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ABSTRACT

Context. During its commissioning phase in 2020, the Spectrometer/Telescope for Imaging X-rays (STIX) on board the Solar Orbiter
spacecraft [observed 69 microflares. The two largest events from this set (of GOES class B2 and B6), both of which were observed
on-disk from the spacecraft as well as from Earth, are analysed in terms of the spatial, temporal and spectral characteristics.

Aims. We complement observations from the STIX instrument with EUV imagery from SDO/AIA and GOES soft X-ray data to add
imaging and plasma diagnostics over different temperature ranges for a detailed microflare case study in terms of energy release and
transport.

Methods. We use data from GOES for SXR plasma diagnostics and SDO/AIA for high cadence EUV imaging and the reconstruction
of differential emission measure (DEM) maps of the thermal flare plasma. The reconstructed DEM profiles are used to study the
temporal evolution of thermal flare plasma in the kernels and loops independently. We derive the time evolution of the flare plasma
parameters (EM, T) and thermal energy from STIX, GOES and AIA observations, and study STIX spectra to determine the nonthermal
emission from accelerated electrons.

Results. Spectral fitting of the STIX data shows clear nonthermal emission for both microflares under study. For both events the
plasma temperature and EM derived from STIX, GOES as well as the reconstructed DEM maps differ in absolute values and timing
with AIA (sensitive to lower plasma temperatures) lagging behind. The deduced plasma parameters from either method roughly agree
with values in the literature for microflares as do the nonthermal fit parameters from STIX. This finding is corroborated by the Neupert

effect exhibited between the time derivative of the GOES SXR emission and the STIX HXR profiles. For the B6 event where such an
analysis was possible, the nonthermal energy deduced from STIX roughly coincides with the lower estimates of the thermal energy
requirement deduced from the SXR and EUV emissions.

Conclusions.
For the B6 event on June 7th, 2020, this interpretation is further supported by the
temporal evolution seen in the DEM profiles of the flare ribbons and loops. For this event we further find that accelerated electrons can
roughly account for the required thermal energy. The June 6th, 2020 event demonstrates that STIX can detect nonthermal emission for
GOES class B2 events albeit smaller than the background rate level. We demonstrate for the first time how detailed multi-instrument

studies of solar flares can be performed with STIX.
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1. Introduction

Solar flares are generally thought to be a result of the impul-
sive release of previously stored free magnetic energy by mag-
netic reconnection (e.g. review by [Priest & Forbes|2002). This
release of energy gives rise to a wide range of solar phenom-
ena that influence the heliosphere and, in some cases even con-
ditions on Earth (e.g. ionization events in the atmosphere and
radio disturbances, [Koskinen et al.[|2017). Part of this liberated
energy is used for particle acceleration and to heat up the solar
plasma (reviews by [Fletcher et al.[2011; Benz2017). The heated
thermal flare plasma can be imaged with EUV instruments such
as the Atmospheric Imaging Assembly (AIA) onboard the So-
lar Dynamics Observatory (SDO) spacecraft. X-ray photons pro-
duced by the thermal bremsstrahlung process of the hot plasma
are observed by the Spectrometer/Telescope for Imaging X-rays
(STIX, Benz et al.|2012; Krucker et al.|2020) on board Solar Or-
biter (Miiller et al.[2020a). The measured X-ray spectrum further

contains a signature of the downwards propagating electrons ac-
celerated in the flare process because they produce nonthermal
hard X-ray (HXR) emission via bremsstrahlung when deceler-
ating as they encounter denser chromospheric plasma (Brown
1971 |Lin & Hudson| 1976} | Holman et al.|2011).

For many flares, there exists a tendency for the derivative
of the observed SXR flux to match the HXR lightcurve in
flares which was termed "Neupert effect” by [Hudson| (1991)) af-
ter Werner Neupert who first reported that time integrated mi-
crowave flux and SXR flux often show similar time profiles (Ne-
upert|[1968]). This relation between the thermal and nonthermal
flare emissions was confirmed in a number of statistical stud-
ies relating the HXR and SXR profiles in flares (e.g. Dennis &
Zarro| 1993} [Veronig et al.|2002)). The derivative of the SXR time
profile matches the HXR radiation because the SXR emission is
generated by thermal emission from the plasma heated by the
flare accelerated electrons and convected into the corona by a
process called chromospheric evaporation (Veronig et al.2005).
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Flares of GOES class B and smaller, are usually termed mi-
croflares (Hannah et al|2011). Like their larger counterparts,
they occur in active regions (Stoiser et al.|2007; |Christe et al.
2008)) and typically show an impulsive HXR phase followed by
gradual thermal SXR emission. Recently, the Neupert effect was
reported for a microflare of GOES class A5.7 from NuSTAR ob-
servations (Glesener et al.[2020). Based on over 4000 microflares
observed with RHESSI, the power law index of the nonthermal
electrons ¢ lies within the range of 4-10 for 90% of the events.
The thermal emission for 90% of over 9100 analysed events is
best fitted with emission measures (EMs) between 4 x 10* and
2 x 10% cm™3 with temperatures from 10.7 to 15.5 MK (Hannah
et al.|2008)).

Due to the low-energy limit of the STIX response of around
4keV and because the thermal bremsstrahlung emission pro-
cess is highly temperature dependent, STIX is only sensitive to
plasma above ~ 8 MK. Furthermore, the indirect imaging con-
cept used by STIX is less sensitive than focusing instruments and
requires good count statistics to be able to reconstruct X-ray im-
ages (Krucker et al.|2020). For very small events, imaging may
be limited and one has to rely solely on the spatially integrated
X-ray spectrum. These limitations can however partly be miti-
gated by using complementary data from the narrow SDO/AIA
UV/EUV filters to provide high-resolution imagery of the flaring
corona and chromosphere.

The microflares studied here occurred in an active region that
was also visible to Earth orbiting instruments, providing this op-
portunity to perform multi instrument analysis. The AIA filters
cover a temperature range from 20 000 K up to 20 MK supple-
menting STIX observations of thermal plasma with some over-
lap (Lemen et al.|[2012). EUV imagers are also carried by the
Solar Orbiter spacecraft, the Extreme Ultraviolet Imager (EUI)
suite consisting of three telescopes, but are only turned on for 30
days for each orbit because of their high telemetry requirements
(Miiller et al.;2020b)). While joint observations of the instruments
carried by Solar Orbiter promise valuable results because of their
vicinity to the Sun, they were not operational during the time of
the STIX commissioning flares under study. Even if such data is
available, the AIA observations are still valuable due to the mul-
titude of filters which allow for DEM reconstruction not possible
with Solar Orbiter imaging data.

2. Data and Methods
2.1. STIX

The two flares under study were selected from the set of the 69
microflares that were observed during the STIX commissioning
phase between May 18 and June 13, 2020. From this set, 26 were
clearly observed in at least two STIX energy channels (Battaglia
et al.|[2021). Based on the background subtracted GOES flux,
the events studied here are classified as B2 and B6 events. The
flare of GOES class B2 occurred on June 6th, the B6 event on
June 7th, 2020. They were selected because the STIX countrates
are sufficient to reconstruct X-ray spectra. When STIX observed
these events, the Solar Orbiter spacecraft was at a distance of
0.53 AU from the Sun. The light travel time differences between
Solar Orbiter and Earth are 250.3 and 251.8 seconds for the
events on June 6th and 7th respectively and are added to the
STIX observations in the further analysis.

The spectral fitting was performed using the OSPEX soft-
ware (Schwartz et al.|2002) in the SolarSoftware (SSWIDL)
package. For the transmission function of the instrument com-
ponents in the X-ray path, nominal values based on their the-
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oretical properties were assumed. A preliminary version of the
STIX energy calibration was used. To isolate the contribution
from flaring plasma, the backgrounds from non-flaring times
were subtracted. The X-ray spectra were fitted assuming either
an isothermal plasma with the ”f_vth” function or a combination
of isothermal and nonthermal thick target bremsstrahlung emis-
sion with the ”f_thick2” function in OSPEX. This fitting was
done with an integration time of 12 seconds for the B6 and 20
seconds for the B2 flare to infer the temporal evolution of the
nonthermal emission and emission measure as well as tempera-
ture for the thermal flare plasma.

Using the total emission measure EM and temperature 7
from spectral fitting, the thermal energy was calculated using

Ey, = 3kgT VEMV 1)
(e.g.|Aschwanden et al.|[2015), with the Boltzmann constant kg
and flare volume V. The filling factor of the hot emitting plasma
is assumed to be 1 (Veronig et al.|2005).

Because determination of flare volumes is subject to high
uncertainties, we derived a range of plausible volume estimates
for both events using different approaches. For an upper limit,
we measured the length L and separation D of the flare ribbons
from the AIA 171 A and 211 A images during the peak of the
flare (cf. Figs.[3 O], and derived the emitting area as A = L x D.
From these measurements, the volume was estimated by taking
V = A32, In addition, we estimated the volume of the hot emit-
ting flare plasma from the emitting area estimated by the prelim-
inary STIX amplitude imaging over the energy range 6—10keV.
As there was no STIX imaging available for the B2 flare on June
6th, the lower boundary was derived assuming that only the shell
between the inner and outer boundaries of the flare ribbons con-
nected by semi circles contribute significantly to the emission:
V = 2L, . — 2. The ranges of the estimated volumes
are 8.6 x 10%° to 8.8 x 10*7cm™ for the B6 and 9.4 x 10% to
8.8 x 10%cm™ for the B2 event. From the thick target fit, the
nonthermal power from the flare electrons was calculated with
the calc_nontherm_electron_energy_flux routine in SSWIDL.

2.2 AlA

We used the siox coronal EUYV filters of AIA (94, 131, 171, 193,
211 and 335 A) for EUV imaging, lightcurves and to recon-
struct the differential emission measure (DEM) using the inver-
sion code developed by Hannah & Kontar (2012). These EUV
channels image plasma over a temperature range from 10° K to
107 K with a 12 second cadence and with 0.6 arcsec pixel resolu-
tion (Lemen et al.[2012)). In addition, the 1600 A filter sensitive
to chromospheric 10° K plasma was analysed for the B2 event
on June 6th because it shows the response of the chromospheric
plasma to the energy deposited there via the thick target deceler-
ation of precipitating flare accelerated electrons.

The AIA data was processed to Level 1.5 with the
aia_prep.pro SSWIDL routine. Similar to the treatment of the
STIX data, pre-event levels were subtracted for the construction
of AIA lightcurves.

2.2.1. Differential Emission Measure Analysis

When analysing optically thin plasma (as in the solar corona)
under the assumption of thermodynamic equilibrium, the differ-
ential emission measure along the Line of Sight (LoS) 4 is com-
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monly defined as

,dh
DEM(T) = n(T) T 2)
The DEM(T') function is the temperature distribution of the ra-
diating plasma in the LoS and n denotes the electron number
density which is a function of the temperature 7. The DEM is
related to the recorded intensity I;(T) in one of the six AIA fil-
ters A via

I/lsz/l(T)DEM(T)dT 3)
T

with the response function of the filter in question K,(7). This
response function depends on the elemental abundances in the
emitting plasma, its temperature and the sensitivity of the sen-
sor (Hannah & Kontar|2012). The filter response function was
calculated from the aia_getresponse.pro routine in SSWIDL
with coronal abundances from the CHIANTI 9 database (Dere
et al.[|1997, [2019). For better counting statistics, the AIA data
was binned 2x2 before the DEM reconstruction, resulting in an
effective spatial resolution of 1.2 arcsec. The temperature range
for the DEM reconstruction was set from 0.5 to 15 MK.

The total emission measure of the observed plasma is calcu-
lated by integrating over the temperature range of interest

EM = f DEM(T)dT 4)
T

which is related to the squared electron density along the LoS.
As an estimate of the mean plasma temperature, we calculate the
emission weighted temperature as

J, DEM(T)TAT
EM

(Cheng et al.|2012; [Vanninathan et al.|2015). To isolate the con-
tribution of the flaring plasma, a background DEM was calcu-
lated before the start of the event and subtracted from the flare
DEMs individually for each pixel of the DEM maps.

The recovered DEM allows for more accurate estimations
of the thermal energy by taking into account the multi-thermal
DEM distribution rather than the isothermal assumption used in
Eq. [T} This is done by summing over the thermal energies in all
temperature bins 7} of the DEM (Aschwanden et al.|2015):

T= 5)

Ey = 3kgV'/? Z T[DEM(T)AT]">. (6)
k

For calculating spatially integrated quantities such as average
temperature, the reconstructed DEMs from all pixels inside a box
covering the event were summed into a single DEM distribution
characterizing the flaring plasma.

2.3. GOES

For better statistics, the data from the 0.5—4 and 1-8 A SXR
bands from the GOES-16 satellite (available at 1 second ca-
dence) was integrated into 15 seconds time bins. Analogous to
the STIX and AIA data processing, the curves were background
subtracted by a pre-event level in order to separate the emis-
sion from the flaring plasma. From the two SXR bands, EM and
temperature were calculated using available SSWIDL routines
(White et al.|2005).
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Fig. 1. Light curves during the June 7, 2020 B6 flarel Top: STIX X-
rays at 4-10 and 12-18 keV. Middle: smoothed GOES 0.5—4 (“high”)
and 1-8 A (“low™) lightcurves. Bottom: Time derivatives of both GOES
channels.

The thermal energies from GOES data were calculated from
Eq. [[] as the two GOES SXR channels only allow for isother-
mal EM and temperature reconstructions. The analysis of the
Neupert effect involves the calculation of the time derivative
of the GOES SXR fluxes. For the small flares under study, the
GOES data are noisy and thus the derivatives are very fluctuat-
ing. Therefore, for robustness we first smoothed the data using
the algorithm described in [Podladchikova et al.| (2017) before
calculating the derivatives.

3. Results
3.1. B6 Flare on 21:42 UT, June 7, 2020

Figure[I|shows X-ray lightcurves in two STIX energy bands, the
two GOES SXR bands and the corresponding GOES SXR flux
derivatives. The STIX HXRs in the 12—-18 keV band show an im-
pulsive peak centred at 21:43:35 UT while the lower energy 4-10
keV band shows a more gradual time profile as it is sensitive to
the thermal flare plasma. The gap between the two energy bands
is intended to provide a cleaner break between thermal and non-
thermal components. The peak in the STIX 12-18keV energy
bin roughly coincides with the first peak in the derivative of the
GOES 0.5-4 A channel while the main peaks in the derivatives
of both GOES channels occur one minute after the maximum in
the STIX HXR data.
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Fig. 2. STIX X-ray spectra for the B6 event on June 7th, 2020, dur-

ing the impulsive phase (top panel) and gradual phase (bottom panel).
Black: background subtracted data. Blue: isothermal fit. Red: thick tar-

get fit. Green: sum of isothermal and thick target emission. Grey: Pre-
flare background. Red vertical lines indicate the energy range used for
fitting (4-28 and 4-10 keV respectively).

Figure[2]shows STIX X-ray spectra at two distinct time steps
during the impulsive and gradual flare phase along with the best
fits assuming thermal and thick target bremsstrahlung emissions.
During the flare impulsive phase from 21:42 UT to 21:45 UT, all
spectra are best fit assuming a combination of a thermal and a
nonthermal thick target single power-law. The top panel of Fig.
[2] shows a 12-second integrated spectrum from this time period.
The fitted thick target emission has a steep power law index of
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6 =(6.6 = 0.3) above a low energy cutoff Ec = (14.3 = 0.9) keV
and an electron flux of (2.9 + 0.7) 103 sec™!. During this im-
pulsive phase, the contribution from thermal plasma using an
isothermal fit is quantified to be EM = (0.4 +0.2) 10*7 cm™ with
an isothermal temperature of T =(13.4 + 0.9) MK. During the
gradual phase (bottom panel of Fig. [2)), the best fit is achieved
without any nonthermal emission and an isothermal component
with EM = (6.7 + 1.2) 10¥ cm™ and T = (8.5 + 0.2) MK. This
represents an order of magnitude higher emission measure com-
pared to the impulsive phase.

Figure 3| shows AIA EUV images in the 94 and 171 A fil-
ters. For clarity, the background has been subtracted in the three
171 A panels. Compared with the pre-event image shown in the
leftmost panel, during the flare evolution the 94 A images (Fe
XXI, with a peak formation temperature 7 ~ 7 MK) show the
filling of the loops by heated plasma at 21:44:35 UT and a further
increase at 21:46:35 UT. The snapshot at 21:57:59 UT shows the
decay phase of the flare, where the hot emission sampled in the
94 A filter is decreasing again. In the 171 A images the flare
kernels can be identified and are most pronounced at 21:44 UT,
which coincides with the peak in the STIX high-energy bands
(see 12—-18 keV light curve in Fig.[T) and the nonthermal com-
ponent identified in the STIX spectrum at that time (Fig.[2] upper
panel).

The distinction between flare loops and kernels is further
studied by analysing the spatio-temporal evolution of the derived
DEM distributions and maps. Figure [4] shows snapshots of the
time evolution of the reconstructed DEM profiles from different
regions. The time evolution of the DEM profile calculated in-
side a box covering flare loops is shown in the middle panels in
blue. The pre-flare background DEM distribution in grey peaks
at roughly 2 MK and extends to over 4 MK. After the flare onset
at 21:44 UT, a broad hot component around 10-12 MK starts to
appear. The loops gradually fill with hot plasma with the DEM
profile centred roughly at 7MK at 21:48 UT. At 21:52 UT, the
loop plasma cools down and a cooler component centred around
3 MK develops. By 21:57 UT, most of the plasma in the flare
loops has cooled down to around 3 MK as seen in the bottom
panel.

The pre-flare DEM profile of the western flare kernel shown
in green in the right panels of Fig. [ peaks at roughly 2 MK sim-
ilar to the flare loop background but is much narrower with vir-
tually no plasma above 3 MK. After the flare onset, the western
flare kernel shows a ~ 3 MK component developing that does not
cool significantly during the 14 minute evolution shown in Fig.
[] The eastern kernel (left panels) shows a similar albeit broader
pre-event background DEM with a peak around 2 MK. Over the
course of the event, a ~ 3 MK component develops similarly to
the western kernel. In addition, a hot 7 MK component that sub-
sequently cools down is observed. This behaviour of the eastern
kernel that shows a combination of the western kernel and the
isolated flare loops is probably due to loops as well as footpoints
being present along the line of sight.

This different response and temperature of the plasma in the
flare loops and flare kernels is further illustrated in Fig. [5} Here
maps of the total EM integrated from 0.5 to 4 MK (left column)
and from 4 to 10 MK (right column) are shown for the same
times as the DEM curves in Fig.[d At21:44 UT and at 21:48 UT,
the cooler EM bin clearly shows the flare kernels while the hotter
bin shows the hot plasma in the loops. At 21:52 UT and more
pronounced at 21:57 UT the flare loops can now also be seen in
the 0.5—4 MK bin while there is less EM in the hot 4.5-10 MK
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Fig. 3.AIA 94'and 171AVimages for the B6 flare on June 7thy2020. From left to right: Preflare configuration, impulsive and gradual phase. The
flaring 171A images are background subtracted. Colour bars indicate the scaling used in the three rightmost panels.

bin compared to 21:48 UT as the thermal plasma in the loops
cools down.

The spatially integrated results from the DEM reconstructed
using AIA EUV data are combined with STIX and GOES obser-
vations in Fig.[6] The panels a) and b) show the plasma temper-
ature and EM derived from STIX, GOES and the reconstructed
AIA DEM. The three methods yield different results in terms of
absolute values as well as timing. The flare plasma temperature
peaks first in the STIX data, while the temperature derived from
the AIA DEM lags behind about 3 minutes. Peak plasma temper-
atures lie between 7 MK (AIA) and 14 MK (STIX). The flare as
observed with STIX is preceded by a rise in the plasma temper-
ature seen by GOES (around 21:38 UT). EM values range from
10% to 108 cm 3. Panel c) shows the thermal energies calculated
from the different instruments (using Eq. [I|for STIX/GOES and
Eq. [6] for AIA) using the upper (dashed lines) and lower (solid
lines) volume estimates as discussed in Section 2.1} The green
line shows the time integral of the nonthermal energy rate de-
rived from the thick target fit shown in panel d). The cumulated
energy in nonthermal electrons during the flare impulsive phase
roughly accounts for the thermal energies derived from STIX,
GOES and ATA when using the lower bound of the volume es-
timate (derived from STIX imaging), but it is up to an order of
magnitude smaller when compared to the upper limits. Panels
d) to g) show the power of the electrons and the fit parameters
for the STIX nonthermal component during the impulsive flare
phase between 21:42 UT and 21:45 UT. Over the course of the
impulsive phase, the injected nonthermal electron flux is charac-
terized by a rather steep power-law index that fluctuates around
0 = 8 above a low energy cutoff Ec that varies between 12 to 16
keV. The deduced electron flux is of the order of a few 1034s~!.

3.2. B2 Flare on 19:14 UT, June 6, 2020

The top panel of Fig[7]shows STIX lightcurves for the 5-7, and
10-11 keV channels. They exhibit a pronounced double-peak
structure. The middle panel shows the GOES SXR fluxes and
the bottom panel the derivatives of the data. The GOES deriva-

tives show a main peak in association with the first STIX burst,
the 0.5-4 A channel shows also a second (smaller) rise along
with the second STIX peak. Although the timing of the HXR
peaks and SXR derivatives are not perfect, they indicate a basic
Neupert effect agreement for both peaks.

Figure [§] shows fits to STIX spectra about 6 minutes apart
that roughly coincide with the two peaks in the STIX lightcurves
at around 19:13UT and 19:19 UT. Both spectra show indica-
tions of nonthermal emission, and are therefore fitted with a ther-
mal + thick-target two-component fit. Comparison to the deter-
mined background level in grey shows that the flare enhance-
ment above the background is smaller than the background level
itself. The background however is stable and predictable over
longer timescales because it is dominated by the radioactive cal-
ibration sources of the instrument (Battaglia et al.[[2021). At
19:13 UT, the spectral fitting yields thermal plasma with an EM
=(0.3 £ 0.1) 10" cm™ and a temperature T =(10.8 + 0.6) MK.
The thick target emission is characterized by a power law index
of 8 =(7.1 £ 1.9) above a low energy cutoff Ec = (16.4 + 3.7)
and an electron flux of (6.9 + 5.2) 10’2 sec™!. 6 minutes later at
19:19 UT, the spectrum shows significantly more thermal plasma
with an EM =(2.4 + 0.7) 104’ cm™3 and T=(8.5 + 0.3) MK. The
power law index is 6 = (6.3+1.8) above a low energy cutoff E¢ =
(13.4 + 6.4) and the electron flux is similar as 6 minutes before
with (6.8 £5.7) 10*? sec™!.

Figure |9 shows a sequence of AIA 94 A and 211 Aimages
over the course of the event. In the AIA 94 A images, there is
already a hot loop present at 19:00 UT before the onset of the
event as observed by STIX and GOES. As this initial loop cools
down, it subsequently appears in the AIA 211 A filter at around
19:13 UT. Coinciding with the first peak observed in the STIX
count rates (Fig. [7), more loop plasma starts to appear in the hot
94 A channel from 19:13 UT onwards. Simultaneously, in the
211 A filter the flare kernels appear.

Figure [I0] shows a composite image of the AIA 94, 211
and 1600 A channels together with 1600 A lightcurves extracted
from the areas indicated by the coloured boxes. The chromo-
spheric response in AIA 1600 A from the region indicated in
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Fig. 4. Top: AIA 94 and 171 A images as well as a composite of both channels taken during the B6 flare on June 7th, 2020 around 21:44 UT.
Coloured boxes indicate the regions used for extracting the DEM curves shown in the bottom panels. Bottom: Time evolution of the preflare
subtracted DEM profiles averaged over the boxes shown in the maps in the top panels. Black curves show the corresponding preflare DEMs.

yellow, exhibits a double peak shape that closely resembles the
STIX profile summed over all energies shown in black. The
curves from the blue and red boxes each correspond to one of
the two STIX peaks. This indicates that different flaring domains
are involved during the two peaks. These two distinct chromo-
spheric responses support the detection of the nonthermal HXR
emission below background level from the STIX spectra in Fig.

8

Figure [TT]shows the evolution of the DEM profiles averaged
over the boxes shown in Fig[I0]together with the corresponding
pre-event DEMs. The pre-event DEM distributions summed over
the two western flare kernels shown in the left and middle panels
are narrow and centred around 2 MK. During the flare, DEM dis-
tributions centred around 2.5 MK that gradually subside after the
second peak in the STIX X-ray lightcurve (19:20 vs 19:31 UT)
are observed for both western flare kernels.

Article number, page 6 of 12

The DEM curve summed over the eastern kernel shows
the same 2.5 MK component as the western kernels after the
event onset. In addition, a broad 7 MK contribution is already
present at the start (19:13 UT) and further increases (19:15 UT,
19:19 UT) before cooling down to around 3 MK (19:31 UT). As
can be seen in the composite image in Fig[I0] flare loop plasma
as well as a kernel lie in the LoS for the area marked in red,
resulting in the two components of the DEM profile.

In Fig.[I2] the spatially integrated results from the DEM re-
constructed from AIA EUV data are compared with STIX and
GOES plasma parameters. The two top panels show the temper-
ature and EM derived from STIX, GOES and the AIA DEM.
As in the case of the previously discussed B6 event, the abso-
lute values and timing differ with a time lag between maximum
plasma temperature between STIX/GOES and AIA. Values for
the EM range from 10* to 10*® cm~. Peak plasma temperatures
lie between 6 MK (AIA) and 12 MK (STIX). The thermal en-
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Fig. 5. EM maps in temperature bins from 0.5 to 4.0 and 4.5 to 10 MK
reconstructed from the AIA DEM over the course of the B6 flare on
June 7th, 2020, highlighting the cooler flare kernels and hotter loops.

ergies (bottom panel) derived from STIX and GOES, roughly
agree, while for the AIA DEM, they are somewhat smaller. This
discrepancy may be related to the AIA EUV filters being sensi-
tive also to cooler plasma along the LoS than STIX and GOES,
resulting in a lower mean temperature as shown in the top panel.

4. Discussion and Conclusions

We performed case studies for two microflares of GOES class
B6 and B2 that were observed on June 7th and 6th 2020 during
the STIX commissioning phase. From STIX spectral fitting for

the B6 event we find peak plasma temperatures of T =14 MK
and emission measures up to EM = 10*® cm™3. The power-law
index of the thick target fit is around 6 = 8 above low energy
cutoffs E¢ between 12 to 16 keV. The nonthermal electron flux
is a few 10**s~!. Since E¢ derived from the fitting gives an upper
limit of the low energy cutoff, the resulting fit parameter there-
fore provide a lower limit of the power in nonthermal electrons.
For the B2 flare on June 6th, the plasma seen by STIX is charac-
terized by a peak plasma temperature of around T =12 MK and
a maximum emission measure of EM = 10*® cm™3. For the two
instances where a nonthermal component could be fitted to the
STIX spectra for this event, the power-law indices are 6 = 7.1
and 6 = 6.3 above cutoff energies Ec of 16 and 13keV. Elec-
tron fluxes are around 7 X 10°?s™! in both instances. These val-
ues for the power law index and plasma temperature for both
events agree with the typical parameter ranges for microflares of
60 =4-10and T =10.7-15.5 MK given by |[Hannah et al.| (2008)
based on over 9100 RHESSI microflares. The maximum emis-
sion measures for both events which reach EM = 10* cm™
are higher than the EM = 2 x 10 cm™ reported in [Hannah
et al.| (2008) but uncertainties are high. The peak thermal en-
ergies using the lower volume estimates are a few 108 erg for
both events which is also consistent with previous RHESSI mi-
croflares (Stoiser et al.|2007, [Inglis & Christe [2014al [Warmuth!
& Mann[2020)).

Both events under study roughly follow the Neupert effect
and reveal nonthermal emission in the STIX spectra during the
impulsive phase, indicative of electron beams accelerated during
the two events. For the B6 event on June 7th, we find that the
energy from the nonthermal electrons can roughly account for
the thermal energy requirement using the lower volume estimate.
For the B2 flare, such a comparison was not possible due to the
low flare signal.

Comparing the thermal plasma properties deduced from
STIX, GOES and the AIA DEM we find that the absolute values
and timing differ with the highest plasma temperature derived
from STIX, followed by GOES and AIA. Since STIX is only
sensitive to thermal plasma roughly above 8 MK while the ATA
DEM images plasma down to 0.5 MK, such differences are not
surprising. The temperature response of the GOES SXR instru-
ment lies in between those two extremes, resulting in derived
temperatures for the thermal flare plasma that lie between these
two extremes. We find that increases in the plasma temperature
calculated from AIA lag behind STIX and GOES. We interpret
this to occur due to the broad AIA temperature response, the
heated flare plasma is initially outside of AIA’s temperature sen-
sitivity and subsequently appears in the AIA filters when it cools
down slightly.

While the temperatures derived from the different instru-
ments show substantial differences, the thermal energies are
similar. It is noted that the average plasma temperatures in-
ferred from the AIA DEM shown in Figs. [6] and [I2] must be
interpreted with caution. Due to the broad AIA DEM distribu-
tions that include cool (down to 0.5 MK) as well as hot plasma
(> 10MK), the average temperatures derived are low although
there is also a significant contribution from hotter flare plasma.
Because the calculation of the thermal energy content (Eq. [6)
takes this multi-thermal distribution into account, the thermal
energies from the AIA DEM and X-ray observations agree more
closely than naively comparing the total EMs and temperatures
would suggest.

To fully characterize the DEM of the flaring plasma over its
entire temperature range, it will be awarding for future studies
to combine the AIA EUV data which covers the lower tempera-
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ture range down to around 0.5 MK with STIX X-ray data which
provides information about the hottest thermal plasma. Similar
studies of deriving DEMs by combining different instruments
have been performed in the past, by for example combining AIA
with RHESSI (e.g.[Inglis & Christe|2014b; Battaglia et al.[2015)),
EVE with RHESSI (e.g. [Caspi et al.|2014; McTiernan et al.
2019), or AIA, Hinode/XRT and NuSTAR (Wright et al.[2017).

The spatio-temporal behaviour of the AIA DEMs is similar
for both events. In both flares, the emission measure and tem-
perature in the loops gradually increases with a broad multi-
thermal DEM distribution between 6 and 10 MK, whereas the
footpoints show a more impulsive response in the DEM evo-
lution. This spatio-temporal behaviour deduced from the AIA
DEM maps coincides with the plasma evolution for the chromo-
spheric evaporation scenario, and is also corroborated by the ob-
served Neupert effect. This finding from the AIA DEM analysis
is important for the understanding of the energy transport in mi-
croflares, in particular as so far there is only very limited spectro-
scopic observations of chromospheric evaporation flows for mi-
croflares available (Berkebile-Stoiser et al.[2009| [Brosius & Hol-
man||2010} Brosius|[2013). The subsequent cooling of the loop
plasma is also clearly observed in the evolution of the DEM pro-
files. For flare kernels, the DEM shows plasma centred around
3 MK appearing in the impulsive phase of the events. When foot-
points as well as loops lie along the LoS, the loop emission dom-
inates but both components can clearly be distinguished in the
DEM profiles.

The June 6, 2020 flare shows that STIX allows a detailed,
time-resolved study of both thermal plasma and nonthermal
electrons in microflares down to GOES class B2. This limit may
vary throughout the mission depending on the spacecraft’s so-
lar distance. The study presented here demonstrates for the first
time how detailed multi-instrument studies of solar flares can be
performed with STIX.
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