948

Kirsch, M. G., Briel, U. G., Burrows, D., et al. 2005, in Society of Photo-Optical
Instrumentation Engineers (SPIE) Conference Series, Vol. 5898, UV, X-Ray,
and Gamma-Ray Space Instrumentation for Astronomy XIV, ed. O. H. W.
Siegmund, 22-33

Kontar, E. P, Jeffrey, N. L. S., & Emslie, A. G. 2019, ApJ, 871, 225

Krucker, S. & Benz, A. O. 1998, ApJ, 501, L213

Krucker, S., Christe, S., Lin, R. P., Hurford, G. J., & Schwartz, R. A. 2002,
Sol. Phys., 210, 445

Krucker, S., Hurford, G. J., Grimm, O., et al. 2020, A&A, 642, A15

Lemen, J. R., Title, A. M., Akin, D. J., et al. 2012, Sol. Phys., 275, 17

Lin, R. P, Dennis, B. R., Hurford, G. J., et al. 2002, Sol. Phys., 210, 3

Lin, R. P. & Hudson, H. S. 1971, Sol. Phys., 17, 412

Lin, R. P, Schwartz, R. A., Kane, S. R., Pelling, R. M., & Hurley, K. C. 1984,
Apl, 283,421

Liu, C, Qiu, J., Gary, D. E., Krucker, S., & Wang, H. 2004, ApJ, 604, 442

Madsen, K. K., Harrison, F. A., Markwardt, C. B., et al. 2015, ApJS, 220, 8

McTiernan, J. M. 2009, ApJ, 697, 94

Musset, S., Jeunon, M., & Glesener, L. 2020, ApJ, 889, 183

Neupert, W. M. 1968, ApJ, 153, L59

Parnell, C. E. & Jupp, P. E. 2000, ApJ, 529, 554

Pesnell, W. D., Thompson, B. J., & Chamberlin, P. C. 2012, Sol. Phys., 275, 3

Ryan, D. F,, O’Flannagain, A. M., Aschwanden, M. J., & Gallagher, P. T. 2014,
Sol. Phys., 289, 2547

Schwartz, R., Lin, R. P., Pelling, M., & Hurley, K. 1983, in Bulletin of the Amer-
ican Astronomical Society, Vol. 15, 712

Sharma, R., Battaglia, M., Luo, Y., Chen, B., & Yu, S. 2020, ApJ, 904, 94

Shimizu, T. 1995, PASJ, 47, 251

Stoiser, S., Brown, J. C., & Veronig, A. M. 2008, Sol. Phys., 250, 315

Stoiser, S., Veronig, A. M., Aurass, H., & Hanslmeier, A. 2007, Sol. Phys., 246,
339

Su, Y., Veronig, A. M., Hannah, I. G, et al. 2018, ApJ, 856, L17

Veronig, A., Temmer, M., Hanslmeier, A., Otruba, W., & Messerotti, M. 2002a,
A&A, 382, 1070

Veronig, A., Vrs$nak, B., Dennis, B. R., et al. 2002b, A&A, 392, 699

Veronig, A., Vr$nak, B., Temmer, M., & Hanslmeier, A. 2002c, Sol. Phys., 208,
297

Veronig, A. M., Brown, J. C., Dennis, B. R., et al. 2005, ApJ, 621, 482

Vievering, J. T., Glesener, L., Athiray, P. S., et al. 2021, ApJ, 913, 15

Warmuth, A. & Mann, G. 2016, A&A, 588, A115

Warmuth, A. & Mann, G. 2020, A&A, 644, A172

Warmuth, A., Onel, H., Mann, G., et al. 2020, Sol. Phys., 295, 90

Article number, page 19 of 19



	1 Introduction
	2 STIX microflare diagnostics
	3 Observations
	3.1 GOES 
	3.2 STIX 
	3.3 Statistical analysis of the temporal evolution 
	3.4 Statistical temperature analysis
	3.5 Multi-wavelength analysis of three microflares 
	3.5.1 Spatial evolution and morphology
	3.5.2 Temporal evolution 
	3.5.3 Preliminary spectroscopic results 
	3.5.4 Preliminary imaging results


	4 Summary and conclusions

