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ABSTRACT

Context. On 2022 May 4, an M5.7 flare erupted in the active region NOAA 13004, which was the target of a coordinated campaign
between GREGOR, IRIS, Hinode, and ground-based instruments at the Ondřejov observatory. A flare kernel located at the edge of a
pore was co-observed by the IRIS slit and GREGOR HiFI+ imagers.
Aims. We investigated the flare continuum enhancement at different wavelength ranges in order to derive the temperature of the
chromospheric layer heated during the flare.
Methods. All datasets were aligned to IRIS slit-jaw images. We selected a pixel along the IRIS slit where the flare kernel was cap-
tured and evaluated multi-wavelength light curves within it. We defined a narrow IRIS near-UV band that comprises only continuum
emission. The method, which assumes that the flare continuum enhancement is due to optically thin emission from hydrogen re-
combination processes, was applied to obtain a lower limit on the temperature in the layer where the continuum enhancement was
formed.
Results. We determined a lower limit for the temperature and its time evolution in the chromospheric layer heated during the flare in
the range of (3 - 15)×103 K. The mean electron density in that layer was estimated to be ∼ 1 × 1013 cm−3.
Conclusions. Multi-wavelength flare co-observations are a rich source of diagnostics. Due to the rapidly evolving nature of flares, the
sit-and-stare mode is key to achieving a high temporal cadence that allows one to thoroughly analyse the same flare structure.
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1. Introduction

Solar flares (Fletcher et al. 2011) represent the most energetic
processes within the Solar System and are a consequence of solar
magnetic activity. The energy released by magnetic reconnection
in solar flares is converted to other forms of energy, such as the
acceleration of charged particles, bulk plasma heating, plasma
motions that include coronal mass ejections, amongst others.
Much of the released magnetic energy is deposited by beams
of accelerated particles into the solar chromosphere, which is
heated and evaporates (e.g., Young et al. 2013; Graham et al.
2015; Polito et al. 2016b), leading to the creation of hot (several
tens of million Kelvin) flare loops higher in the atmosphere and
bright flare ribbons at the chromospheric footpoints of the flare
loops. These structures containing heated plasma then emit ra-
diation in many portions of the electromagnetic spectrum (e.g.,
Fletcher et al. 2011). Since the energy deposit into the solar
chromosphere by necessity precedes the creation of the hot flare
loops, observations of the heating of the chromosphere are indis-
pensable for understanding the energy release in solar flares.

Due to its relatively low temperatures, around 104 K, the
chromosphere contains large amounts of neutral hydrogen (e.g.,

⋆ Currently at Central Astronomical Observatory at Pulkovo of Rus-
sian Academy of Sciences, St. Petersburg, 196140, Russia

Anzer & Heinzel 2005; Leenaarts et al. 2007). The heating of the
chromosphere can produce multiple well-known spectral lines as
well as continuum emission. Although line emission in chromo-
spheric or transition region lines is prominent during solar flares
and can be enhanced by orders of magnitude, continuum emis-
sion also contributes significantly to the amount of energy radi-
ated away (see, e.g., indications from observations (Kretzschmar
2011) and modelling (Allred et al. 2005)).

Several mechanisms have been proposed for the enhance-
ment of the continuum during solar flares, namely hydrogen
bound-free and free-free transitions, Thomson scattering, and
H− emission (e.g., Heinzel & Kleint 2014; Heinzel et al. 2017).
These mechanisms emit in the wavelength range from near ul-
traviolet (NUV) to near infrared (IR). Each of them may domi-
nate in different atmospheric layers, from the photosphere to the
chromosphere.

These mechanisms require not only an increase of tempera-
ture in the emitting layers but also an increase of electron den-
sity, yet which processes increase them is still not fully un-
derstood. Some of the proposed processes are electron and/or
proton bombardment, X-ray and extreme ultraviolet heating,
and Alfvén wave dissipation (for discussion see, e.g. Metcalf
et al. 1990). Many continuum enhancements detected during
flares show good temporal and spatial correlation with hard X-
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Fig. 1. Overview of the 2022 May 4 M5.7–class flare as observed by multiple instruments. Panel a) shows the GOES X-ray light curve of the flare.
Panels b)–g) show the context SDO/AIA and SDO/HMI observations at 08:52:45 and 08:57:45 UT, denoted by vertical lines in panel a). Panel g)
includes the contours of the polarities (positive in red and negative in blue) from panel d). The FOVs of the HiFI+2 and IRIS/SJI instruments are
indicated in panel f) (only IRIS/SJI FOV in panel d), and the corresponding observations are shown in panels i)–l), with the location of the IRIS slit
indicated and the HiFI+ images resampled to the IRIS resolution and FOV. The red arrows in panels d) and i) point to the location of pixel No. 53.
Ondřejov ground-based observations from the spectrographs FICUS and HSFA-2 and the SPS are shown in panels m)–o), respectively. The black
line in panel n) indicates the HSFA-2 slit position. Animations of the AIA, IRIS, and GREGOR observations (panels e)– l)) are available online.
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ray (HXR) footpoint emission (see, e.g., Neidig & Kane 1993;
Fletcher et al. 2007; Martínez Oliveros et al. 2012; Xu et al.
2012; Milligan et al. 2014; Kleint et al. 2016; Kuhar et al. 2016).
This suggests that the accelerated electrons that generate HXR
emission and deposit their energy in the flare footpoints are also
responsible for the continuum emission. However, this mecha-
nism is probably not sufficient to explain the observed emission
at 1.56 µm (Xu et al. 2006), which is considered to form at the
opacity minimum below τ500 = 1 in an undisturbed atmosphere
(τ500 is the optical depth at 500 nm). The required energy of ac-
celerated particles that reach and affect such deep layers is typ-
ically higher than the energy determined from their HXR emis-
sion (e.g., Fletcher et al. 2011). Additionally, radiative transfer
computations incorporated in flare modelling have also shown
that the photosphere and the chromosphere can be radiatively
coupled via photospheric heating by H− absorption of the hydro-
gen Balmer continuum, which originates in the chromosphere.
This back-warming can then lead to increased photospheric H−
radiation (e.g., Machado et al. 1989).

Dedicated modelling of solar flare radiation is required to
disentangle the various mechanisms affecting continuum emis-
sion. Mauas et al. (1990) combined non-LTE (outside of Lo-
cal Thermodynamic Equilibrium) modelling and observations of
several photospheric and chromospheric lines together with the
visible-light continuum and constructed a semi-empirical model
of a solar flare atmosphere. The formation of UV, visible, and
IR continua due to electron beam heating has been modelled to
various degrees of agreement with observations, for example, by
Ding et al. (1999, 2003), Cheng et al. (2010), and Simões et al.
(2017).

Studies of the continuum during solar flares also need dedi-
cated observations and data analyses. Continuum enhancements
in the UV range have been reported from space-borne obser-
vations. Heinzel & Kleint (2014), Joshi et al. (2021a), and
Kleint et al. (2016) identified NUV wavelength ranges observed
by IRIS where continuum flare emission could be identified.
These authors attributed the observed enhancements to hydro-
gen Balmer recombination. Similarly, Dominique et al. (2018)
adopted the same assumption and analysed continuum UV flare
emission detected by the PROBA-2 mission. Continuum emis-
sion and its enhancement in the optical range during strong
and even weak solar flares has also been detected in filtergrams
and spectral data (see, e.g., Jess et al. (2008); Kerr & Fletcher
(2014); Potts et al. (2010); Yurchyshyn et al. (2017)). Further-
more, Heinzel et al. (2017) interpreted the off-limb flare emis-
sion in the HMI/SDO pseudocontinuum as being dominated by
the hydrogen Paschen recombination. Jurčák et al. (2018) de-
rived optical continuum enhancement from SOT/Hinode spec-
tropolarimetric observations during a solar flare and proposed
that it was caused by chromospheric emission.

In this work, we present an initial analysis from a unique
dataset obtained during a coordinated campaign between the
GREGOR telescope (campaign supported by SOLARNET),
IRIS, and Hinode (HOP 422) and instruments located at the
Ondřejov Observatory. For the first time, IRIS and GREGOR
co-observed the preflare, impulsive, and gradual phase of a solar
flare. The current analysis is inspired by previous studies focused
on UV and optical flare continuum enhancements. Our data are
unique in their UV wavelength coverage and temporal resolu-
tion, which is provided by the full read-out of IRIS NUV high-
resolution spectra with a time resolution of 3 s. Sub-arcsecond
co-spatial observations in several optical wavelengths obtained
with the High-resolution Fast Imager (HiFI+) at the GREGOR
telescope complement the dataset.

In Sect. 2, we describe the investigated data and present
multi-wavelength light curves of the flaring atmosphere in Sect.
3. The flare continuum enhancements in the optical and UV are
defined in Sect. 4. In Sect. 5, we determine the lower limit for
the temperature in the flaring chromosphere above the edge of
a pore by assuming that the continuum enhancement is mainly
due to hydrogen recombination. Finally, the results are discussed
and summarised in Sect. 6 and 7.

2. Data

2.1. The 2022 May 4 flare

On 2022 May 4, a confined M5.7-class flare occurred in a bipo-
lar active region (AR) NOAA 13004 (Hale classification β/β),
starting at about 08:45 UT (Fig. 1a). This AR was quite active,
producing four other C-class flares before the M-class one, in-
cluding a C1.4 starting at 07:14 UT and C3.5 at 08:08 UT.

The M-class flare was well observed using multiple ground-
based and space-borne instruments (Fig. 1). The ground-based
instruments focused on the visible and infrared portion of the
spectrum and involved the GREGOR solar telescope (Schmidt
et al. 2012) located in Tenerife (Spain) as well as the spec-
trographs HSFA-2 (Zapiór et al. 2022), FICUS (Kotrč et al.
2016), and the Solar Patrol Service (SPS) located at the As-
tronomical Institute of the Czech Academy of Sciences (Ondře-
jov, Czech Republic). The space-borne instruments included the
Atmospheric Imaging Assembly (AIA; Lemen et al. 2012) and
Helioseismic and Magnetic Imager (HMI; Scherrer et al. 2012)
on board the Solar Dynamics Observatory (SDO; Pesnell et al.
2012) as well as the Interface Region Imaging Spectrograph
(IRIS; De Pontieu et al. 2014). Additionally, the GOES-16 satel-
lite and Konus spectrometer (Aptekar et al. 1995) on board the
Wind spacecraft (Harten & Clark 1995) provided X-ray context
information.

2.2. Context observations from SDO/AIA

The AIA observes the Sun in 10 EUV and UV filters, spanning
a large range of temperatures of the transition region, corona,
and flares (O’Dwyer et al. 2010; Lemen et al. 2012; Del Zanna
2013). We investigated the EUV (UV) data with a full cadence of
12 s (24 s) during the interval 07:00–11:00 UT, covering the en-
tire flare as well as a few additional hours for context. The AIA
data have a pixel scale of 0.6′′pixel−1 and a spatial resolution
of 1.5′′pixel−1 (Lemen et al. 2012). The data were calibrated to
level 1.5 using the aia_prep routine in the IDL SolarSoft Sys-
tem (SSWIDL; Freeland & Handy 1998). The stray light was
deconvolved using the routine of Poduval et al. (2013), and the
data were corrected for differential rotation of the Sun.

To study the flare evolution, we used the 94 Å passband,
which under flare conditions is dominated by the emission of
Fe xviii because the hotter 131 Å passband (dominated by Fe xxi)
is at times saturated. The 94 Å indicates that the flare is a con-
fined flare (denominated Type I by Li et al. 2019; Duan et al.
2022). The flare emission consists of multiple hot flare loops
(Fig. 1b and 1e). The system of hot flare loops grows in size
during the period from about 08:47 UT to 09:10 UT. A peak of
the X-ray flare as measured by GOES is reached at 08:58 UT
(Fig. 1a).

The corresponding ribbons were captured by the 304 Å and
1600 Å passbands of AIA (Fig. 1c, 1f, and 1g). These passbands
are dominated by transition region emission of He ii at 303.8 Å
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and a C iv 1550 Å doublet with many other chromospheric lines
producing a flare signal in the 1600 Å passband as well as an
about 20% contribution of photospheric continua (Simões et al.
2019). The 1700 Å passband is dominated by a multitude of
chromospheric lines, with some contributions of He ii (see Fig. 6
of Simões et al. 2019). Finally, the 94 Å channel of AIA, which
we used to identify the flare loops (Fig. 1b and 1e), is dominated
by the Fe xviii (O’Dwyer et al. 2010). As there are several sys-
tems of hot flaring loops, the structure of the ribbons is quite
complex and has some small-scale substructure.

Since AIA is a full-disc instrument with good pointing, we
used it to determine the absolute solar coordinates of the datasets
with the following procedure. First, the 171 Å channel of AIA
was taken as a reference, and other AIA passbands were aligned
to it. This step corrected for minor spatial shifts in passbands,
such as 304 Å. The 1600 Å and 1700 Å passbands, which dom-
inantly show the solar photosphere and not the transition region
nor corona, were aligned to 304 Å using the location of flare
ribbons. The IRIS/SJI data (see Sect. 2.3) were aligned to AIA
1600 Å using the location of photospheric features such as pores
and sunspots. Similarly, the Hα data from the Ondřejov obser-
vatory (Sect. 2.6) were also aligned to 304 Å and 1600 Å data
through the use of the locations of ribbons, sunspots, and pores.
In this manner, a co-aligned set of data from multiple instruments
was obtained, with uncertainties below 0.6′′.

2.3. IRIS observations

On 2022 May 4, IRIS observed in sit-and-stare mode between
07:30 and 13:00 UT as part of the Hinode Operation Plan (HOP)
422 (OBSID ref. 3884855852). During the whole period of ob-
servations, 5984 exposures were taken, with an approximate ca-
dence of 3 s. In order to achieve a good temporal resolution, we
had to sacrifice spatial resolution in all datasets (×2 binning) and
spectral resolution. IRIS provided high-resolution spectra in the
NUV channel (×2 binning) and low-resolution spectra in the far-
ultraviolet (FUV) channel (×8 binning) for all exposures. In this
work, we do not analyse the FUV spectra due to the low resolu-
tion as well as the abundance of lines that hindered the study of
the continuum.

The IRIS NUV channel spans from 2783.63 to 2835.11 Å,
and it includes Mg II lines, their far wings, and the contin-
uum at the longer wavelength end of the spectral window. In
the full read-out, the spectra contain 1012 wavelength points,
with a spectral sampling of 0.051 Å. We converted the signal
given in data number (DN) units to absolute energetic units
(erg s−1 cm−2 sr−1 Å−1) in all NUV spectra using the IRIS radio-
metric calibration (see Appendix B). The spatial coverage of the
slit corresponds to the Y-size of the slit-jaw images (SJIs; 62′′,
203 pixels) and gives a spatial sampling of around 0.3′′pixel−1.
The SJIs are only available in the 2832 Å channel, with a field of
view (FOV) of 60′′ × 62′′and a pixel scale of 0.3′′. An example
is presented in Fig. 1i.

An animation of the SJI 2832 Å frames (available online)
shows a rather complex evolution and motion of pores and small
sunspots, while the bigger leading sunspot kept a relatively sta-
ble position at the western edge of the SJI FOV. The ribbons
started to be visible at 08:54 UT for a few minutes and were lo-
cated above the umbrae and penumbrae of the sunspots.

The transmission function of the 2832 Å filter peaks in the
longer wavelength end of the NUV spectral range and covers
mainly the far wings of Mg II lines, where the continuum dom-

inates. However, many other weak lines, as well as the Mg II
k line, can contribute significantly to the total signal in the SJI
2832 Å passband during flares (Kleint et al. 2017). Therefore,
we considered the flare ribbons observed in this passband as re-
gions in which continuum emission might be dominant but not
the only contributor.

2.4. GREGOR observations

GREGOR observed the flaring region from 08:45 to 09:16 UT.
The GREGOR Infrared Spectrograph (GRIS; Collados et al.
2012) started scanning the AR at 08:45 UT, but from 08:50 to
08:52 UT, we re-adjusted the FOV and changed the observing
mode. This was a period of a mediocre seeing (Fried parameter
r0 = 5–10 cm), but thanks to the GREGOR adaptive optics sys-
tem (Berkefeld et al. 2012), the pointing was stable and the im-
age quality acceptable. Both the spectra and images of the flare
were acquired.

The spectra were retrieved with a slit in sit-and-stare mode
with GRIS set to the 1.08 µm wavelength band, which includes
photospheric and chromospheric lines. Since the GRIS slit was
not co-spatial with the IRIS slit at any point, the GRIS spectral
observations are not analysed here and are left for future work.

Images of the flare were recorded by the improved High-
resolution Fast Imager (HiFI+; Denker et al. 2023), which is
composed of three sets of two synchronised cameras. HiFI+1
contains two sCMOS cameras with an FOV of 70.7′′ × 59.6′′
and a pixel scale of 0.028′′pixel−1, plus interference filters with
wavelength bands at the G-band 4307 Å and blue continuum
4506 Å and passbands of 11 Å. HiFI+2 has two Imager M-
lite 2M CMOS cameras with an FOV of 76.5′′ × 60.5′′ and a
pixel scale of 0.050′′pixel−1, plus a broadband interference fil-
ter and a narrowband Lyot filter with wavelength bands at Hα
6563 Å and passbands of 7.5 and 0.6 Å, respectively. HiFI+3
has two Imager M-lite 2M CMOS cameras with an FOV of
48.2′′×30.8′′ and 76.5′′×60.5′′ and pixel scales of 0.025′′pixel−1

and 0.050′′pixel−1, respectively, plus interference filters with
wavelength bands at Ca ii H 3968 Å and the TiO molecular band
7058 Å and passbands of 9 and 11 Å, respectively. Examples
of the HiFI+ observations in the G-band and the Hα broad- and
narrowbands are shown in Fig. 1j, 1k, and 1l.

The CMOS and sCMOS cameras allow for a fast image-
acquisition rate: HiFI+1 recorded at 49 Hz, and HiFI+2 and
HiFI+3 recorded at 100 Hz. The exposure times were constant
for HiFI+1 (G-band: 2 ms; blue continuum: 1 ms) and HiFI+3
(TiO: 0.5 ms). In order to avoid saturation, the exposure times
were reduced from 9 ms to 7 ms at 08:56 UT for HiFI+2 (broad-
and narrowband) and from 8 ms to 6 ms at 08:52 UT for HiFI+3
(Ca II H). Even though each of the HiFI+ camera sets is con-
trolled by a different computer temporally synchronised with a
time server, we found a temporal delay of ∼ 6.5 s in the HiFI+3
images with respect to HiFI+1 and HiFI+2. The analysis was
done correcting for this delay.

The images were calibrated using the sTools image pro-
cessing pipeline (Kuckein et al. 2017)1 for the full extent of the
HiFI+ acquisition rate capabilities. In other words, no frame se-
lection was done.

In order to carry out a co-spatial analysis of GREGOR and
IRIS observations, HiFI+ images were aligned to the IRIS SJI
frame closest in time using routines in the SSWIDL. First, HiFI+
images were smoothed with a Gaussian filter to mimic IRIS spa-

1 gitlab.aip.de/cdenker/stools
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tial resolution. Preliminary linear transformation parameters (P0,
Q0; rotation, scale, and shift per coordinate) were retrieved by
caltrans.pro, which used as an input reference points created
with setpts.pro. Next, we masked the pixels with a high sig-
nal caused by the flare (bright pixels) and the pixels where the
slit was located in IRIS SJIs. A final alignment was done by the
SSW routine auto_align_images.pro in two runs. The initial
run imported P0, Q0 and calculated the P1, Q1 that produced the
minimum cross correlation between IRIS and HiFI+ images us-
ing the faster amoeba minimisation algorithm. The second run
corrected HiFI+ images for warping and employed the more ro-
bust Powell minimisation algorithm (Press et al. 1992). In this
way, we obtained the aligned HiFI+ images together with the
P f , Q f (final) transformation parameters.

Each HiFI+ image was aligned independently, except for the
entirely chromospheric HiFI+2 narrowband images. These were
transformed and rescaled to the IRIS FOV by poly_2d.pro,
which applied the P f , Q f parameters obtained from the syn-
chronous HiFI+2 broadband images. As seen in Fig. 1, the
HiFI+ images do not completely overlap with IRIS SJIs; how-
ever, the IRIS slit is completely covered by almost all of the
HiFI+ imagers, except for HiFI+3 (Ca ii H).

2.5. SDO/HMI observations

The SDO/HMI synoptic observations were used to estimate the
excess in the optical continuum; therefore, we required a dataset
that allowed us to study the intensity in the continuum. The stan-
dard product capturing the intensity of the pseudo-continuum
around the Fe i 6173 Å line is the Ic product available via JSOC2

with a cadence of 45 s. This product results from the reconstruc-
tion of the spectral line from a non-trivial sequence of line scans
in various light-polarisation states, and it is known not to repre-
sent the true continuum signal very well in solar flares (Švanda
et al. 2018).

To overcome this issue, we used level 1 data, the filtergrams,
which are available upon request from JSOC. The HMI scans the
iron line at six nominal positions. The filtergrams were aligned
to IRIS/SJI using the reproject_to routine from the SunPy
Project (The SunPy Community et al. 2020). In the following,
we focus only on the outer positions, that is, those represent-
ing −172 mÅ and +172 mÅ shifts from the nominal spectral-
line position. A continuum enhancement should be registered at
all scan positions; therefore, utilising the measurements far in
the spectral-line wings allowed us to separate the continuum en-
hancement from a possible brightening in the spectral line. Un-
fortunately, these filtergrams were not recorded simultaneously,
and their time stamps differ due to the sequence scan performed
by HMI. To have a pseudo-continuous series, we interpolated
both filtergram series to a uniform series with a cadence of 30 s.
Then, we averaged the blue-most and the red-most filtergrams to
represent the evolution of the continuum.

2.6. Hα and spectral observations from Ondřejov

The flare was also observed by ground-based instruments located
at the Ondřejov observatory. These include an Hα telescope and
two spectrographs that operate in the visible and infrared por-
tions of the solar spectrum. These instruments supported the co-
ordinated campaign of GREGOR and HOP 422 by observing the
same target regions.

2 http://jsoc.stanford.edu

The Solar Patrol Service (SPS) observes the Sun in the pho-
tospheric continuum and Hα line filters, both in two modes: full-
disc and detail of a selected AR. On 2022 May 04, SPS observed
the AR with an Hα filter using a 210mm f/16.3 achromatic re-
fractor, producing images with a 0.44′′ plate scale and 1 s tempo-
ral cadence. As the observations are not in a final configuration
and not yet flare-optimised, the flare ribbons in the Hα SPS im-
age can become saturated (see Fig. 1o).

The Horizontal-Sonnen-Forschungs-Anlage-2 (HSFA-2;
horizontal device for solar research) is a high-dispersion
spectrograph. It simultaneously observes five spectral regions
in high spectral resolution along with slit-jaw Hα images of
the target region. The last upgrade was done in 2020. In the
current setup, it observes with an FOV with a radius of ∼280′′.
An example of an SJI taken during the campaign is shown in
Fig. 1n. The grey line indicates the slit position. More details
about the spectrograph can be found in Zapiór et al. (2022) and
Kotrč (2009).

The Flare Intensity Continuum Ultrawide Spectrograph (FI-
CUS) is a new low-dispersion spectrograph based on a setup
described by Kotrč et al. (2016). The instrument has been re-
located so that it is now fed by its own dedicated coelostat. The
FICUS instrument provides spectra in the 3500-9300 Å wave-
length range and Hα images of a selected region with a time
resolution on a (sub)second timescale and a plate scale of about
0.5′′. The FICUS design employs an image selector and several
circular diaphragms of varying aperture to select the observed
area. An example of a context Hα image from FICUS is shown
in Fig. 1m. There, the area observed by the spectrograph is de-
limited by the bright white circular rim of the diaphragm, denot-
ing the selected 61′′ aperture diameter.

The coalignment of the three Hα observations from Ondře-
jov was done manually, first the SPS with AIA 1600 Å and then
FICUS and HSFA-2 with respect to SPS. The SPS data were
of maximum importance during the GREGOR campaign, where
observers benefited from the real-time SPS Hα full-disc and de-
tailed observations from which to choose an interesting target for
GREGOR. Due to the not-yet optimised configuration of SPS,
its data were not used for further analysis. Spectral data from
HSFA-2 were not analysed in this work either since the HSFA-2
slit did not cross the flare region captured by the IRIS slit. Pre-
liminary analyses of the FICUS spectra did not show any contin-
uum flare enhancement, probably due to the small portion of the
flare area within the FICUS FOV.

2.7. X-ray observations

During the impulsive phase, the flare emission in the X-ray
domain was only observed by the GOES-16 satellite and the
Konus-Wind instrument. The Wind spacecraft orbits in inter-
planetary space (L1 Lagrange point), which provides a stable
background for Konus omnidirectional observations. Konus de-
tected hard X-ray emission in the 19 - 80 keV energy range (G1
channel) during the so-called waiting mode. Therefore, the data
are available as a count rate light curve in the wide energy chan-
nel G1 with an accumulation time of 2.944 s (Lysenko et al.
2022).

3. Multi-wavelength evolution of a flare kernel

Our aim is to study the flare continuum enhancement by ex-
ploiting the high temporal cadence of HiFI+ and IRIS datasets
and the full read-out of the NUV spectra provided by IRIS. The
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Fig. 2. IRIS NUV spectrum recorded at the time of maximum continuum emission (08:57:45 UT) along the full IRIS slit with colour boxes
marking the spectral ranges (A, B, C, D, and E) used for the light curve plots and for the continuum analysis. On the right is a synchronous IRIS
SJI snapshot with a horizontal white line marking the height of pixel No. 53. Animations of the IRIS data are publicly available here.

IRIS slit was positioned above the polarity inversion line of the
AR, and it crossed quiet-Sun regions, pores, and penumbral fila-
ments. Gentle brightenings in the shape of flare ribbons were vis-
ible between 08:54 and 09:01 UT. The brightest parts of the flare
ribbons were located out of the IRIS slit position (see Fig. 1i).
Nonetheless, there was a faint flare emission crossing the slit at
around 08:57:30 UT. This emission occurred on the border of a
pore, and it was located in the pixel No. 53 (counting from the
bottom) along the slit. The position of pixel No. 53 is marked
with red arrows in Fig. 1i. We investigated the multi-wavelength
temporal evolution of this pixel in order to extract the flare con-
tinuum emission.

3.1. IRIS near-ultraviolet bands

The maximum flare continuum enhancement on the IRIS slit
was reached at 08:57:45 UT. The corresponding spectra along
the IRIS slit are plotted in Fig. 2. One can see a spatially narrow
enhanced emission at the position Y = 53 in the whole spectral
window. This enhancement is manifested by a strong emission
in Mg ii h, k, and triplet lines as well as by a gentle increase of
the continuous emission in the whole spectral range. Moreover,
brightenings are also present in many other narrow lines. Pixel
No. 53 is located at the edge of a dark structure that corresponds
to a pore of the size ∼3.3′′that spans from pixels No. 55 to 65.

The location of pixel No. 53 at the edge of the pore intro-
duces complications in studying the long-term evolution of the
flare continuum. This is because the IRIS pointing wobbles by
about 0.6′′ in the solar Y direction during the HOP 422 (see Ap-
pendix A). Fortunately, the flare occurred in one of the troughs of
the wobble, when the pointing changes were very slow between
about 08:40 and 09:00 UT (Fig. A.1). In the following, we re-
strict our analysis of the IRIS flare spectra to this time interval.

For a detailed analysis of the temporal evolution of the flare
emission within the NUV spectral window, we delimited the
spectral bands A, B, C, D and E, inside which the emission was
determined by averaging the intensity within the band. The posi-
tions of these bands in the spectra are presented in Fig. 2. Bands
A, B, and C are meant to represent continuum emission, and
bands D and E represent line-dominated emission. Band A was
defined by Joshi et al. (2021a) and covers the NUV spectrum be-
tween 2827.0 and 2834.5 Å, far from the Mg ii lines. This band
contains many other narrow lines, which exhibited enhanced
emission in the flare kernel. Band B is much narrower (2825.7 –
2825.8 Å) and was defined by Heinzel & Kleint (2014). It is lo-
cated in a spectral region where no absorption lines are present.
Finally, we defined band C as spanning the range 2832.05 –

2832.26 Å. This band does not contain any spectral line and is
located far away from Mg ii lines, where the contribution from
their far wings is negligible. Prominent Mg ii lines can exhibit
strong and wide wings during solar flares (see, e.g., Liu et al.
2015); therefore, a large spectral distance from them is needed.
In addition, we defined band D (2802.7 – 2804.5 Å) and band
E (2798.55 – 2799.21 Å), which represent the emission in the
Mg ii h line and in the Mg ii triplet, respectively.

In Fig. 3, we present a photometric cut for pixel No. 53,
where we plot the spectrum before, during, and after the max-
imum intensity enhancement. We marked the spectral bands de-
fined above with vertical colour boxes. We clearly observed that
the spectrum intensity at the flare maximum is significantly en-
hanced in the whole spectral range with respect to the pre- and
post- flare emission. The maximum flare emission is ∼2.4 times
stronger than the preflare intensity and ∼1.2 times stronger than
after the maximum. To get a better understanding of the here
defined band C, we zoomed-in on the spectra from Fig. 3. Fig-
ure 4 shows that band C is not influenced by the far wings of the
Mg ii lines nor other weaker lines. Therefore, any enhancement
observed would be due to an enhancement of the continuum.

It is worth mentioning that in Joshi et al. (2021a), the authors
investigated the flare continuum that defined not only band A but
also another spectral band, A1, that covered 2784.0 – 2791.5 Å
on the short-wavelength side from Mg II lines. This A1 band
is marked as a blue box in Fig. 3, where it is clear that it con-
tains many weak lines. The enhancements of these lines in band
A1 are visible as small brightenings in pixel No. 53 in Fig. 2.
Consequently, we decided not to use this spectral range for the
continuum enhancement analysis.

3.2. Light curves

We limited the light curves to the period between 08:52 and
09:00 UT. These times include the preflare, the impulsive phase,
and part of the gradual phase. Figure 5 summarises the multi-
wavelength temporal evolution of the flare kernel located at pixel
No. 53 of the IRIS slit.

Despite a lack of spatial information in flare hard X-ray
sources, we were able to identify the flare impulsive phase us-
ing spatially integrated X-ray emission. The Konus count rate
in the 19 - 80 keV energy range corresponds to energies gen-
erally produced by non-thermal electrons accelerated during the
flare. In addition, the time derivative of the soft X-ray emission
detected by GOES was used as a proxy for the presence of non-
thermal particles, assuming the Neupert effect (Neupert 1968).
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Fig. 3. IRIS NUV spectral profiles obtained at the position of the flare kernel (pixel No. 53 along the IRIS slit). The three curves represent the
spectrum at the time of maximum enhancement of the continuum emission at 08:57:45 UT (red curve) and at times before and after the maximum
(green and blue curves respectively). With different colours (see description in Fig. 2), we mark the spectral ranges A - E. We also marked the A1
range used in Joshi et al. (2021a) but excluded from our analysis (see the text for details).

Fig. 4. Zoom-in of Fig. 3 to show the spectral range used in this paper for the continuum enhancement analysis, IRIS band C (green box).

The time variations of these light curves, shown in Fig. 5a, agree
reasonably well and suggest that the impulsive phase and the re-
lated hard X-ray emission started at ∼ 08:56 UT with two short
spikes of several-second duration. Those spikes were followed
by a third, last hard X-ray pulse starting at ∼ 08:56:54 UT.

The AIA flare emissions in pixels co-spatial to pixel No. 53
of the IRIS slit are depicted in Fig. 5b. All AIA passbands (1700,
1600, and 304) show a gradual increase of intensity, with a first
peak of emission at around 08:55 UT. This was followed by a
second more intense peak at around 08:57:20 UT. The coarse
temporal cadence of AIA datasets does not allow for a precise
determination of the flare maximum enhancements, but they pro-
vide context.

Regarding the IRIS NUV emission, Fig. 5 contains the
flare evolution in all the defined bands A – E. The continuum-
dominated bands (Fig. 5c) display a sudden increase of emission
at ∼08:57 UT. All the curves exhibit a first peak at 08:57:20 UT

and a second stronger peak at 08:57:45 UT. The whole increase
of the emission was observed for 80 s, starting from 08:57 UT.

It is worth noting that bands B and C show similar tempo-
ral evolution, while curve A differs from them both. We inter-
pret this situation in the context of the definition of the spectral
bands. Band B and the here defined band C contain only con-
tinuum emission, without spectral lines. On the contrary, band
A also contains many narrow spectral lines (see Fig. 2) that
went into emission during the flare brightening in pixel No. 53.
It is difficult to extract pure continuum emission from such a
wide spectral band. Line emission may have a different temporal
evolution than continuum emission due to the different mecha-
nisms responsible for their formation and their different forma-
tion heights. Bands B and C display an offset that is approxi-
mately constant during the whole analysed time, and it is caused
by the different wavelength distance from the Mg ii lines.
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Fig. 5. Light curves in several wave-
length bands corresponding to spatially
integrated emission (panel a) and pixels
co-spatial with the pixel No. 53 along
the IRIS slit (panels b - e). Panel a:
Konus count rate in the G1 channel and
GOES time derivative. Panel b: Emis-
sion in several SDO/AIA filters with the
1600 Å filter data scaled by ten for plot-
ting purposes. Panels c - d: calibrated
intensity averaged in the IRIS spectral
bands A, B, C (panel c; continuum emis-
sion), D, and E (panel d; line emis-
sion). Panel e: Emission relative to the
quiet-Sun values in several GREGOR
HiFI+ filters. The preflare time interval
for evaluating the IRIS C band preflare
emission is delimited by two solid verti-
cal lines in panel c). The vertical dotted
line indicates the start of the last HXR
pulse.
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In Fig. 5d, we have plotted the temporal evolution of the
Mg ii line-dominated emission in bands D and E. These curves
are very similar to each other. They show a first enhancement
at around 08:55 UT that is co-temporal to the first enhancement
observed in the AIA light curves. Bands D and E also show one
main maximum at 08:57:15 UT. Unlike the continuum emission,
which is formed lower in the solar atmosphere, the Mg ii line
emission comes mainly from the chromosphere located higher
and in a non-LTE regime.

It is interesting to note that within the analysed period, there
is a second intensity peak around 08:59 UT that is only present
in the continuum emission (Fig. 5c). This secondary maximum
occurs at a time when the IRIS pointing started to change due
to the wobble in the Y-axis direction (Appendix A). This means
that the secondary maximum could contain contributions from
different, brighter photospheric areas as a result of the change
in pointing plus contributions from the intrinsic evolution of the
pore. Therefore, the secondary maximum does not necessarily
reflect the evolution of the flaring continuum itself.

Light curves of optical emissions as detected by several
GREGOR/HiFI+ filters corresponding to IRIS pixel No. 53 are
shown in Fig. 5e. Both Hα filters show an evolution similar to
that in the IRIS bands D and E (line emission), namely after
∼ 08:54 UT. On the other hand, the light curves of the continuum
filters display intensity enhancements at ∼08:57:20 UT that are
co-temporal to bad seeing conditions. That is, the intensity from
the dark pore was contaminated by the nearby brighter granula-
tion. All GREGOR/HiFI+ light curves in Fig. 5e were scaled by
time-dependent quiet-Sun values (from a quiet-Sun region in the
HiFI+ cameras FOV). The gap in the Hα data at ∼ 08 : 56 UT is
due to a change in exposure time.

Overall, the third hard X-ray pulse (∼ 08:56:54 UT) is co-
temporal to the IRIS continuum and line bands and to the Hα
broad- and narrowband brightenings. Moreover, brightenings are
also prominent in the AIA 304, 1600, and 1700 Å light curves.
Because these AIA passbands correspond to emission from tran-
sition region, chromosphere, and photosphere, we conclude that
the co-temporal increase of emission in the position of IRIS pixel
No. 53 with the HXR pulse was related to the heating of the solar
atmosphere at that position by non-thermal electrons.

4. Continua enhancements

4.1. Near-ultraviolet continuum in IRIS

We extracted the continuum enhancement due to the flare heat-
ing by subtracting the preflare emission from the flare emission
in the here defined band C between 08:56:54 and 08:58:50 UT.
The preflare emission was calculated by averaging the intensity
in a time interval indicated in Fig. 5c. We note that X-ray and
UV emissions at that time interval are also below flare values,
as seen in Fig. 5a and 5b. However, the preflare time interval
precedes the start of the flare seen in the GOES X-ray emission
derivative by ∼ 1 min only. The IRIS band C preflare value is
(1.730 ± 0.061) × 105 erg s−1 cm−2 sr−1 Å−1, determined as the
mean and standard deviation of the intensities during the pre-
flare time interval. The standard deviation was further used as an
estimate of the uncertainty of the IRIS continuum intensities.

4.2. Optical continuum

The observations from GREGOR/HiFI+ and SDO/HMI were
used to estimate the limit on the enhancement in the optical
continuum. Both instruments recorded the intensity in arbitrary

Fig. 6. Evolution of the signal in GREGOR/HiFI+ filters (upper panel,
blue line indicates the blue continuum at 450.6 nm and red the TiO
band) and the far wings of the Fe i 6173 Å line from SDO/HMI (lower
panel). The crosses indicate the measured signal in a pixel co-spatial
with pixel No. 53 on the IRIS slit. The dotted line indicates the fitted
background, which represents the smooth evolution in the quieter pe-
riod. The dashed regions indicate the time ranges used for the fitting of
the smooth background.

units. In order to comply with the theoretical model for the con-
tinuum, we needed to convert those values into physical units
using a simplified procedure similar to that described by Kleint
et al. (2016) for HMI. The authors first determined the disc-
centre intensity in the instrumental units. In order to do so, they
used a small box around the disc centre from the same filter-
grams they used for the construction of the continuum light
curve. Then they compared this value to the atlas (Neckel 1994)
value of the continuum near the Fe i 6173 Å line. The corre-
sponding atlas value was 0.315 × 107 erg s−1 cm−2 sr−1 Å−1. As-
suming the linearity of the charge-coupled device (CCD) chip,
the ratio of the two numbers allowed them to convert HMI mea-
surements into the physical units using this simplistic approach.

In our case, we first analysed the possible continuum en-
hancement in the broadband GREGOR/HiFI+ channels. We
used only the channels of the blue continuum and TiO. We
avoided the use of the G-band broadband filter because this spec-
tral region is filled with spectral lines, and moreover there is a
risk of cross-talk with the magnetic field. On the other hand, the
lines in the TiO band appear only in sunspot umbrae because
TiO molecules dissociate at T > 4000 K in atmospheres of the
Sun and cool stars (Berdyugina et al. 2003; Bidaran et al. 2016).
Otherwise, the intensity observed in the TiO band corresponds
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to the continuum intensity. Since pixel No. 53 is located at the
edge of a pore where the probability of T < 4000 K is low, we
expected that the observed TiO band intensity is dominated by
continuum and not by molecular lines. The procedure of convert-
ing the instrumental units to absolute units was somewhat com-
plicated as compared to that described by Kleint et al. (2016) due
to the fact that the reference disc centre was out of the FOV of
the HiFI+ observations, and hence one-to-one conversion could
not be done directly.

In order to overcome this issue, we first estimated the limb-
darkening factor at the position of the IRIS slit. For the quiet-
Sun reference, we chose pixels No. 170–200 on the position of
the IRIS slit and computed the median value for the blue contin-
uum and TiO HiFI+ channels. At this position, the correspond-
ing heliocentric distance is equal to µ = 0.97. Following the ap-
proximate formulae given by Cox (2000), we determined limb-
darkening factors of 0.984 for the blue continuum and 0.993 for
TiO. By dividing the quiet-Sun reference on the slit by these fac-
tors, we obtained the expected value of the disc-centre intensity
in the instrumental units.

The disc-centre intensity in the absolute units was ob-
tained by integrating the atlas spectrum (Neckel 1994) with
the known filter transmission profiles (see Fig. 9 and Table 1
of Denker et al. 2023). The resulting values were 0.417 ×
107 erg s−1 cm−2 sr−1 Å−1 for the blue continuum and 0.242 ×
107 erg s−1 cm−2 sr−1 Å−1 for TiO. The one-to-one comparison
of the filter-integrated atlas spectrum in the absolute units with
the estimate of the disc-centre intensity in the instrumental units
obtained in the previous step led to the multiplicative conver-
sion factors. These factors were then used to convert the inten-
sity in the broadband filters at the position of the interesting pixel
No. 53 of the IRIS slit into absolute units.

In this way, we obtained the time series of the intensity in
pixel No. 53 in the HiFI+ broadband channels. The time cadence
of the HiFI+ imaging system is very short (on the order of mil-
liseconds), so in order to minimise the effect of the atmospheric
seeing, we averaged the consecutive frames from each burst of
500 images stored within one file by HiFI+. We averaged the 500
consecutive frames for TiO. The camera with the blue continuum
filter took twice the time to record a burst; therefore, we divided
each burst in half and averaged the corresponding consecutive
250 frames. The final averaged frames have a larger temporal
cadence of about 5 s. We note that the blue continuum and TiO
light curves in Fig. 5e look flatter than in Fig. 6 due to the scaling
and axis ranges.

As evident from the light curve of the GREGOR/HiFI+mea-
surements at a position equivalent to pixel No. 53 on the IRIS slit
(see Fig. 6 upper panel), there is no obvious continuum enhance-
ment detected at the time of the flare except for an apparent brief
enhancement after a short break in observations (∼08:52 UT),
which was caused by bad seeing. The flare kernel is also not
detectable in the running difference of the GREGOR/HiFI+ ob-
servations. Therefore, the enhancement, if any, has to be lower
than the fluctuations of non-flare origin, such as seeing fluctu-
ations. Hence, only an upper limit on the possible continuum
excess may be determined.

The upper limit on the excess was then determined as a
root mean square value of the deviations of the signal from the
parabolic fit in the period around the flare. The background fit
was obtained while specifically excluding the span of the flare
impulsive phase (see the dashed regions in Fig. 6). In the phys-
ical units, those upper limits were 61 000 erg s−1 cm−2 sr−1 Å−1

for the blue continuum and 27 000 erg s−1 cm−2 sr−1 Å−1 for TiO.

For the HMI far-wing filtergrams, we followed the recipe by
Kleint et al. (2016). The value of 45 600 DN/s determined for the
small box around the disc centre was compared to the expected
atlas value of 0.315 × 107 erg s−1 cm−2 sr−1 Å−1, and the ratio
of the two served as a conversion factor from HMI instrumen-
tal values to absolute units. Once again, similar to the procedure
performed for the GREGOR observations described above, we
fitted a smooth background curve to the time series following
exactly the same reasoning, and we computed the signal vari-
ations with respect to this smooth background change. In the
corresponding light curve, no obvious enhancement at the time
of the flare onset is visible. Hence (again, similar to the case of
the GREGOR data), we estimated only the upper limit by cal-
culating the root mean square values of the smooth-background
residuals. The obtained value was about 270 DN/s, which corre-
sponds to 19 000 erg s−1 cm−2 sr−1 Å−1 when assuming the con-
version described above.

5. Estimation of temperature in the flaring
chromosphere

5.1. Method

Building on the method employed by Heinzel et al. (2017), the
temperature at the layer where the continuum enhancement is
formed can be estimated. We assumed that any excess of the
continuum emission is due to increased optically thin emission,
Iν, from hydrogen recombination processes occurring in a heated
layer of thickness D:

Iν = n2
e D
∑

i

Fi(ν,T ) , (1)

where

Fi(ν,T ) ∼ gbf(i, ν)Bν(T )T−3/2ehνi/kT (1 − e−hν/kT )/(iν)3 . (2)

There, ne is the electron density, and the subscript i (i= 2,3,4,5)
denotes different hydrogen recombination continua, Balmer,
Paschen, Brackett, and Pfund, with corresponding wavelengths
at continuum heads of λ2 = 3646 Å, λ3 = 8204 Å, λ4 = 14584 Å,
λ5 = 22790 Å, respectively. The Gaunt factor is gbf(i, ν) ≈ 1.
The term n2

e Fi(ν,T ) is the recombination emissivity (see, e.g.,
Heinzel et al. 2017), and n2

e D is the emission measure (see, e.g.,
Dominique et al. 2018).

This method requires two different wavelengths in the optical
(Opt) and in the UV range. The bound-free emission at those
wavelengths is

IUV = n2
e D

5∑
i=2

Fi(νUV,T ) ,

IOpt = n2
e D

5∑
i=3

Fi(νOpt,T ) . (3)

Assuming that all recombination continua are formed within
the same layer, the ratio of their intensities is then only a function
of temperature,

IOpt/IUV = f (T ) . (4)

We point out that although the ratio is dimensionless, its nu-
merical values depend on whether Iν or Iλ is used. Here, we used
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Fig. 7. Theoretical ratios, f (T ), for three wavelengths at the optical
range: λblue, λHMI, and λTiO.

Iλ, as all observed intensities were calibrated per wavelength.
Additionally, we note that Kerr & Fletcher (2014) used a sim-
ilar ratio method for their optically thick black-body model of
flare white-light emission. Likewise, our approach follows simi-
lar steps as their other method to constrain the temperature of a
chromospheric slab under an optically thin assumption.

This approach is straightforward to apply to off-limb flares,
for example those in Heinzel et al. (2017), where D is the line of
sight geometrical thickness of a flare loop. For such cases, it is
reasonable to assume optically thin emission. The stratification
of electron density and temperature along an off-limb flare loop
then results in continuum intensity stratification with height.

In our case, that is for a flare on the disc, the observed in-
tensity is given by the integral of the emissivity contributions
along the flare loop. Therefore, the excess of intensity, ∆Iν, with
respect to a preflare state is

∆Iν ≈
∫

n2
e(z)
∑

i

Fi(ν,T (z))e−τ(z)dz ≈ D
〈
n2

e

〉 〈∑
i

Fi(ν,T )
〉
,

(5)

still assuming that the flare intensity enhancement is optically
thin and that the photospheric layers where the optically thick
part of the continuum emission is formed are not affected by the
flare process. Therefore, the contribution of the undisturbed pho-
tosphere can be subtracted. This approach agrees with Potts et al.
(2010), who showed that optical continuum emission detected in
X-class flare ribbons observed on the solar disc is of small opti-
cal depth.

Furthermore, assuming that the flare intensity enhancement
comes predominantly from similar layers for both chosen wave-
lengths, the mean value

〈
n2

e

〉
cancels out, and the enhancement

intensity ratio depends on the temperature in a manner similar to
the way it does in Eq. (4):

∆IOpt/∆IUV = f (⟨T ⟩) , (6)

where ⟨T ⟩ is the mean temperature of the layers where the con-
tinuum enhancement originates.

Following the conclusions of Heinzel et al. (2017), this anal-
ysis neglected contributions from the hydrogen free-free emis-
sion and Thompson scattering. Details of the method and testing

of its validity are beyond the scope of this work, but they are
subjects of a follow-up paper (Kašparová et al. in prep.).

5.2. Determination of ⟨T ⟩

This rather simple method permits an estimation of ⟨T ⟩ by solv-
ing Eq. (6) for the measured enhancement ratios. The temper-
ature dependence of the theoretical enhancement ratios at typi-
cal flare chromospheric values is shown in Fig. 7. In evaluating
function f , Eq. (6), we accounted for relevant hydrogen recom-
bination continua as in Eq. (3). We calculated the ratio between
optical (HMI and TiO) and NUV (IRIS band C) enhancements,
as seen in Fig. 8b. For this calculation, we used the enhance-
ment of the IRIS band C above the preflare level and the deter-
mined upper limits of enhancement for HMI and TiO, estimated
in Sec. 4.1 and Sec. 4.2, respectively, and summarised in Fig. 8a.

The resulting time evolution of ⟨T ⟩ obtained from two en-
hancement ratios, namely ∆IHMI/∆IIRIS and ∆ITiO/∆IIRIS, is plot-
ted in Fig. 8c. The time interval is constrained to the period of
the first intensity increase in IRIS band C. The shaded region
indicates the spread of ⟨T ⟩ values, taking into account the stan-
dard deviation of the intensities in band C during the preflare
interval (see Sec. 4.1). We note that since we used upper limits
of HMI and TiO enhancements, we determined lower limits of
the mean temperature ⟨T ⟩. The real optical continuum enhance-
ments could be lower and therefore lead to smaller ratios and
higher temperatures, according to the theoretical behaviour of
f (T ) for HMI and TiO wavelengths in Fig. 7. Also, we point out
that the time resolution of the temperature light curve is dictated
by the time resolution of the IRIS spectral data.

The HiFI+ blue filter data and the corresponding
∆Iblue/∆IIRIS ratio were not used for the determination of
⟨T ⟩ because the limit of enhancements in the GREGOR blue
filter (Sec. 4.2) leads to ratios higher than the theoretical ratios
(the blue curve in Fig. 7 is lower than ∼ 0.14, and its behaviour
does not change for higher temperatures). Similarly, as for the
limits of HMI and TiO enhancements, the real enhancement
in the blue filter could be lower but not zero. Our approach
to determine the temperature of the layers where the flare
continuum emission originates is valid only for non-zero optical
enhancements. If we assume that the detected enhancement in
the IRIS NUV continuum is due to the bound-free contribution,
there must be a corresponding contribution in the optical
continuum. Yet, it could be below the detection limits of the
data we have at our disposal.

Additionally, the mean electron density, ⟨ne⟩, could be de-
termined from the observed enhancement at IRIS band C and
the modelled enhancement evaluated for the obtained ⟨T ⟩ (see
Eq. 3). That is ⟨ne⟩ = (∆IIRIS/IIRIS/D)1/2. The thickness of the
layer where the continuum enhancements are formed, D, was
obtained from Heinzel et al. (2017, Figs. 1, 2; Sec. 4.1). In that
work, the optical continuum enhancements in the analysed off-
limb flares extend over ∼ 500 km above the limb, as seen in the
HMI data. Adopting the results presented above, we obtained
⟨ne⟩ ∼ 1 × 1013 cm−3.

6. Discussion

Based on Heinzel & Kleint (2014), the observed NUV flare con-
tinuum emission is produced by bound-free transitions, which
implies that there is an optical continuum enhancement as well.
Due to the limitations to detect the continuum by HMI and to
the seeing-induced intensity fluctuations at GREGOR, the flare
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Fig. 8. Time evolution of (a) the determined intensity enhancement at
λIRIS and the upper limits at λblue, λHMI, and λTiO; (b) the measured
ratios for the three different wavelengths at the optical range: λblue,
λHMI, and λTiO; (c) the lower limit on the mean temperature as deter-
mined from ∆ITiO/∆IIRIS and ∆IHMI/∆IIRIS.

kernel was not unambiguously detected in the optical broadband
observations. However, the construction of the light curves at the
location corresponding to pixel No. 53 on IRIS slit allowed us to
estimate an upper limit on the brightness changes caused by the
flare. These upper limits contributed to constraining of the tem-
perature of the heated atmosphere.

We determined a lower limit on the mean temperature and
its time evolution in the layer where the optically thin flare con-
tinuum enhancement is formed without assuming any value for
the so-called emission measure, n2

e D – in contrast with previous
similar works (see, e.g., Heinzel et al. (2017); Kerr & Fletcher
(2014); Dominique et al. (2018)). The determined lower lim-
its of the temperature vary in the ∼ (3 − 15) × 103 K range,
which is similar to the temperatures obtained in the radiation-
hydrodynamical simulations of beam heating of an initial VAL
C-like atmosphere (Heinzel et al. 2017; Kašparová et al. 2019;
Carlsson et al. 2023) and to values determined by Kerr &
Fletcher (2014) in their optically thin scenario.

Additionally, we obtained the mean electron density of the
emitting chromospheric layer, ⟨ne⟩ ∼ 1 × 1013 cm−3, which is
similar to the modelled values in Heinzel et al. (2017) and those
discussed in Kerr & Fletcher (2014); Dominique et al. (2018). It
also lies within the transition region densities determined from
IRIS FUV line ratios (Polito et al. 2016a; Joshi et al. 2021b) or
obtained in numerical models (Kerr et al. 2019).

The time evolution of the lower limit of the temperature
shows rapid variations on a timescale of several seconds (see
Fig. 8), reflecting the IRIS temporal resolution of ∼ 3 s. Indi-
vidual peaks last less than ∼10 s, with a single-point maximum,
meaning that they are likely strongly undersampled, and possibly
have an even shorter duration. We note that similar fast changes
in the intensity of different flaring lines have been observed
before (see, e.g., Jeffrey et al. 2018; Lörinčík et al. 2022a,b).
The exact nature of these variations is beyond the scope of our
present paper; nevertheless, there are several conceivable mecha-
nisms, including intermittent particle acceleration (as suggested
by both the GOES derivative and the multi-peak Konus-Wind
HXR light curve) and turbulence (Jeffrey et al. 2018), which it-
self can be related to particle acceleration (Bian et al. 2014). Fi-
nally, we note that microwave emission in the 5-15 GHz range
shows similar time evolution to the HXR light curve (Smirnova
et al. 2023). This suggests that both types of emission were pro-
duced by the same population of non-thermal elections.

Using the values of ⟨T ⟩, ⟨ne⟩, and the limb-darkening factor
for near-Hα continuum, we estimated the expected relative con-
tinuum enhancement for FICUS. Since 15% of the observed area
was covered by the Hα solar flare (based on Fig. 1m), the relative
continuum enhancement was below 1%. Such an enhancement
is smaller than the FICUS data uncertainties for this particular
flare and confirms the lack of enhancement detection in FICUS
near-Hα continuum.

7. Summary

We have presented the first results of the first successful joint
GREGOR and IRIS observing campaign of solar flares. The
campaign was supported by ground-based instruments located
at the Astronomical Institute in Ondřejov. On 2022 May 4, we
observed a confined M5.7 solar flare, with one flare ribbon cross-
ing the slit of the IRIS spectrograph. We investigated the tempo-
ral evolution of spectral (IRIS NUV) and imaging (GREGOR
HiFI+) data in a rather faint flare kernel at the edge of a pore.
These data were complemented by space-based observations
from AIA, HMI, GOES-16, and Konus.

We focused on the observations of the NUV and optical flare
continuum obtained with unprecedented temporal resolution by
IRIS and HiFI+, respectively. The NUV spectra recorded at full
read-out mode allowed us to examine continuum enhancements
at wavelengths farther away from the strong Mg II lines than in
previous studies. We found that the NUV continuum emission
showed rapid temporal variations. On the other hand, due to lim-
itations of the HMI instrument and seeing conditions at GRE-
GOR, the HiFI+ and HMI datasets allowed us to estimate only
an upper limit of the flare continuum enhancement in the optical
range. The spatially integrated HXR light curves supported our
interpretation of flare-related continuum emission.

The combination of the optical and NUV continuum analy-
ses led to a lower limit on the temperature of ∼ (3 − 15) × 103 K
and a mean electron density of ∼ 1 × 1013 cm−3 in the flaring
chromospheric layers. This study demonstrates the rich diag-
nostic potential that multi-instrument and multi-wavelength flare
campaigns have. Our findings support previous indications that
continuum enhancement is also present in confined flares and in
flaring areas of weak emission and that the associated tempera-
ture varies on very short timescales.

Acknowledgements. A.B., J.D., J.K., M.G.R., M.P., M.S., M.Š., M.Z., and
W.L. acknowledge the institutional support RVO:67985815 from the Czech
Academy of Sciences. J.D. and J.K. acknowledge the Czech National Sci-
ence Foundation, Grant No. GACR 22-07155S, and G.G.M., M.G.R., and M.Z.

Article number, page 12 of 14



M. García-Rivas et al.: Flare heating of the chromosphere: Observations of flare continuum from GREGOR and IRIS

acknowledge Grant No. GACR 21-16508J. A.B. also acknowledges the sup-
port within the ”Excellence Initiative-Research University” for years 2020-
2026 at University of Wrocław, project no. BPIDUB.4610.96.2021.KG. and
BPIDUB.4610.15.2021.KP.B. We thank Alexandra Lysenko for providing us
with Konus-Wind data, http://www.ioffe.ru/LEA/kwsun/. This research data
leading to the results obtained has been supported by SOLARNET project that
has received funding from the European Union’s Horizon 2020 research and in-
novation programme under grant agreement No. 824135. The 1.5-metre GRE-
GOR solar telescope was built by a German consortium under the leadership of
the Institute for Solar Physics (KIS) in Freiburg with the Leibniz Institute for
Astrophysics Potsdam, the Institute for Astrophysics Göttingen, and the Max
Planck Institute for Solar System Research in Göttingen as partners, and with
contributions by the Instituto de Astrofísica de Canarias and the Astronomical
Institute of the Academy of Sciences of the Czech Republic. IRIS is a NASA
small explorer mission developed and operated by LMSAL with mission op-
erations executed at NASA Ames Research Center and major contributions to
downlink communications funded by ESA and the Norwegian Space Centre.

References
Allred, J. C., Hawley, S. L., Abbett, W. P., & Carlsson, M. 2005, ApJ, 630, 573
Anzer, U. & Heinzel, P. 2005, ApJ, 622, 714
Aptekar, R. L., Frederiks, D. D., Golenetskii, S. V., et al. 1995, Space Sci. Rev.,

71, 265
Berdyugina, S. V., Solanki, S. K., & Frutiger, C. 2003, A&A, 412, 513
Berkefeld , T., Schmidt, D., Soltau, D., von der Lühe, O., & Heidecke, F. 2012,

Astronomische Nachrichten, 333, 863
Bian, N. H., Emslie, A. G., Stackhouse, D. J., & Kontar, E. P. 2014, ApJ, 796,

142
Bidaran, B., Mirtorabi, M. T., & Azizi, F. 2016, MNRAS, 457, 2043
Carlsson, M., Fletcher, L., Allred, J., et al. 2023, A&A, 673, A150
Cheng, J. X., Ding, M. D., & Carlsson, M. 2010, ApJ, 711, 185
Collados, M., López, R., Páez, E., et al. 2012, Astronomische Nachrichten, 333,

872
Cox, A. N. 2000, Allen’s astrophysical quantities (Springer)
De Pontieu, B., Title, A. M., Lemen, J. R., et al. 2014, Sol. Phys., 289, 2733
Del Zanna, G. 2013, A&A, 558, A73
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Fig. A.1. IRIS pointing during the HOP 422 on 2022 May 4 showing
the evolution of the pointing in terms of the centre of the SJI FOV [XC,
YC].

Appendix A: IRIS pointing wobble during the 2022
May 4 flare

The IRIS light curve analysis presented in Sect. 4.1 is compli-
cated by the changes in the IRIS pointing. During the HOP 422
(OBS 3884855852: Medium sit-and-stare), lasting from 7:30 to
about 13:00 UT on 2022 May 4, IRIS tracked the AR 13004.
This tracking is clearly identifiable as a continuous increase of
the IRIS XC, the Solar X coordinate of the SJI FOV (top panel
of Fig. A.1). Except minute residuals, this tracking is easily rec-
tified with the correction of the solar differential rotation.

However, the pointing in Y was not stable, as indicated by
the IRIS YC coordinate. Here, IRIS showed an orbital wobble
with an amplitude of about 0.6′′; that is, about 2 pixels (in the
spatially binned SJI images). The wobble, as indicated by the
bottom panel of Fig. A.1, is primarily sinusoidal, but with a sec-
ular component. This secular component is reduced, but not re-
moved, by the correction for differential rotation. The wobble is
not affected by this procedure.

We note that the orbital wobble occurs due to thermal bend-
ing of the mounting of the IRIS guide telescope (see Sect. 4.5
of De Pontieu et al. 2014) and is in phase with the IRIS orien-
tation with respect to the illuminated side of the Earth. The or-
bital wobble is normally corrected using orbital wobble tables3

to less than about 0.3′′ (De Pontieu et al. 2014). Why the wobble
is larger in the present observation is not known to us.

Appendix B: Testing the absolute calibration of IRIS
near-ultraviolet spectra

In order to verify the IRIS calibration procedure and to check
if it gives a reasonable results we compared the Mg ii quiet-Sun
line profiles observed with IRIS slit with the previous calibrated
observations obtained with RASOLBA experiment (Staath &
Lemaire 1995). For this purpose, we chose a pixel (pixel No. 190
along IRIS slit) as distant as possible from the observed AR and
generated a reference QS spectrum. The results of comparing our
calibrated QS spectrum with RASOLBA calibration is presented

3 https://iris.lmsal.com/itn51/iris_timeline.html

Fig. B.1. Comparison of our calibrated mean quiet-Sun disc spectrum
obtained on 2022 May 4 with RASOLBA calibrated spectrum.

in Fig. B.1. The good agreement between both spectra confirms
the correctness of our radiometric calibration. Some differences
of the signal, in particular in the line wings, could be caused by
heterogeneity of the photospheric brightness.
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