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Abstract
The temperature reached by solar flares is a key parameter to understanding the physical
process that causes the energy release. In this work, we analysed data from a Hinode Ob-
serving Programme that focused on high cadence measurement of the flaring plasma. This
was carried out when the X-ray imager and spectrometer (STIX) on Solar Orbiter was ob-
serving. We analysed 3 small microflares, and determined their evolution and temperature.
The temperature of the B2.8 microflare reached 16 MK. There was evidence in the smaller
B1.4 flare of Fe XXIV emission, indicating that hot plasma of 15 MK can be reached.

Keywords Flares · Corona

1. Introduction

Solar flares are fast releases of electromagnetic energy that can reach energies of 1032 ergs.
They are categorised and measured in many different ways. One of the common methods is
the flux observed in the soft X-ray range (0.1 – 0.8 nm) across the whole Sun. This is known
as the GOES classification, and starts at the lowest “A” class flare (< 10−7 W m−2), and
reaches the largest “X” (> 10−4 W m−2) class flare.

There is extensive interest in solar flares – from the extremely large events that are asso-
ciated with space weather impacts at Earth, to small-scale flares (nanoflares and microflares)
that may be associated with heating the corona, and forming the slow solar wind. At even
more extremes of energies, stellar flares can release energies several orders of magnitude
higher than the largest solar flare.

Studies have been carried out to understand the correlations between the wide range of
energies measured, e.g. the emission measure (EM) and temperatures of flares. Feldman,
Laming, and Doschek (1995) extrapolated this to the case of stellar flares, and found a con-
sistent picture. Solar flares show this correlation over 4 orders of magnitude, and the stellar
case takes it to a further 4 orders of magnitude in emission measure. This strong correlation
over such a wide range of emission measures indicates a similar energy source. Shibata and
Yokoyama (2002) presented a theory to explain this universal correlation between tempera-
ture and emission measure. Their theory is based on magnetic reconnection which includes
heat conduction and chromospheric evaporation. With this model they predict the observed

G. Doschek is retired.

Extended author information available on the last page of the article

http://crossmark.crossref.org/dialog/?doi=10.1007/s11207-022-02106-1&domain=pdf


13 Page 2 of 11 L. Harra et al.

relationship EM ∝ B−5 T17/2, with B being the magnetic field strength (in Gauss). The
temperature range where this is applicable is 6 MK to 100 MK.

In this paper we are particularly interested in the heating of small flares. So called “mi-
croflares” are often described as flares with GOES classification A, B or lower energies
(Testa and Reale, 2020). Statistical studies were carried out using the Bragg Crystal Spec-
trometer (Culhane et al., 1991) onboard the Yohkoh mission (Ogawara et al., 1991) using
X-ray spectral lines. Feldman et al. (1996) did an extensive study of 868 flares measuring
their temperature, emission measure, and GOES classification. They found that major flares
have a higher peak temperature than the weaker flares. Feldman, Doschek, and Behring
(1996) also studied the weakest flares from A2 – A9 GOES classification, and found that
their average temperature is around 5 MK.

There has been recent work on the temperatures reached during these small events. Testa
and Reale (2020) analysed a microflare and found that it reaches > 10 MK at the start of
the event and emission from an Fe XXIII line is observed, although weak. Measurements
at the later phase of this event by Mitra-Kraev and Del Zanna (2019) found a peak lower
temperature of only 4.5 MK. Differential emission measure calculations of a sub-A class
flare using NuSTAR, Hinode/XRT, and SDO/AIA find a peak temperature of about 3 MK,
with additional high-temperature emission up to 10 MK (Wright et al., 2017). Similar results
were found for two additional sub-A class flares using a combination of the FOXSI-2 rocket,
Hinode/XRT, and SDO/AIA (Athiray et al., 2020) instruments. The temperature reached
during these small heating events is key for understanding the physical processes going on.
These small flares occur much more frequently than their higher energy counterparts, e.g.
Hudson (1991).

In 2020, the Solar Orbiter mission (Müller et al., 2020) was launched. The Spectrom-
eter/Telescope for Imaging X-rays (STIX) has observed many thousands of small flares
to date (see the STIX quicklook website: datacenter.stix.i4ds.net/view/plot/lightcurves).
Battaglia et al. (2021) explores a range of microflares observed by STIX, and finds that
at the lower energies they peak before the GOES intensity peak. This suggests that either
STIX has a better sensitivity to higher temperatures than GOES, or these lower energies
have a non-thermal component.

In this paper, we explore three microflares observed during a Hinode spacecraft (Kosugi
et al., 2007) Observing Programme (HOP). This campaign was set up specifically to ex-
plore with high time cadence hot emission in flares. We have X-ray telescope data, Hinode
EUV Imaging Spectrometer data (EIS) (Culhane et al., 2007), Solar Dynamics Observatory
(SDO) Atmospheric Imaging Assembly (AIA) data (Pesnell, Thompson, and Chamberlin,
2012; Lemen et al., 2012), and STIX data (Krucker et al., 2020). These instruments provide
multiple ways to access “hot” plasma to determine how hot a small flare can become.

2. Data Analysis

The data for this paper were obtained during a Hinode Observing Programme (HOP 361)
concentrating on fast time cadence in active region NOAA12882. XRT provided data in one
filter at a cadence of 10 sec using the Be_thin filter.

For EIS, the Fast_slot_hefe3 (study ID 544) was run. This is a 266′′ slot entrance aper-
ture with two channels – one for Fe XII and one for He II with 10 sec exposure times. We
concentrated on the He II band in which the Fe XXIV emission line exists. Before and after
this slot study was run, a large raster was carried out over the active region. The He II slot
data covers a wavelength range of approximately 6 Å as shown in Harra et al. (2017). This
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includes emission lines from Fe XXIV, S XIII, Fe XIV, and Si X. We are in this case partic-
ularly interested in the Fe XXIV emission, which has a temperature of 15 MK at maximum
ion abundance. The method used to extract the Fe XXIV emission is described in Harra et al.
(2020).

The key alignment for this work is between AIA and EIS to determine which features are
spectral and which are dynamical changes on the Sun seen in imaging only. The SolarSoft-
Ware routine aia_prep.pro is applied to the AIA data. The EIS slot data and AIA are aligned
using the AIA 304 Å filter with the IDL solarsoft routine cross_corr.pro. This computes the
cross-correlation function between the two images.

This campaign was carried out in coordination with Solar Orbiter. On this date, the space-
craft was at 0.67 AU, the angular separation between Earth and Solar Orbiter was 15.7 de-
grees. The time difference between the Sun–Earth and the Sun-Solar Orbiter was 162.7 sec.
The STIX instrument was operating continuously during this time.

For the STIX spectroscopic analysis, the OSPEX forward fitting software of solar hard
X-ray spectra has been used. In order to obtain temperature and emission measure, we fit-
ted the spectra with the standard isothermal function ‘vth’. The package we employed for
converting STIX data to a format readable by OSPEX is now included in the SSWIDL dis-
tribution. For more detailed corrections to be applied for each individual pixel and detector,
the STIX pixel data (Krucker et al., 2020) at the highest cadence has been used. To reflect
the early stage of the calibration, we added 5% systematic uncertainty in quadrature, which
is currently (August 2022), the default value for the STIX data. For more details regarding
the STIX spectral fitting, we refer to Battaglia et al. (2021).

During the observing period there were 3 microflares. The first was observed in GOES
as a B2.8 (2.8 × 10−7 W m−2) flare (non-background subtracted). The second was smaller
at B1.8 and the third was barely registered above the background in GOES, which was
approximately at 1.4 × 10−7 W m−2. The high energy GOES band (0.5- 4 Å) was too weak
to carry out a temperature analysis from GOES for any of the flares analysed.

3. Results

Figure 1 shows the active region as observed by XRT before and during the first and second
flares. The source of the highest intensity is a small compact source. Multiple peaks were
observed during this first flare, lasting 10 minutes. The next two flares seen by XRT were a
factor of 6 smaller. These flares were seen by XRT, very weakly by EIS, but not by STIX.
This observation in itself indicates that the temperatures of the later flares were lower than
for the first flare.

Figure 2 shows the temporal evolution of the brightest source of the flares from both
AIA and the EIS slot data using a stack plot. We use both AIA (304 Å) and EIS in this
figure to highlight the imaging features and the spectral features. AIA enhancements show
spatial changes only, whereas EIS slot enhancements show spatial and spectral changes.
This analysis allows for the extraction of intensity in different emission lines at a fast time
cadence in EIS. When there are enhancements in the emission lines in the EIS slot data,
they are visible along the y-axes in Figure 2. The S XIII, Fe XIV, and Si X wavelengths are
all longer than that of the He II at 256.32 Å and hence their enhancements are seen below
the bright feature in the figure. We are particularly interested in Fe XXIV as the hottest
emission line in this wavelength range, which is at 255.11 Å sitting above He II in the
figure. To determine the wavelength scale, we assumed the peak of the EIS intensity was at
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Figure 1 The top figures show images of the active region before and during the first and second flare in our
observing sequence. Note that the exposure time during the main flare is much shorter (0.045 sec) than for
the image before the background (1.4 sec) and the active region is therefore not visible during the flare. For
the weaker second flare, the exposure time is 0.594 sec and the active region is visible. Note that the first
and second flare are clearly spatially separated. Below, X-ray time profiles from XRT, GOES and STIX are
shown (the black vertical lines mark the times of the two XRT images with flaring activity shown above). The
horizontal line marks the position y = 216′′ from which later stack plots are determined. The STIX lightcurve
gives the emission at 4 – 10 keV, where the blue section denotes science data and the black lightcurve is the
low-latency (“quicklook”) data. For GOES and STIX, the solar disk integrated flux is shown, while for XRT
time profiles give the summed flux over the two flaring regions, marked in blue and red in the images shown
on the top. The second smaller flares (08:47 UT and 09:02 UT) are barely discernible above the background
in STIX and GOES.

the He II line at 256.32 Å. This line is the strongest emission line in this range and hence
the assumption is a good one.

The first flare, starting at 08:30 UT, shows this spectral dispersion clearly. There are ad-
ditional bright features seen along the y-axes (wavelength range) that cannot be seen by the
imager AIA. From this stack plot, we can then extract lightcurves at different wavelengths
and compare them with different energy lightcurves. Figure 3 illustrates the lightcurve com-
parison between the EIS slot intensity at the He II emission line, and the STIX 5 – 12 keV
energy range for the first flare. The He II lightcurve shows an enhancement and starts to rise
earlier than the STIX data. However, the STIX data peaks before the largest peak in the EIS
He II data, which shows the largest peak at 08:32 UT. The EIS Fe XXIV peak is at the same
time as the STIX peak.
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Figure 2 The top plot is an AIA 304 Å stack plot chosen at y = 216′′ . This position in EIS exhibited the
highest intensity during the flare. The stack plot shows the X-direction on the y-axes and time on the x-axes.
The first flare with the multiple peaks is clearly seen starting at approximately 08:30 UT. The small flare
starting at 09:02 UT is also clearly seen. The lower plot is the same figure, but for the EIS slot data. In this
case, the x-direction is a mixture of wavelength and spatial information, and hence the wavelength scale is
shown. There are additional features along the y-axes that emerge during the flare that are not seen in AIA –
these are spectral features. The intensity is plotted in a log scale to highlight the additional spectral features.
Of particular interest is any evidence of enhanced emission at 255.11 Å which is the Fe XXIV emission line.

The first flare shows a very compact structure, as is seen in Figure 4. The flare region
covers just over 5 ′′ in the x- and y-directions. The AIA 1600 Å image is shown with sources
from EIS, XRT, and STIX overlaid. The source is so small that the STIX source lies over all
features as a single source. The images were taken at the start of the first flare.

We are particularly interested in the temperature of small flares. Emission was seen in
different energy bands up to 16 keV with STIX, allowing the temperature to be calculated.
Figure 5 shows the STIX background-subtracted count flux spectrum at the peak intensity.
An isothermal model, from the CHIANTI database, has been fitted to the data (reduced
χ2 = 2.7 with 6 degrees of freedom), which, by assuming coronal abundances, results in a
temperature of 15.9 ± 0.8 MK and an emission measure of (1.0 ± 0.3) × 1046 cm−3.

Using the temperature and emission measure derived from the STIX spectrum in Fig-
ure 5, we calculate the expected flux in the XRT Be-thin filter as a check. We find that a
temperature of 15.9 MK and a volume emission measure of 1049 cm−3 yields a count rate
of about 42750 DN s−1, assuming photospheric abundances. The brightest pixel in the XRT
Thin-Be channel for the first flare occurs at 08:31:07 UT, and has a value of 41690 DN
s−1, remarkably close to the predicted value. This result indicates that 15.9 MK is a good
estimate for the temperature in this flare.

We then looked at the EIS data to explore whether there was evidence for Fe XXIV

emission, which has a temperature of maximum abundance of 15 MK. This value is very
close to the temperature determined from STIX. Figure 6 shows lightcurves for the EIS
Fe XXIV 255.11 Å line and the EIS He II line, for the time period of all three flares. The first
larger flare is seen clearly at both the He II and Fe XXIV wavelengths. There are two peaks
seen in the Fe XXIV, whereas only one peak is seen in the STIX data in Figure 3. The two
smaller flares that follow at 08:47 UT and 09:02 UT are seen in the He II data. The flare at
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Figure 3 The top figure shows
the lightcurves in X-rays from
GOES, XRT, and STIX for the
first flare. Below the lightcurves
derived from the stack plot at the
He II and the Fe XXIV emission
line are given. For reference, the
GOES lightcurve is shown in
both panels. Multiple peaks are
seen. The EIS Fe XXIV at 255.11
Å and He II at 256.32 Å
lightcurves are derived from
Figure 2, where the wavelength is
chosen along the y-axis (the
spectral direction) shown in
Figure 2.

Figure 4 The top panel shows an AIA 1600 Å image at 08:30:39 UT, around the first flare site. The black
contours show the XRT Be Thin image taken at 08:31:07 UT, with contours levels 20 – 90% in 10% incre-
ments. The white 90% contour shows the EIS image taken at 08:30:34 UT. The bottom panel shows the AIA
1600 Å image reprojected to the Solar Orbiter viewpoint. The STIX 5 – 12 keV thermal emission is shown
in black contours with levels 50 – 90% in 10% increments. The contours have been manually aligned to AIA
1600 Å with a shift of �x = −6′′ , �y = +6′′ , which is within the accuracy of the current implementation of
the STIX aspect system.

08:47 UT has a very small enhancement above the background in EIS. The flare at 09:02
UT is clearly seen in He II. The flare at 08:47 UT does not show a significant enhancement
above the background at the Fe XXIV wavelength, and there is an enhancement seen for the
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Figure 5 STIX background
subtracted count flux spectrum at
the peak intensity. The observed
spectrum has been fitted with an
isothermal model (red curve),
resulting in a temperature of 15.9
± 0.8 MK. The black dashed line
represents the non-solar
background, which is dominated
by the onboard calibration
source. Below the spectrum plot,
we show the residuals, i.e.,
observations minus fit,
normalised by the errors.

Figure 6 The top figure shows
the lightcurve derived from the
EIS stack plot at the Fe XXIV

wavelength, and the lower plot
shows the lightcurve for the He II

wavelength.

flare starting at 09:02 UT, which reaches 10% above the background in intensity. Neither of
the second smaller flares are seen in STIX.

A Differential Emission Measure (DEM) was determined from AIA during these flares.
There was an issue with saturated pixels, which meant that the calculation unfortunately had
to exclude the flare site, so a temperature of the flare region could not be determined. The
surrounding regions of the flare were at a temperature of around 2 MK.
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4. Conclusions

We explored the temperature of a series of small flares observing with Hinode, STIX, and
SDO. The largest flare in our series was a B2.8 flare (on top of a B1.5 pre-flare background),
so a microflare. It is well known that flare plasma is multi-thermal, and this is seen clearly
here with a range of temperatures observed. The first flare was observed with all the instru-
ments. A temperature of 15.9 ± 0.8 MK was observed at the peak of the flare by STIX, and
evidence of Fe XXIV emission confirmed this. In addition, cooler emission at He II existed
alongside all the filters in AIA – confirming that there is a multi-thermal plasma.

The smaller flares that followed, which barely registered in GOES, were not seen by
STIX. This observation provides an upper limit of the flare classification of approximately
B2 GOES level. The last flare did show some very weak emission in the Fe XXIV wave-
length, so even at this low intensity level there is some evidence of plasma reaching 15 MK.
The temperatures observed in this work are consistent with the hot temperatures also seen
by Testa and Reale (2020) during a small flare. They observed temperature > 10 MK. In
addition, in the statistical work of Feldman et al. (1996), they found that flares with temper-
atures of 15 MK ranged from greater than B6 to M1 GOES classification. In the Feldman,
Doschek, and Behring (1996) study of very small flares, the average temperature was 5 MK,
but an A4 flare reached a temperature of 9 MK. NuSTAR observations of GOES A-class
flares show temperatures from 6 MK up to 10 MK (Glesener et al., 2020; Duncan et al.,
2021) for GOES A-class flares, while Glesener et al. (2017) reported temperatures between
6 and 8 MK for a sub-A-class flare.

Accurately determining how hot plasma can become during these small flares has im-
plications for coronal heating (e.g Klimchuk 2006, Fletcher et al. 2015) as well as for flare
physics. Processes such as magnetic reconnection are thought to be significant in both small
and large scale flares. Cargill, Bradshaw, and Klimchuk (2012) developed a model to track
the thermal evolution of loops due to small impulsive heating events, and in the distribution
of emission measure with temperature there is a component at about 10 MK. This is difficult
to measure as it is often so weak, but this work illustrates that high time cadence measure-
ments of hot plasma observations can be made from spectroheliogram data of the weakest
flares, and that these can show hot plasma.

Author contributions Harra wrote the main manuscript and analysed the EIS/XRT data. Battaglia, Collier,
and Krucker worked on the STIX and combined datasets and text. Reeves worked on the XRT data and text.
Doschek worked on the text.

Funding Note Open access funding provided by Swiss Federal Institute of Technology Zurich.

Declarations

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence,
and indicate if changes were made. The images or other third party material in this article are included in the
article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is
not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder.
To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

http://creativecommons.org/licenses/by/4.0/


Temperature of a Small Solar Flare Page 9 of 11 13

References

Athiray, P.S., Vievering, J., Glesener, L., Ishikawa, S.-n., Narukage, N., Buitrago-Casas, J.C., Musset, S.,
Inglis, A., Christe, S., Krucker, S., Ryan, D.: 2020, FOXSI-2 solar microflares. I. Multi-instrument
differential emission measure analysis and thermal energies. Astrophys. J. 891, 78. DOI. ADS.

Battaglia, A.F., Saqri, J., Massa, P., Perracchione, E., Dickson, E.C.M., Xiao, H., Veronig, A.M., Warmuth, A.,
Battaglia, M., Hurford, G.J., Meuris, A., Limousin, O., Etesi, L., Maloney, S.A., Schwartz, R.A., Kuhar,
M., Schuller, F., Senthamizh Pavai, V., Musset, S., Ryan, D.F., Kleint, L., Piana, M., Massone, A.M.,
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