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ABSTRACT

Context. The mid-infrared (mid-IR) range has been mostly unexplored for the investigation of solar flares. It is only recently that
new mid-IR flare observations have begun opening a new window into the response and evolution of the solar chromosphere. These
new observations have been mostly performed by the AR30T and BR30T telescopes that are operating in Argentina and Brazil,
respectively.

Aims. We present the analysis of SOL2019-05-15T19:24, a GOES class C2.0 solar flare observed at 30 THz (10 um) by the ground-
based telescope AR30T. Our aim is to characterize the evolution of the flaring atmosphere and the energy transport mechanism in the
context of mid-IR emission.

Methods. We performed a multi-wavelength analysis of the event by complementing the mid-IR data with diverse ground- and space-
based data from the Solar Dynamics Observatory (SDO), the H-a Solar Telescope for Argentina, and the Expanded Owens Valley
Solar Array (EOVSA). Our study includes the analysis of the magnetic field evolution of the flaring region and of the development of
the flare.

Results. The mid-IR images from AR30T show two bright and compact flare sources that are spatially associated with the flare
kernels observed in ultraviolet (UV) by SDO. We confirm that the temporal association between mid-IR and UV fluxes previously
reported for strong flares is also observed for this small flare. The EOVSA microwave data revealed flare spectra consistent with
thermal free-free emission, which lead us to dismiss the existence of a significant number of non-thermal electrons. We thus consider
thermal conduction as the primary mechanism responsible for energy transport. Our estimates for the thermal conduction energy and

>

total radiated energy fall within the same order of magnitude, reinforcing our conclusions.

Key words. Sun: activity — Sun: flares — Sun: infrared — Sun: chromosphere

1. Introduction

The analysis of solar flares in mid-IR wavelengths, 4 > 5 um, is a
new area of research with only a few events reported in the litera-
ture thus far. Kaufmann et al. (2013, 2015), Miteva et al. (2016)
and Giménez de Castro et al. (2018) used commercial IR cam-
eras in the focus of small telescopes at room temperature with
apertures ranging from 10 to 20 cm that produce images with
diffraction limits around 15" and sensors centered at 4 = 10 um
(v = 30 THz). These observations revealed that the mid-IR emis-
sion originates from compact regions and displays impulsive
behavior. The only report of mid-IR flare spectral observations

* Movies associated to Figs. 1, 2 and 4 are available at

https://www.aanda.org

Article published by EDP Sciences

using Quantum Well Infrared Photodetectors (QWIP) cameras
was from Penn et al. (2016), carried out at the 81 cm East Aux-
iliary branch of the McMath-Pierce telescope (now decommis-
sioned), with 4 = 8.2um and 4 = 5.2 um, i.e. 37 and 58 THz,
respectively, and diffraction limits on the order of 2”. With this
equipment, they were able to observe the mid-IR emission from
two bright sources separated by about 13" during a C7-class flare
in the classification of the Geoestationary Operational Environ-
mental Satellite (GOES), with a spectrum compatible with opti-
cally thin thermal emission.

These studies have reported a good temporal or spatial
agreement (or both) between mid-IR data and emission from
other wavelengths, such as: microwaves (MW; Kaufmann et al.
2013), hard X-rays (HXR; Kaufmann et al. 2013; Penn et al.
2016), white-light (Kaufmann etal. 2013; Pennetal. 2016;
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Giménez de Castro et al. 2018), and ultraviolet (UV) emission
(Miteva et al. 2016). Moreover, when compared to the flare
emission in the submillimeter domain, the mid-IR presents
higher flux density values.

Ohki & Hudson (1975) first postulated that the mid-IR emis-
sion during flares should arise from an optically thin free-free
source at chromospheric heights or from a blackbody spec-
trum from a heated portion of the photosphere. Heinzel & Avrett
(2012) used semi-empirical flare models, F1 (Machado et al.
1980) and FLA (Mauas et al. 1990), to calculate the flare spec-
trum from optical to radio wavelengths, and suggested that
the mid-IR emission should be dominated by the free-free
mechanism.

Trottet et al. (2015), in analyzing the data from
Kaufmann et al. (2013), used the semi-empirical flare models
developed by Machado et al. (1980) and the number of electrons
and protons derived from hard X-Rays observed by Fermi
(Meegan et al. 2009) to compute the thermal emission produced
at 30 THz, compared to the quiet Sun emission estimated from
the semi-empirical model VAL (Vernazza et al. 1981).

Simoes et al. (2017) employed radiative-hydrodynamic
(RHD) simulations using RADYN (Allred et al. 2015) to
compute the IR spectrum from synthetic flares arising from the
dynamic atmosphere produced by precipitating electrons in the
chromosphere. They show that the mid-IR spectrum originates
in the mid-chromosphere from optically thin free-free radiation
(up to ~50um), and optically thick free-free at longer wave-
lengths, up to the cm-range. The enhanced free-free radiation is
a result of the excess of free electrons due to the ionisation of
hydrogen, and that the IR/sub-mm emission rapidly fades as the
energy input ends, as hydrogen quickly recombines and depletes
the excess of free electrons. In their simulations, Simdes et al.
(2017) note that no flare emission due to enhanced H™ opacity
arises from the photosphere.

The study of flares in the mid-IR can provide very impor-
tant information regarding the evolution of H ionisation in the
chromosphere to help understand how the energy is deposited
in the solar atmosphere during flares. In this work, we analyze
30 THz images associated with a small GOES C2 class flare.
Our interpretation of the observational data and analysis is dis-
cussed in Sect. 4 and, finally, our conclusions are presented in
Sect. 5.

2. Observations

The event SOL2019-05-15T19:24 (or SOL2019-05-15 for short)
was classified as a C2.0 class flare in GOES X-ray flux. In soft
X-rays (SXR) GOES band 1-8 A, its start time is 19:15 UT with
maximum flux at 19:24 UT. The flare occurred in active region
(AR) NOAA 12741, with heliographic coordinates NO6W30 at
0:00 UT. Around 15 flares of B class' happened in the same
AR since its appearance on the eastern solar limb, with the
most intense being a B3.7 event on 12 May. The flare ana-
lyzed in this article is the strongest one during the AR disk
transit from 7 May to 16 May. Starting with a description
of the mid-IR instrument (see Sect. 2.1), whose data moti-
vated this study, we briefly enumerate the other instrumen-
tation used as complementary support in the analysis (see
Sect. 2.2).

' https://www.spaceweatherlive.com/en/solar-activity/
region/12741
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2.1. Mid-infrared

SOL2019-05-15 was observed at 30 THz (10 wm) with the mid-
infrared camera AR3O0T, installed at the Estacion de Altura
Carlos U. Cesco of the Félix Aguilar Astronomical Observatory
(OAFA). The site is located in the Argentine Andes at an alti-
tude of 2500 m above sea level. The camera is a FLIR model
SC645, with an uncooled microbolometer array of 640 x 480
pixels?> and 17 um pixel size installed in the focus of a 20cm
Newtonian telescope. This telescope is “piggy backing” on the
H-a Solar Telescope for Argentina (HASTA, Bagal4 et al. 1999;
Fernandez Borda & Mininni 2002). The sensor spectral window
ranges from 7.5um (v = 40THz) to 13um (v = 23THz).
While the telescope has a diffraction limit of 12.6” at the cen-
tral frequency, its setup creates an oversampled pixel of 2.6” and
parts of the solar limb are not accessible to the sensor. Data are
acquired with a 1s temporal cadence. However, to reduce the
data storage requirements, in the absence of flares, only 1 every
10 frames is preserved.

The mid-IR data are originally stored in a proprietary format
that (during the reduction process) is transformed to the Flexible
Image Transport System (FITS) format adding a World Coor-
dinate System (WCS) header before its calibration in temper-
ature. The process applied to the images includes: flat-fielding
correction and alignment with the solar heliographic coordinates
(Manini et al. 2019). Additionally, a cross-correlation technique
is applied to coalign the images and to minimize the jitter pro-
duced by atmospheric scintillation and telescope vibrations.

2.2. Complementary data

To understand the origin and evolution, as well as the energetics
of the C2.0 flare, we complement our mid-infrared observations
with data from the photosphere to the corona in various wave-
lengths. We use magnetograms and continuum images from the
Helioseismic and Magnetic Imager (HMI, Scherrer et al. 2012)
on board the Solar Dynamics Observatory (SDO, Pesnell et al.
2012), Ha data from HASTA, observations in microwaves from
the Expanded Owens Valley Solar Array (EOVSA, Nita et al.
2016; Gary et al. 2018), and extreme UV (EUV) data from the
Atmospheric Imaging Assembly (AIA: Lemen et al. 2012) on
board SDO.

The analyzed SDO/HMI data consist of line-of-sight (LOS)
magnetograms of AR 12741, selected from the full-disk data.
We use magnetograms obtained with a temporal resolution of
45s or 7205, according to the analysis we perform. In all cases
the magnetic data have a pixel resolution of around 0.5”. These
magnetograms are used to study the evolution of the AR mag-
netic field, as described in Sect. 3.1 and to draw a scenario for
the flare origin combining them with the EUV observations in
Sect. 4. We also use HMI pseudo-continuum images that pro-
vide white-light (WL) information at a rate of one frame every
45s. All images were corrected by the differential solar rotation
effect. Base and running difference sequences were constructed
to detect changes in brightness associated with the event. Addi-
tionally, light curves of the flaring region were made.

The Ha (1 = 656.3 nm) data from HASTA have 1280 x 1024
pixels with a spatial resolution of approximately 2"/ and are
automatically taken in two different modes: normal (or patrol)
and flare. In patrol mode, during routine observations, the tele-
scope takes full disk images once every 90 seconds. When a
flare begins, the instrument changes to flare mode and the tem-
poral cadence increases to 5s. The data set used here consists
of images acquired in both modes, namely: patrol and flare (see
Sect. 3.2).


https://www.spaceweatherlive.com/en/solar-activity/region/12741
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After an upgrade in 2019 February, EOVSA now provides
spectral images in the 1-18 GHz frequency range in spectral
windows of 0.325 GHz bandwidth and with a time resolution of
1s. The synthesized beams depend on the central frequency by
the relationship ~90” /v[GHz].

We mainly used SDO/AIA images at 1700 A, 1600 A, and
171 A (henceforth, AIA1700, AIA1600, AIA171). We selected,
from the full disk images, subimages containing AR 12741 for
the temporal range corresponding to the analyzed event. To fol-
low the flare evolution, we co-aligned these images to compen-
sate for solar rotation. The AIA images were obtained at a rate
of one every 24 s for AIA1700 and AIA1600, and one every 12s
for AIA171. AIA images were processed to level 1.5 using the
standard Solar Software (SSW) routines, conserving a pixel size
of 0.6”.

3. Multi-wavelength data analysis

In this section, we describe the event and the environment in
which it occurred at different levels in the solar atmosphere.
We start with the magnetic evolution of AR 12741 and continue
through chromospheric and coronal data analysis.

3.1. Magnetic field evolution

AR 12741 appeared on the eastern solar limb on 7 May 2019
as an already mature region formed by a preceding compact and
elongated negative polarity and a very dispersed positive polar-
ity. Figure 1 illustrates different stages of the magnetic field evo-
lution of AR 11741 from limb to limb. This AR most probably
emerged while being on the far side of the Sun. Ahead of its
preceding polarity, a very extended positive region of decaying
magnetic field separates it from the other sizable AR (NOAA
12740) seen on the solar disk all along its solar disk transit?.
From its appearance and until its occultation on the western limb,
the preceding sunspot was observed to be decaying. Small mag-
netic flux fragments were seen to move radially outwards from
the spot all during this period. These bipolar features, called
"moving magnetic features" (MMFs: Harvey & Harvey 1973),
moved in the moat region away from the sunspot. This moat
region surrounds the spot with an annular shape, starting from
the spot boundary and ending at the border of positive supergran-
ular cells to the east and the negative ones to the west (Fig. 1). No
other changes such as flux emergence episodes were observed
during the AR transit, except this constant advection of small
flux fragments by the moat flow that mark the decay phase of
the sunspot. By 12 May at ~01:00UT a clear light bridge is
seen in HMI magnetograms traversing the sunspot in the east-
west direction, dividing it into two fragments. This light bridge
is already seen in WL images by the end of 10 May?. By early
15 May the preceding sunspot appears in HMI magnetograms
to be divided into three sections because of the appearance of
other light bridges; this is already visible on the previous day in
WL images. The evolution just described can be followed in the
HMI magnetic field movie (see HMI-8-17May.mp4) attached to
Fig. 1.

Though the AR is frankly decaying, one solar rotation later
at the corresponding location on the solar disk one can still
observe a similar magnetic flux pattern as that of AR 12741
and the preceding AR 12740. This is evident when comparing
the full disk images on 12 May 2019, when AR 12741 was

2 https://www.solarmonitor.org
3 https://www.helioviewer.org

Fig. 1. SDO/HMI line-of-sight magnetograms of AR 12741, with 720 s
time resolution, as it traverses the solar disk. The AR is formed by a
compact and elongated negative polarity followed by a very disperse
positive field. An east-west light bridge (see white arrow) is clearly
observed on the second panel dividing the preceding spot into two
sections. MMFs, formed by small bipolar fragments, are seen moving
towards the moat region surrounding the spot. The AR is continuously
decaying; by 15 May other light bridges are observed (as shown in the
third and fourth panels marked by white arrows). The last two panels
correspond to the flare day, in the early morning and at night. Black cor-
responds to negative magnetic field (pointing away from the observer)
and white to positive field (towards the observer), the values of the field
have been saturated above (below) 1000 G (-1000 G). The images are
centered in the main negative polarity with horizontal and vertical sizes
of 300” and 190", respectively. The online movie HMI-8-17May.mp4
complements this figure.
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Fig. 2. SDO/HMI line-of-sight magnetograms of AR 12741 on 15 May
2019 with a 45 s time resolution. The red circles mark the small negative
feature that we track to compute the moat flow speed at different times.
Its evolution indicates that as it moves closer to the positive field its
flux disperses and decreases. The convention for the field intensity is
the same as in Fig. 1 and the images have a horizontal and vertical sizes
of 150”. The online movie HMI-15May.mpeg complements this figure.

located at the disk center, to that of 8 June 2019 one solar rotation
later. This is coherent with the well-known result that ARs and,
in particular sunspots, can survive from days to several weeks
(van Driel-Gesztelyi & Green 2015).

The panels in Fig. 2 display the evolution of the line-of-sight
magnetic field on the flare day using maps with 45 s time resolu-
tion. These maps, with the highest available temporal resolution,
are used to estimate the speed of the moat flow. We identify a
small negative polarity feature and we track it by eye moving out
from the preceding polarity to the east. On 14 May at 17:10 UT,
this feature was located at 7.5 Mm from the negative polarity
border at —1000G of the sunspot and it reached the positive
disperse field (at 23.5 Mm from the same location) on 15 May
at 19:10UT (see the movie HMI-15May.mpeg). The moat flow
speed computed after correcting for projection effects ranges
from ~460ms~! to ~170ms~! during this time period. These
values are well within the values measured in other cases using
HMI data (see e.g., Lohner-Bottcher & Schlichenmaier 2013).

Continuous magnetic flux cancellation was observed as
the negative fragments moved away from the sunspot and
approached the positive following AR polarity. We have esti-
mated the variation of the negative flux at the location of one
of the main flare kernels on the negative field (see the red square
in the first panel of the last row in Fig. 4), which we envision
could be the footpoint of one of the loops involved in the flare
as follows from the description in Sect. 4. Figure 3 shows the
clear decreasing trend of the negative flux, which starts before
the flare. This decrease becomes steeper at around 2 min before
the impulsive phase of the flare, as shown by the inset at the top
right of this figure depicting the mid-IR emission (see Sect. 3.3,
and flattens immediately after. Due to the broad distribution of
the positive field, it is very difficult to identify and measure the
equivalent positive flux decrease.
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Fig. 3. Evolution of the absolute value of the negative magnetic flux
in the region surrounded by the red square shown in the first panel,
last row, of Fig. 4. Computations are done for values of the field below
—10G and the error bars are calculated considering a magnetic field
error of 5 G. The time evolution between 19:15 and 19:35 UT, is zoomed
in the upper-right corner and displayed together with the temporal evo-
lution of the excess brightness temperature in 30 THz (see Fig. 5 and
Sect. 3.3 for details about mid-IR brightness temperature calculation).

3.2. Ho and EUV evolution

The UV evolution of the flare was studied using the AIA1600
and AIA1700 data, where both filters show a similar behav-
ior. The first row of Fig. 4 corresponds to the flaring area as
observed by AIA1600 at different times (see also the movie
AIA1600.mp4). At around 19:17 UT, when a slight increase in
GOES (see Fig. 5) 1-8 A curve is seen, four flare brightenings
are observed; two are located on the positive field region, while
the one to the south-west lies on a small negative polarity and
an extension towards the west appears to the north of the lat-
ter kernel. As the flare evolves these brightenings extend and by
19:26 UT, 2 min after flare maximum in GOES, a faint elongated
structure extends towards the main negative polarity. When this
evolution is seen in the movie AIA1600.mp4, one can observe
plasma flowing along this feature. By 19:30 UT, a small kernel
appears to the north of the main negative polarity. This latter ker-
nel is probably the counterpart of the northern flare kernel to the
east seen earlier at 19:17 UT (Fig. 4 top right).

Using AIA images corrected by differential rotation, we inte-
grated the signal in a 2 arcmin square box centered in the flaring
region. The box size ensures that all the area associated with
the flare is included on it. The resulting curve for AIA1700 is
shown in Fig. 5, together with that of the mid-IR (see Sect. 3.3)
for a better comparison. The UV and mid-IR lightcurves show a
remarkable similarity, suggesting that these emissions originate
from the same region.

The behavior of the event in Ha is also similar to that
observed in AIA1600. The evolution of the event as registered by
HASTA is shown in the third row of Fig. 4. At 19:18 UT initial
bright kernels are observed in the region, with spatial correspon-
dence with the multiple brightenings observed in AIA1600. At
19:19 UT the multiple bright kernels are clearly visible increas-
ing their brightness as the flare evolves. The flow of plasma
described above for AIA1600 is also visible in this wavelength.
The last panel in Fig. 5 shows the temporal evolution profile of
the flare in Ha. As seen in the GOES 1-8 A profile, at 19:17UT
a slow rise of chromospheric emission is detected in this fil-
ter. At 19:20:40 UT HASTA starts the flare observing mode. To
extract the temporal evolution of the He intensity and correct by
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AIA1600 — 19:17:50 UT AIA1600 = 19:19:50 UT AIA1600 —= 19:26:14 UT AIA1600 = 19:30:14 UT

S

Ha—19:18:05 UT Ha—19:19:35 Uil Ha—19:30:24 UT

2 L

AIA171 = 19:17:33 UT AIA171 = 19:26:21 UT AIA171 SEEOSEEP 1 UT

Fig. 4. Sequence of images of AR 12741 during the flare. The different rows show, from top to bottom, images of AIA1600, mid-IR, He, and a
combination of HMI and AIA171 maps, between 19:15 to 19:30 UT, covering the whole event. The locations of flare kernels at flare onset are clear
in the second panel of AIA1600, while later some loop structures appear bright, and by its end a small kernel is seen on the large negative polarity
(see also the movie AIA1600.mp4 available online). In the second panel of the second row, the red arrow indicates the location of the flaring
region in the 30 THz data, which is comparable to the location with AIA1600. These 30 THz features can be better seen in panel b of Fig. 6. In the
third row, the kernels are well observed in Ha and they correspond well to the ones of AIA1600. At upper coronal heights, the flare evolution can
be followed in the three last panels, last row, in AIA171 (see also the movie AIA171.mp4 available online). A clear small loop structure is seen
connecting the kernels seen in AIA1600 and a larger elongated structure is seen to the west towards the spot. The first panel in this row depicts the
HMI magnetic field as a reference for the location and polarity sign of the different flare features. The red square in this panel encompasses the
region where we compute the negative flux variation shown in Fig. 3. All panels cover the same field of view; their sizes and the convention for
the magnetic field maps are the same as in Fig. 2.

the atmospheric opacity absorption, we use the same technique
applied by Kaufmann et al. (2013): for every frame we consider
the flare intensity as the arithmetic mean inside an inner circle
around the flaring region and subtract the background defined as
the signal integrated over an outer ring.

The last row in Fig. 4 shows the evolution in ATA171 in
the last three panels, see also the movie AIA171.mp4. Before

flare maximum, extended bright structures appear to be present
in between AIA1600 initial brightenings at 19:17 UT. AIA171
images show the presence of two loop-like structures: a small
one (better seen at around 19:30UT) that seems to connect
the two initial AIA1600 kernels to the south and a longer one
through which plasma is seen to flow towards the west. This long
bright loop-like structure seems to be anchored in the northern
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Fig. 5. Temporal evolution at selected wavelengths. From top to bottom:
GOES soft X-rays 1-8 and 0.5-4 A, EOVSA 8 GHz, AR30T mid-IR (30
THz), AIA 1700 A and HASTA He. The error bar shown at the top left
of the 30 THz plot corresponds to 1o uncertainty in AT},. The sharp
peak visible in the 8 GHz curve during the impulsive phase of the flare
extends up to ~3 SFU. SFU = solar flux unit.

AIA1600 kernel on the positive field region at one end and on the
AIA1600 small kernel located to the north of the main negative
polarity to the west. The first panel is a magnetic map included
as reference and the red square surrounds the region where we
have computed the negative magnetic flux shown in Fig. 3.

3.3. Mid-IR evolution

Observations at 30 THz are shown in the second row of Fig. 4.
A region 20” north and 50” east from the sunspot, marked by
a red arrow in the second panel, changes its brightness between
frames.

To obtain the temporal evolution of the flaring region, we use
the same technique described for Ha data (see Sect. 3.2). To cal-
ibrate the pixel intensities above the pre-flare level into excess
brightness temperature ATy, we use the quiet Sun as a reference,
assuming Ty = 5000 K at 30 THz (Turon & Léna 1970). Then,
for every frame, the quiet Sun raw pixel temperature with respect
to the sky raw temperature is measured and a scale is obtained
to convert the raw to brightness temperature. The pre-flare level
is defined as the brightness temperature of the flaring area
averaged between 19:15UT and 19:20 UT, with the standard
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deviation (10) as its uncertainty. This pre-flare level is subtracted
for every frame. Figure 5 shows the average excess brightness
temperature over the region delimited by the white circle shown
in the panel b of Fig. 6, which encloses all the mid-IR flaring
area.

Panel b in Fig. 6 shows the inverted-intensity (black is more
intense) image of the flaring region after the subtraction of a
background (/) image built by averaging 60 successive pre-
event images. The two bright kernels associated with the event
become evident only by using difference images. The bright
sources are separated by ~18", probably associated with chro-
mospheric footpoints of magnetic loops (Penn et al. 2016). The
sides of the boxes correspond to the size of the telescope Airy
disk. The location of these kernels can be easily compared to the
location of the brightest regions in AIA1600 in panel a to its left.
The color bar shows the contrast excess (CE = (I — Ipre)/Ipre) for
the flaring region. When we restrict the area over which we com-
pute the excess brightness temperature evolution to the boxes
around the kernels where most of the mid-IR radiation is emit-
ted, we get the curves shown in panel c of Fig. 6. As it is evi-
dent, both kernels share a similar temporal evolution, as well as
temperature excess values that are higher than the one obtained
before for a bigger box (see Fig. 5).

In the mid-IR regime, the point spread function (PSF)
of small telescopes is determined by the diffraction pattern
(Turon & Léna 1970; Trottet et al. 2015; Miteva et al. 2016;
Giménez de Castro et al. 2018), which limits the instrument spa-
tial resolution. Given that the kernels in Fig. 6 are separated by a
distance comparable to the PSF, it is reasonable to expect a small
amount of contamination between them when trying to separate
the contribution of each individual kernel. Therefore, we average
the excess brightness temperatures over these two boxes together
to obtain the time profile of the flaring area shown in Fig. 5. The
rise phase of the flare is in excellent agreement in the mid-IR,
UV, and Ha spectral bands, while the decay phase agrees very
well with that of the UV band. The maximum intensity of the
flare at 30 THz is registered at 19:23:27 UT and coincides with
that of ATA1700 within its +12 s temporal resolution.

3.4. Microwaves: Absence of a signature from accelerated
electrons

EOVSA spectral data at 8 GHz were binned in 50 spectral win-
dows of 0.325 GHz bandwidth each, measured serially at 20 ms
sample time, covering the 50 bands in 1s. The light curve at
8 GHz, around the spectral maximum, shows a very low flux
density, below 1 SFU, and a time evolution very similar to that
of GOES soft X-rays, with the peak delayed around 60 s relative
to GOES and 30 THz peaks (Fig. 5). This gradual evolution is
an unusual behavior for the MW lightcurves, which often show
an impulsive time profile (White et al. 2011). At the beginning of
the event a short (=3 s) and a relatively strong spike* can be seen.
We analyzed the spike spectrum (not shown here) and found it to
be very narrowband. This feature is similar to the one analyzed
by Giménez de Castro et al. (2000), its investigation, however, is
beyond the scope of this paper.

In Fig. 7 we show time integrated spectra taken at different
phases of the event: rising, peak, and decreasing phase. There are
no significant differences between them, besides the flux density,
and all of them are rather flat (within the instrumental uncer-
tainties) at frequencies above about 5 GHz, lending support to

4 Relative to the maximum of this flare; however it is still weak in an
absolute sense, <3 SFU.
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Fig. 6. Close view of the mid-IR and UV sources. Panel a shows the
flaring region observed by AIA1600. The dashed white circle indi-
cates the size of the Airy disk of the AR30T. Panel b displays the
two bright kernels observed in 30 THz after pre-event subtraction with
colors inverted (black is more intense). The dotted-blue and red boxes
enclose the northern and southern kernels respectively. The contour lev-
els are 50, 70, and 90% of the flare maximum in AIA1600. The white
circle indicates the area used to estimate the mid-IR temporal evolution
displayed in Fig. 5. The excess brightness temperature averaged for the
boxes shown in the upper panel (with the respective blue and red color)
is shown in panel c. The error bar indicates 10 uncertainty in AT},.
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Fig. 7. Microwave spectra obtained at different phases of the flare. Each
spectrum is a 90s time integration corresponding to the rising (orange
dots), peak (blue dots), and decreasing phase (green dots). The vertical
bars represent the standard deviation of the mean.

an optically thin thermal emission (Dulk 1985). The decreas-
ing flux above 15 GHz is more uncertain due to the rising solar
background, thus reducing the detection sensitivity at such low
intensities, and remains consistent with a flat spectrum. The
absence of a clear signature of gyrosynchrotron emission from
high energy electrons (e.g., Fig. 2 in Dulk 1985) in the observed
spectra in this flare, and the gradual evolution of the MW light
curves (which are well associated with the SXR curves) suggest
that the MW emission is produced mainly by free-free radiation.
From that, it follows that this flare did not produce a significant
number of accelerated electrons and, therefore, such electrons
cannot be responsible for the main energy transport.

4. Discussion

This section is divided into a discussion of this study’s three
main points. In the first, we discuss how the evolution of the pho-
tospheric magnetic field assigned a location to the reconnection

Fig. 8. Close up view of the photospheric magnetic field configuration.
Left panel: SDO/HMI line-of-sight magnetogram of AR 12741 on 15
May 2019 at around flare maximum. The numbers indicate the polarities
where the loops associated with the energy release during the flare could
be anchored. Right panel: AIA1600 image including a sketch of the
connectivities related to the loops involved in the flare. Blue and light
blue continuous lines indicate loops before reconnection, while red lines
would correspond to reconnected loops. Plus and minus signs mark the
polarity sign of the footpoints. Both panels cover the same field of view;
their sizes are 94" in the horizontal and 87" in the vertical directions.
The convention for the magnetic field map is the same as in Fig. 2.

site. Then we make a better estimate of the temperature excess
brightness at mid-IR. Finally, we discuss thermal conduction as
the main driving mechanism for the mid-IR emission.

4.1. Proposed flare scenario

AR 12741 was located at NO6W45 on the flare day; therefore,
projection effects impacted the line of sight magnetic field mea-
surements (see the false positive polarity that appeared to the
west of the main negative spot already at the beginning of 15
May in the movie HMI-8-17May.mp4).

Figure 8 (left panel) shows an HMI magnetogram at around
flare maximum. We have numbered the polarities that, according
to the evolution of the event described in Sect. 3.2 and shown
in Fig. 4, are associated with the footpoints of the small bright
loop seen in the AIA171 image at 19:26:21 UT (polarities 3—
4) and the elongated one connecting to the main negative spot
(polarities 1-2). The latter is the one along which we observe
plasma flowing starting at ~19:22 UT, as observed in movies
AIA171.mp4 and ATA1600.mp4. These two loops could be the
result of the magnetic reconnection process at the origin of the
C2.0 flare. In the right panel, we traced these two loops with
continuous red lines. Considering that these loops result from
reconnection in a quadrupolar magnetic configuration (see an
example in Mandrini et al. 2014), the two continuous light blue
(connecting polarities 2-3) and blue (connecting polarities 4—1)
lines correspond to the pre-reconnected loops. Because of the
aforementioned projection effect problems, we did not attempt to
model the AR magnetic field and show a sketch in the right panel
of Fig. 8. Furthermore, reconnection between a higher plasma
pressure loop like the one connecting 2-3 with the one con-
necting 4—1, could drive the injection of material into the longer
loop between polarities 2 and 1, as we have observed. For more
details, we refer to a similar process proposed in Baker et al.
(2009) and Mandrini et al. (2015), and illustrated in Fig. 5 of
van Driel-Gesztelyi et al. (2012), to explain the origin of plasma
upflows observed at the border of active regions in the EUV.

We computed the magnetic flux variation in the region cor-
responding to the small negative polarity 3 (see Fig. 3 and the
inset in the same panel). From this analysis, a clear decrease of
the negative magnetic flux is observed from at least two hours
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prior to the flare. We interpret this result as mainly due to flux
cancellation with the nearby positive polarity. The negative flux
decrease rate increased from about 2 min before the impulsive
phase. This decreasing steep slope stayed nearly constant dur-
ing the flare excess emission in mid-IR. When the flare excess
ceased, the flux decrease ceased almost simultaneously. Mag-
netic flux changes in line-of-sight magnetograms, with a ten-
dency toward flux decreases in a step-wise manner, have been
observed in association with flares higher than GOES M5 class
by Burtseva & Petrie (2013, see also references in that article)
during their impulsive phase. These results were interpreted
as consistent with a model of collapsing loop structures (see
Hudson et al. 2008, and references therein). Our flare is a less
energetic one compared to those studied in that article; however,
we clearly see a step-wise flux change as found in the most ener-
getic events (see Fig. 3).

4.2. Estimating the maximum IR brightness temperature

It is expected that the 30 THz excess brightness temperature will
be underestimated because of the telescope spatial resolution. If
30 THz originates in the same place where AIA 1600 A is emit-
ted, as Fig. 6 suggests, we can estimate a filling factor for mid-
IR. We recall that the camera has a diffraction limit greater than
the pixel size; therefore, we should take the area defined by a
solid angle with a diameter equal to the diffraction limit, which
corresponds to 50% of the full width at half maximum (FWHM)
of the PSF of the telescope. The diffraction limit of 12.6” cor-
responds to an area equal to Apsg = 6.57 X 10'7 cm?, and from
Fig. 6a, we see that the whole UV emitting area extends over
two telescope PSFs. Using the 50% level contours of Fig. 6 we
obtain a 1600 A emitting area equal to Agae = 1.43 X 10'7 cm?.
The filling factor ff is thus obtained as:

=0.11.

ff _ Aﬂare
2Apsr

Therefore we can derive a deconvolved excess brightness tem-
perature:

_A 20 gk
ff 011

This deconvolved temperature is still lower than the values
obtained by Simdes et al. (2017) via radiative hydro-dynamic
simulations, which used non-thermal electrons to drive the chro-
mospheric heating. In those simulations, the lowest bright-
ness temperature peak excess (about 300K; see Fig. 6¢ in
Simoes et al. 2017) was found in the case for an electron beam
with a low energy cut-off of 20 keV and spectral index of 8.
This follows a trend identified in that study that the peak bright-
ness temperature correlates well with the amount of energy
deposited deeper in the chromosphere, where more hydrogen
can be ionized and thus increases the IR free-free emission. In
our case, with such low peak brightness temperature, we spec-
ulate that only the upper layers of the chromosphere were effi-
ciently heated and ionized. We can infer that this is consistent
with either a very steep distribution of non-thermal electrons or
a thermal conducting front. Given the lack of observational evi-
dence for accelerated electrons (see Sect. 3.4), by elimination,
we conclude that the chromospheric heating was driven by a con-
duction front in this event.

For the flaring region in the mid-IR we can estimate the flux
density, S, using the Rayleigh-Jeans approximation to a black

AT}
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body:

2
S, = 211% AT, AQ =322 SFU, €))
where kg is the Boltzmann constant, ¢ is the speed of light in
vacuum, v =30THz, and AQ is the solid angle subtended by the
flaring region corresponding to the 1600 A area. We note that the
flux density is independent of the filling factor, ff, since when
AT} o ff~! — the solid angle is AQ o ff and then its effect is

canceled out.

4.3. Evaluation of thermal conduction as the main energy
transport mechanism

Since there is no evidence of an intense flux of accelerated par-
ticles precipitating in the chromosphere, we suggest that the
energy that drives the chromospheric response (i.e. the IR, He,
and UV emission) is primarily the result of thermal conduc-
tion. We follow Battaglia et al. (2009) to evaluate the energy
flux transported by conduction from a hot coronal source located
approximately midway between the loop footpoints:

7/2

_ T
Foona = 107%(R) 7
loop

[erg cm™? sfl], 2)
where T, is the coronal source temperature, Lioop is half loop
length and p(R) is a reduction factor to get an effective heat flux.

R = Aeme/Lun,

with Ly, is the temperature scale length, and the electron mean
free path is defined as:

T2
Aemt = 521 x 103 —.

ne

Finally,

Q(R) - 101 . e—O.OS(lnR+6.63)2 < 1

As in Battaglia et al. (2009), we assume that Ly, = Liogp.
Following our discussion in Sect. 4.1 and considering, as a
first-order approach, that the small bright loop, connecting polar-
ities 4 and 3, has a semicircular shape, we can estimate its length
as 30 Mm. Its half-length value can be used in Eq. (2) to estimate
the energy flux transported by conduction, i.e. 1.5 x 10° cm. We
chose this short loop because it is the closest to the two 30 THz
kernels whose origin we aim to explain. We speculate that a sim-
ilar amount of energy could have been input in the longer loop
connecting 2—1; however, we do not observe mid-IR (30 THz)
emission associated with it. Therefore, we consider our choice
of the half length of the shorter loop to be good for an order of
magnitude estimation of the conductive energy flux. Assuming
emission from an isothermal plasma we use GOES to infer the
coronal parameters during the flare and obtain an emission mea-
sure EM = 1 x 10® cm™ and a T, = 12 MK. Considering
the product of the flare emitting area in AIA1600 and the alti-
tude of the semicircular loop, we estimate a flaring volume of
1.36 x 10%° cm?, getting a density n, = 8.6 x 10'° cm™3, then:

R - 5.21 x 10° (12 x 10%)?/8.6 x 10'°
B 1.5x 10°
yielding a o(R) = 0.90 and an energy flux:
1076(12 x 106)7/2
1.5x10°

= 0.0058,

Feona = 0.90 x =3.61 % 10° [ergcm™2 s7!].
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A flare duration of At = 3265 is estimated from the mid-
IR temporal profile (see Fig. 5), as the time interval while AT},
is above the pre-flare level plus 5o If we additionally take the
UV emitting area considered in Sect. 4.2, we estimate a total
conductive energy:

Econa = 1.43 % 10'7 - 326 -3.61 x 10° ~ 1.68 x 10* erg.

We can compare this number with the estimate of the energy
emitted in the mid-IR range considering that the camera has a
band pass Av = 17THz and R = 1 astronomical unit (AU) and
tr—t; = At

if
Esor = Av X 21 R* X f For(1)dr ~ 10%° erg < Econg.

1

Here, E.onq is of the same order of magnitude of the total radi-
ated flare energy Eng ~ 2.6 x 10% erg, as estimated from the
Extreme ultraviolet Solar Photometer (ESP), part of the Extreme
ultraviolet Variability Experiment (EVE, Woods et al. 2012).
The value for E;,q was estimated by taking the time-integrated,
pre-flare-subtracted, irradiance measured by the ESP chan-
nels 16.64-21.50nm, 22.28-28.78 nm, 27.16-33.80nm, and
0.1-7.0nm, and summed together. The total flux density was
convgrted to energy irradiated at the Sun by multiplying by
2m R°.

Therefore, with E.ong =~ Erq and the fact that the EOVSA
MW spectrum shows no signature of accelerated electrons,
we conclude that thermal conduction is likely to be the main
energy transport mechanism in this event. Moreover, the esti-
mated deconvolved brightness temperature 182 K puts this event
below the values obtained by the simulations by Simdes et al.
(2017), where the IR emission is the result of the solar atmo-
sphere being heated by accelerated electrons. Those simulations
show that softer electron beams produce weaker IR emission
than harder electron beams. This is because the softer beam can-
not penetrate deep into the chromosphere and cause H ionisation
where the density is higher. Extending this idea, a thermal con-
duction front would mostly heat the top of the chromosphere,
producing comparatively lower numbers of free electrons, and
thus, weaker IR emission than in the case of a beam-driven
flare.

5. Conclusions

In this work, we present an analysis of a GOES C2.0 solar
flare observed at mid-IR by the ground-based telescope AR30T.
Specifically, SOL20190515 is the weakest event ever reported
at mid-IR in terms of its flux density (about 300 SFU)
and brightness temperature (about 20K before deconvolu-
tion). We summarize our main findings and conclusions as
follows:

— Previous works (e.g., Kaufmann et al. 2013;
Giménez de Castro et al. 2018) have considered mid-IR
emission as a good proxy of white-light emission during
solar flares. However, for this event, we found no evidence
of white-light emission in HMI pseudo-continuum data,
although it shows a clear mid-IR emission. Telescopes
observing in the visible band with higher sensitivity,
such as the Daniel K. Inouye Solar Telescope (DKIST,
Rastet al. 2021) or the European Solar Telescope (EST,
Schlichenmaier et al. 2019), should be able to detect the
flare excess (or lack thereof) in white-light for this kind of
weak events (Jess et al. 2008).

— The similar behavior between the time profiles of 30 THz
and AIA1700, first reported in Miteva et al. (2016) for an
impulsive GOES M2 class flare, is confirmed in our work
for the thermal-driven event analyzed here. Both emissions
have a chromospheric origin. However, the similarity is not
evident since the mechanisms responsible for them are differ-
ent. The 30 THz radiation during flares is due to thermal free-
free bremsstrahlung (Trottet et al. 2015; Simdes et al. 2017),
while the flare excess emission for AIA1600 and AIA1700
is dominated by the contribution of several chromospheric
spectral lines, with formation temperatures ranging from 10*
to 10° K (Sim&es et al. 2019).

— The magnetic field evolution of the AR, where the flare
occurs, is marked by its decay phase (presence of light
bridges and MMFs related to its main preceding spot). This
evolution combined with the observations in all analyzed
AIA bands, led us to propose a flare scenario in which the
event originates at low coronal heights and to infer the geo-
metrical parameters that we later use to compute the main
flare energy input.

— The flat spectra obtained at microwaves, as well as the sim-
ilar temporal profiles observed in microwaves and soft X-
rays, led us to conclude that there is no clear evidence for
the presence of a significant number of non-thermal elec-
trons. Additionally, the “deconvolved” brightness tempera-
ture excess of 182K found in mid-IR is still lower than
the minimum value expected from the injection of non-
thermal particles according to the hydrodynamics simu-
lations by Simdes et al. (2017). Although we cannot dis-
card other transport mechanisms, based in our findings, we
consider thermal conduction as the dominant mechanism
responsible for the energy transport in this flare. This con-
clusion is supported by our estimates of the total thermal
conduction energy, for which our proposed flare scenario
provides the required geometrical parameters, and the total
radiated energy that represent the total energy input and out-
put of the flare. Both values are within the same order of
magnitude, when calculated under reasonable assumptions.

— The AR30T telescope has been proven to have a high enough
sensitivity to detect the mid-IR emission from C class flares,
given it is mainly limited by its spatial resolving power. The
strong association between (ground-based) mid-IR and UV
observations, as well as the high cadence of data acquisition,
makes the AR30T an excellent instrument that ought to be
considered as a much less expensive proxy of space-based
chromospheric continuum UV observations.

— With the rise of solar activity in the next months and
years, we expect to increase our capabilities to exam-
ine the mid-IR emission in solar flares by complement-
ing the observations by the AR30T with the data from
the future High Altitude THz Solar Photometer (HATS,
Giménez de Castro et al. 2020), which is currently at the
final stages of installation.

This work reinforces the key role of the mid-IR diagnostics
to describe the Chromosphere dynamics during flares, which
is more relevant for weak flares as the present study has
shown. Interest in weak flares has increased in present days
because of the new instrumentation on board of the solar orbit-
ing probes with greater sensitivity and spatial resolution. How-
ever, mid-IR instruments work with high sensitivity even when
installed on the ground. In future works we expect to have more
multi-wavelength flare analysis combining X-rays and EUV
data obtained by the solar orbiting probes and by our mid-IR
cameras.
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