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Abstract. The question of the nature of precursors of solar flares, as well as their relationship
with subsequent flares, still has no unambiguous answer. This is due, in particular, to the lack of
systematic statistical works, the relative incompleteness (in isolation from the context of the
development of the entire active region) of studies of individual events, and the ambiguity of the
term "precursor" itself. In this paper, we consider the dynamics of the NOAA 12230 active region
(AR), in which a series of homologous outbursts (C5-C9) occurred on December 9, 2014 within 12
hours, with an average well of about 2 hours. This AO was characterized by a rapid increase in flare
activity followed by a rapid decline, which can be considered as a good example to study potential
precursors of flare series. We investigate the evolution of the NOAA 12230 AO over a relatively
long period (several days) and its transition from the "no-flare" state to the flare-active regime. For
this purpose, we study the magnetic field dynamics using SDO/HMI magnetograms, UV images
from SDO/AIA data, and X-ray observations from GOES/XRS and RHESSI data. Thus, we have
identified several phases of AR development in terms of magnetic field dynamics and burst/burst
activity. We proposed a method for constructing hourly integral maps of UV variations (eclipses)
from AIA 1600 A data. We conclude that the significant increase in the chromospheric radiation
variations against the background of a small flux of soft X-ray and UV radiation from the corona
observed on December 8, 2014, together with the magnetic flux pop-up, can be regarded as a
precursor to a series of flares. We also analyzed the appearance of X-ray sources of weak bursts
before the series of flares. It is shown that the X-ray bursts developed in the same plasma structures
where future flares would occur. The results obtained show the importance and prospects of
applying new methods of synoptic observations of the Sun in the context of collecting statistics
("history") of AR energy release in different bands of the electromagnetic spectrum. In other words,

it is important to monitor not only the dynamics of the magnetic field structure, but also how the



AO releases the stored magnetic energy. An integrated approach will make it possible to develop
new methods for forecasting flares: perhaps better than just taking into account the magnetic field

structure.
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1. INTRODUCTION

A precursor to a solar flare ("in the conventional sense") is commonly considered to be a
localized small-scale energy release visible as a dimming in various wavelength ranges over a
conventional time range from a few minutes to ~1-2 h before the main flare (e.g., [Wang et al.,
2017]). Precursors can be both a manifestation of independent weaker episodes of energy release
accompanying the evolution of the active region (AR) and a trigger for the main flare. In a broader
sense, solar flare precursors can be understood as a wide variety of phenomena in the AO,
indicating the instability of magnetic-plasma configurations. The problem of searching for
precursors is closely related to the problem of accumulation and subsequent release of energy in
ARs during solar flares, as well as to the applied problems of predicting powerful active phenomena
on the Sun, including the prediction of space weather.

For example, in [Van Hoven and Hurford, 1986], the "classical" precursor to a flare and
coronal mass ejection (CME) is described as the appearance of a burst of soft and hard X-ray
radiation, indicating the preliminary heating of the plasma and acceleration of electrons before the
main energy release of the flare. In addition, a spatial relationship between the small-scale energy
release (precursor) near the neutral line (NL) of the magnetic field and the onset of the main flare
was shown in [Wang et al., 2017]. At the same time, studies of radio and X-ray precursors [Chifor
et al.,, 2007; Abramov-Maximov, Bakunina, 2022; Zimovets et al., 2022; Shohin et al., 2024;
Motorina et al., 2023] showed that the sources of preflare fluctuations are usually localized in
compact AO zones located near the NL not far (approximately within 20-30 angular seconds) from
the sources of the main flare. This suggests that the small-scale energy release in the lower solar
atmosphere may be associated with the onset of the main flare. Nevertheless, the question of
precursors and their relation to the onset of solar flares is still open.

Note that not only X-ray and microwave bursts near flares, but also other morphological
structures with different spatial scales and temporal dynamics in different ranges of the
electromagnetic spectrum are considered as precursors of solar flares. The most striking
manifestations of pre-flare activity are systematized in the list below:

1. Compact booms and bursts in different bands of the electromagnetic (EM) spectrum: in the

ultraviolet (UV) and extreme ultraviolet (EUV) bands before solar flares [Chifor et al., 2006; Chifor



et al., 2007; Zimovets et al., 2022; Shohin et al., 2024] in the thermal soft X-ray range (e.g., [Chifor
et al. 2006; Awasthi et al. 2014, 2018a, 2018b; Zhang et al., 2015; Zimovets et al., 2022]),
gyrosynchrotron bursts of microwave radio emission [Kai et al., 1983; Wang et al., 2017; Bakunina
et al., 2020a, 2020b];

2. Pre-flare hot channels visible in the AMC range [Cheng et al., 2014; Nindos et al., 2015;
Hernandez-Perez et al., 2019; Sharykin et al., 2020];

3. Vertical lifting of magnetic loops and the eruptive magnetic harness prior to the onset of a
solar flare and corresponding eruption [Ohyama and Shibata, 1997; Zhang et al., 2012; Zhang et al.,
2015; Wu et al., 2016; Mitra et al., 2019];

4. Long-lived extended radiation sources in different ranges of the EM spectrum: e.g., radio
sources above NLs (NLS - Neutral Line Sources, e.g., see [Uralov et al., 2008; Bakunina et al.
[Uralov et al., 2008; Bakunina et al., 2015; Abramov-Maximov et al., 2015]) and sigmoids visible
in the soft X-ray range [Gibson et al., 2002; Driel-Gesztelyi et al., 2015; Jiang et al., 2014];

5. Plasma currents found from UV/CUV spectroscopy and visual analysis of time-sequence
images in the same wavelength range [Wallace et al., 2010, Dudik et al., 2016; Zhou et al., 2016;
Woods et al., 2017; Huang et al., 2019];

6. Spectroscopy of various UV lines reveals their non-thermal broadenings and Doppler shifts,
which can be associated with the activation of turbulent currents in pre-flare magnetic structures
(e.g., [Jeffrey et al., 2018; Huang et al., 2019]);

7. Quasi-periodic pulsations in the pre-flare radiation fluxes (e.g., [Zhdanov & Charikov, 1985;
Tan et al., 2016; Abramov-Maximov & Bakunina, 2022; Zimovets et al., 2022]) and oscillatory
motions in the magnetic structures of pre-flare ARs [Zhou et al., 2016].

All these phenomena have been described in the vicinity (no more than 1-2 hours) of
individual solar flares. However, from our point of view, it is of great interest to investigate on long
(several days) time scales the complex of energy release phenomena in ARs before large series of
flares, which can give a powerful integral effect in space weather. What is the nature of the
behavior of radiation sources in different ranges of electromagnetic waves before a series of flares
on long time scales of AR dynamics? What is the relationship between the dynamics of pre-flare
radiation sources and the dynamics of the photospheric magnetic field in the AO?

The purpose of this work is to investigate a specially selected (see next section for selection
criteria) NOAA AO 12230 in the time interval of its highest flare activity on December 9, 2014 (as
well as about a day before and after) to search for precursors of a series of flares from multi-
wavelength observations, including soft X-ray (GOES/XRS [White et al, 2005] and RHESSI [Lin et
al., 2002]) and extreme ultraviolet (SDO/AIA, [Lemen et al., 2012]) emission, photospheric
magnetic field data (SDO/HMLI, [Scherrer et al., 2012]). In the present work, we attempt to highlight



characteristic processes in different spectral bands and in different layers of the solar atmosphere in
ARs before a series of flares and discuss the possible nature of the occurrence of precursors.

From our point of view, the novelty of this work lies in the attempt to carry out a
comprehensive multi-wavelength (magnetic field analysis + analysis of radiation from the
chromosphere to the corona) study of the AO energy release before a series of solar flares on long
time scales. We consider the activity "as a whole" for the selected AO and do not detail the analysis
of individual events. It is worth noting that most modern works usually evaluate the peculiarities of
the magnetic field dynamics in comparison with the soft X-ray fluxes by GOES and do not detail
the statistics of the radiation sources during the evolution of ARs. We will collect statistics of
radiation for a specific, selected AO in different ranges of the EM spectrum. Also, the novelty of
this work lies in the selection and consideration of the remarkable case of AO NOAA 12230 (more
details in the next section), which illustrates the evolution of the AO from a non-flare to a flare-
active state and back in terms of simultaneous analysis of multi-wavelength observational and
magnetic field data.

2. SELECTION OF AOS FOR ANALYSIS

For the analysis was chosen AO NOAA 12230, which appeared on the visible part of the Sun
on December 6, 2014 (during the maximum of the 24th solar activity cycle), and in the process of
development, starting from December 8, caused a series of solar flares X-ray class C. This AO was
chosen to analyze the dynamics of flare activity in the UV and CUV bands due to the rapid growth
of the spot group (within a day) and the appearance of a series of solar flares, with the 7 most
powerful flares appearing within 12 hours. From our point of view, this AO is a remarkable object
to study the features of the AO energy release before an isolated series of solar flares. In fact, it is
difficult to find cases for large ARs (in which a series of powerful M- and X-class flares are
observed) where we see the nucleation of an AR, followed by an active period and a decay of flare
activity (see, e.g., [Fursyak et al., 2020; Nechaeva et al., 2024]). At the same time, we also need
such an AO to be located in the central part of the solar disk in order to have acceptable quality of
the HMI vector magnetograms. The chosen AO stands out because we can see its evolution from
birth to the end of the flare-active period within about three days. At the same time, we have good
vector magnetograms without the projection effect (characteristic of near-limb AOs). Also,
relatively weak C-class flares did not produce strong oversaturation of the AIA matrix, which is
also convenient for analyzing this AO. Based on the observations of this AO, we will collect unique
information on the dynamics of radiation sources in different bands of the EM spectrum with
respect to the dynamics of the photospheric magnetic field structure at different stages of AO
development. In particular, we will emphasize the peculiarities of the AO transition to a series of

flares.



3. OBSERVATIONAL DATA AND THEIR PROCESSING

The first flare occurred on December 8, 2014 at 17:53 UT (C1.3), followed on December 9,
2014 by a successive series of 11 flares from 03:21 UT (C2.0) to 23:22 UT (C1.3), and the last flare
occurred on December 10, 2014 at 02:03 UT (C1.4), see Table 1. The flashes, X-ray class, start and
end times are taken from the list freely available at the  website:
(https://umbra.nascom.nasa.gov/goes/eventlists/goes_event listings HER/). It should be noted that
the flare that occurred on December 09, 2014 at 02:33 UT (C1.3) in NOAA AO 12230 (from
goes_xray event list 2014) was not included in the list because it occurred on the western limb of
the Sun and is not related to the AO in question. The duration between the end of one flare and the
beginning of the next flare for December 09, 2014 ranged from 51 min to 3h. 30 min. The mean
time between neighboring flashes was 100.0 min and the standard deviation was 50.4 min.

Figure 1 shows for December 08-10, 2014 the time profiles of X-ray emission from GOES
data in channels 1-8, 0.5-4 A, the CUF emission (94, 131 A) from the region shown in Fig. 5, and
the total variation of the UV emission (1600 A) in AO NOAA 12230 in the 1600 A channel from
SDO/AIA data. The similarity of the temporal profiles of X-ray and UV emission (Fig. 1), which
consisted of several peaks, is noteworthy.

To analyze the dynamics of the total magnetic field vector, we analyzed vector magnetograms
of SDO/HMLI. For further calculations, we took a fixed area that covered the entire AO. Figure 2
shows the time sequence of SDO/HMI magnetograms (Bz component maps after recalculation to
spherical coordinates) for December 8 and 9, 2014. The time range of rapid formation of NOAA
AO 12230 is clearly distinguished: ephemeral region (only Plage regions are visible) (a),
appearance of regions of strong magnetic spot fields (b), relative divergence of spots and growth of
their area (c, d). Vertical fields greater than ~1000 Gauss appeared during the appearance of the
spots (see below for more details).

In Fig. 3. we analyze hourly integral (i.e., hourly summed) maps of UV brightening in the
SDO/AIA 1600 A channel (24 s temporal resolution). The field of view in the figure panels is not
fixed and grows as the spots appear and the AR grows for better visualization. Summarized (i.e.,
integral) UV maps of urchins were constructed from the time sequence of SDO/AIA UV images as
follows. NOAA 12230 AO difference images were compiled, and then pixels with negative time
derivative were taken to be zero. Pixels in which the brightness growth per frame was less than 150
DNs/frame (DN - digital number) were also zeroed. Then at hourly intervals such difference maps
(with pixels with significant brightness growth, i.e. more than 150 DNs/frame) were summed up
and the value in each pixel was normalized by the number of frames in the selected hourly interval
(~150 difference frames). Thus, maps of the integral hourly "positive" energy release were formed.

On this basis, we compared the dynamics of chromospheric activity in the integral UV maps with



the averaged (for 1 hour) vector magnetograms (contours in Fig. 3): superimposition of the region
of strong magnetic fields and drawing the position of the neutral line on the UV maps.

The four upper panels of Fig. 3 shows the appearance of spots (flux resurfacing) and the
beginning of AR formation: a bipolar structure (~25 arc-sec) and the first compact UV brightenings
with a characteristic size up to ~5 arc-sec appear. Probably, the first bores appear as a result of the
interaction of the pop-up magnetic flux with the background magnetic field. We then observe a
complication of the NL and the appearance of large-scale UV brightening regions: the most
powerful outbursts are shown for 17:29:29:29 UT. For the 05:45:29 and 11:45:29 UT panels, we
see a very strongly ruggedized NL and many UV brightenings near this NL. The last panel of Fig. 3
shows a point in time when we no longer see increased solar activity and the UV yarns become
quite sparse and compact again.

In Fig. 4 shows different temporal profiles of the UV (1600 A), CUF (131 A), X-ray emission,
and histograms of the distribution of the magnetic field vector components from SDO/HMI data.
Panels (a) and (b) show the dynamics of the maximum (a, brightest map pixel) and total variation of
the SDO/AIA 1600 A UV emission at hourly summation (from the maps in Fig. 3). The total flux of
131 A CUF emission from the studied AO is shown in panel d compared to the integrated flux from
the whole Sun in the soft X-ray range (Fig. 4c) by GOES (channel 1-8 A). When comparing the UV
and X-ray light curves, it can be observed that the GOES data show bursts not only from the
considered AO, but also from other regions of the Sun, which is important to take into account
when studying flares and their precursors [Zimovets et al., 2022; Zimovets et al., 2023].

The dynamics of the histograms of the distribution of magnetic field components from
SDO/HMI vector magnetograms (time resolution of 12 min) is shown in Fig. 4e-g: the modulus of
the magnetic field vector (e), the modulus of the vertical (or radial, i.e., perpendicular to the Sun's
surface at a given point) component (f), and the magnitude of the horizontal (or tangential, i.e.,
directed along the Sun's surface) component (g). The phase of magnetic flux surfacing and the
formation of ARs with a group of spots from the ephemeral AR stage are clearly distinguished. The
color scale qualitatively displays the total area of pixels with one or another field value (vertical
scale) and by the purple color one can see that magnetic fields greater than ~700 Gauss (horizontal
component) and ~1300 Gauss (vertical component) appear in the process of magnetic flux surfacing.
The lower panels (h) and (i) show the magnetic fluxes computed for the vertical component over
1000 Gauss (h: negative and positive) and the time derivatives of these magnetic fluxes (i). These
time profiles are compared with the total UV activity curve (b) and the total CUF 131 A radiation
flux for the studied AO (d).

The complex of observational data in Fig. 4 shows the presence of several phases in the

development of the flare AO. In the first ephemeral phase, we observe only the diffuse field of the



flare plage (plage) and the NL, in the vicinity of which a local magnetic flux surfacing occurs, and
the appearance of the first spots. The onset of the resurfacing corresponds to the first UV
brightenings at the chromospheric level according to the AIA data: panel (h) shows in blue the
histogram magnified by a factor of 10 in amplitude to see the weak increases (in the region of the
first vertical dashed line). The maximum value of the magnetic flux variation for both signs of the
vertical component of the magnetic field (second vertical line) is reached at the onset of the small-
scale outburst coronal activity visible in the 131 A AIA hot channel (as small outbursts compared to
flares): the temporal profile in panel (i) with amplitude magnified by a factor of 5 is also shown for
clarity. Also at this time point, we see the maximum value of the UV variations (from the hourly
integral maps) in the curve in Fig. 4a and the beginning of strong integral chromospheric activity in
the AO (Fig. 4h). The period of small-scale outburst activity ends with the beginning of a series of
outbursts (between the third and fourth vertical line), after which the chromospheric activity
disappears and the number of outbursts in the 131 A channel decreases (after the fourth vertical
line).

The analysis of the total maps of the UV brightenings and the magnetic field data indicates
that these maps are sensitive to the magnetic field dynamics. The emergence of pinholes is
associated with the surfacing of the magnetic flux and the complication of the magnetic field
geometry (visible as the complication of the NL and the growth of a group of spots). It is likely that
current layers forming in the corona above the AO and the energy release in them leads to energy
fluxes from the corona to the chromosphere, and we see dynamic bright regions in the 1600 A
channel. The formation of current layers in the chromosphere is also possible in the case of low
magnetic loops. Moreover, we note the important fact that after reaching the maximum rate of
magnetic flux change, we begin to see very strong chromospheric activity and, after about 10 hours,
the beginning of a series of flares whose chromospheric activity was comparable to the pre-flare
period (with much stronger activity in the corona observed in the X-ray band).

To analyze the X-ray sources, images were constructed from RHESSI data in the 6-12 keV
energy range (CLEAN algorithm, [Hurford et al., 2002]) for all visible outbursts in this AO prior to
the C-class flare series on December 9, 2014. A comparison was made (Fig. 5) of the resulting X-
ray contour images with the total hourly CUF maps of the 131 A outbursts (similar to the UV
outburst maps in Fig. 3). For a given channel, approximately 300 difference frames are stacked in
the hourly time interval. In contrast to the UV total maps in the 1600 A channel (predominantly
chromospheric emission), the constructed maps in the 131 A channel represent the integral hourly
activity in the corona and should indicate the most heated magnetic-plasma configurations. In
constructing the 131 A summation maps, we summed the pixels of the difference images only for

magnitudes of change greater than 300 DNs/frame (other pixels were zeroed). We compare the



summary maps and X-ray sources to the full magnetic field contours and do not show the NLs (to
reduce the clutter in the figure; for the NLs and the vertical component of the magnetic field, see
Fig. 3).

We plotted groups of X-ray sources for each individual burst within the considered hourly
time interval of the total CUF maps (the beginning of hourly interval is shown in the captions above
the panels in Fig. 5). Each individual X-ray source was constructed for sufficiently arbitrary time
intervals so as to cover individual bursts or their groups in the time profiles of the RHESSI count
rate in the 6-12 keV energy range, and also so that it was possible to synthesize an X-ray image
from the data (to ensure convergence of the image reconstruction algorithm), given the rather poor
statistics of the registered X-ray photons.

From Fig. 5 shows that X-ray sources and areas of increased CUF activity (bright green-red-
yellow areas on the total CUF maps) are localized in the same region. At different hourly time
intervals, the X-ray sources differ in size and magnitude of relative spread. The first "significant" C
flare in the series is shown in panel (i). Panel (a) shows the hourly time interval in the vicinity of the
maximum pre-flare burst of UV activity (when the third phase of pre-flare microburst activity began
after the flux resurfacing phase). We see that an X-ray source arises between the paired regions of
the CUF ejecta. A weak microburst was detected for this source ~ B1.0 if we subtract the
background before this burst, which was at ~C1.0.

The analysis of the UV and CUV fluxes does not provide direct information on the plasma
temperature in the AO. At the same time, one of the possible prognostic parameters of flare activity
may be the average temperature in the AR, or its value in some localized places of the AR: for
example, the temperature increase may indicate an increasing energy release in the pre-flare current
layers. Within the framework of this work, we will perform a preliminary and simplest analysis of
the thermodynamic parameters of the plasma in ARs in channels 94, 131, 171, 193, 211, 335 A
from SDO/AIA data and X-ray emission from GOES data. Using the AIA data, we recovered the
differential emission measure (DEM) of the flash plasma along the beam of view from a region in
the temperature range T = 0.5-25 MK to further determine the temperature (7) and emission
measure (EM) from the FOV (field of view, Fig. 6, bottom panel) of the AO region of interest,
assuming a multi-temperature model.

Using the AIA data with the Tikhonov regularization method [Tikhonov and Arsenin, 1979;
Hannah and Kontar, 2012], we performed a reconstruction of the differential emission measure
(DEM, Fig. 6, bottom panel). In Fig. 6 (bottom panel) shows the DEM calculated from the FOV
(Fig. 6, top panel) for the most powerful flare SOL20141209T09:58 (C8.6) in the series for the time
moments: 57 min before onset (09:00:47- 09:00:59 UT), at maximum (10:24:13-10:24:37 UT), and
during the decline phase (10:35:00-10:35:12 UT). It can be seen that there are dynamics of DEM



development . There is an increase in the DEM, namely the part responsible for coronal plasma with
temperatures above 5 MK, as the event progresses. This is most noticeable at the time of the
maximum of the impulsive phase (10:24:13-10:24:37 UT). The flare-associated heating and growth
of the emission measure can be seen in Fig. 7.

The resulting time profiles of temperature and emission measure from GOES and AIA data
for a long (~20 h) time interval are shown in Fig. 7. It can be seen that there is a correlation between
the EM and T profiles. Moreover, EM and 7 do not show such a clear variation as the temporal
profiles of the CUF emission, which can be explained by the fact that EM and T are integral features.
It can also be noted that the variations in the amplitude of EM and T by AIA are weaker than the
variations of EM and T by GOES due to the fact that for AIA the analysis was performed for a
selected region of the Sun (recall that GOES measures the integral X-ray fluxes from the entire
visible hemisphere of the Sun), and also AIA is sensitive to lower temperatures of the emitting
plasma compared to GOES [Tsap and Motorina, 2017].

4. DISCUSSION OF RESULTS AND CONCLUSIONS

We analyzed the time sequence of UV and CUV images (chromospheric and coronal emission)
from 1600 and 131 A AIA data of the NOAA 12230 active region before and during the outburst
activity on December 8-9, 2014, in order to identify the features of the active region preparation for
a series of outbursts of 11 X-ray class C events with a mean time between them of 100+ 50 min. A
simple efficient method (integral hourly UV and CUF maps of the positive intensity derivative) for
visualizing the brightenings in the chromosphere and corona was proposed and demonstrated using
a selected AO that best shows the nucleation of the spot group, the transition to the flare series, and
the fading of the flare activity.

It is shown that the method of UV chromospheric brightening maps is very sensitive to
changes (magnetic flux pop-up and NL complexity) in the photospheric magnetic field. It is likely
that this method of mapping the variations of energy release in the AO at the chromospheric level
can be used as an additional source of information on the status of energy release in the AO to
create new solar flare prediction models (along with information on the photospheric magnetic
field). However, extensive statistical work is needed to create such a method. In this paper, we have
only demonstrated an example of simultaneous qualitative analysis of data on the photospheric
magnetic field, total maps of UV chromospheric activity, and integral coronal CUF flux for a
specific selected AR.

The main physical conclusion of this work is to distinguish the phases of AO preparation for a
series of flares. Moreover, the possibility of obtaining this result is due to the fact that we have
chosen an ideally suited fast evolving AO to study and different types of data showing different

layers of the solar atmosphere. In particular, the method of total UV chromospheric maps allowed



us to identify a phase of enhanced chromospheric activity before a series of flares. As a result, five
developmental phases were identified for the studied AR from its nucleation to the cessation of flare
activity. The boundaries between the phases and their names are rather conventional:

- Phase 1. "Ephemeral AO" without spots (only flare site areas);

- Phase 2 ("Photospheric" phase, birth of AO). Beginning of magnetic flux surfacing.
Formation of pores and small spots. First UV brightenings appear in very compact areas. In this
phase, the fluxes of the CUF radiation in the 131 A channel gradually change, and bursts are not yet
observed;

- Phase 3 ("Chromospheric phase" against the background of small bursts of CUF radiation).
Beginning of microburst coronal activity: probably precursors of future flare activity. This phase is
observed from a very bright burst at 1600 A, but with a weak manifestation in the corona (probably
very low magnetic loops are involved). The UV brightenings become very bright and cover a large
area. Bursts in the 131 A hot channel begin to be observed. Here we observe the first X-ray
microburst at ~B1.0 (taking into account the subtracted background). This phase is associated with
the formation of a complex NL, probably related to the secondary flaring of the compact magnetic
flux against the background of the forming AR;

- Phase 4 ("Coronal Flare Phase"). Flash activity in the form of a continuous series of C flares.
A complex morphology of radiation sources is observed. The cause of the flares is clearly related to
the complex NL and magnetic field geometry;

- Phase 5 ("Fading of flare activity" in all bands of the EM spectrum). Attenuation of flare
activity and AO exit to the stationary regime. The AO then moves through the disk as an AO that
has a Hale class (or Mount Wilson class) of By (see e.g., [Toriumi and Wang, 2019]).

We consider X-ray microbursts and weak flares (B to C class) in the context of the
development of the NOAA 12230 AO from its very inception to the onset of flare activity. The
complex of observational multi-wavelength data suggests that the location of X-ray sources prior to
the C series of flares is associated with a heated magneto-plasma structure (visible in the total CUF
maps) in which the energy release of future flares of this AO will develop. Despite the apparent
obviousness of this statement, we note that, from our point of view, there has been insufficient real
end-to-end analysis of the dynamics of X-ray flare sources (of different powers) over relatively long
time intervals. Usually, studies of the Sun's X-ray emission are tied to specific (more often large
over M1.0 class) events. In this paper, we have shown by comparing total CUF variation maps,
HMI vector magnetograms, and X-ray images that X-ray activity in ARs is localized in the corona
above the NL between spots, where the energy release of a series of flares occurs. We note that the
importance of processes over the NL prior to flares has been noted in numerous papers (some of

them mentioned in the Introduction): mostly analyzing single events and time moments near the
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onset of flares. In this paper, we have strengthened the assertion of the importance of diagnosing
high-energy processes in the AO over NLs by analyzing processes in the AO over long time
intervals. This simple result is important precisely from the point of view of solar flare prediction
practice: collecting information on the real status of the AO energy release in the X-ray range (as
well as in other ranges of the EM spectrum) in the context of the magnetic field dynamics. In other
words, it is important not only the "AO energy content" (the value of free magnetic energy), but
also how the AO releases magnetic energy in the form of flares and small bursts of different energy
scales.

In addition to analyzing maps and images, it seems important to construct averaged
characteristics of the CUF radiation by DEM analysis. Again because of the importance of tracking
the current status of the AO energy emission. In this work, we analyze the differential emission
measure and calculate the flash plasma parameters (7, EM). It is shown that there is a good
correlation between the emission measure and temperature profiles obtained from GOES and AIA
data, indicating a single process observed with both instruments. A comparison of the AIA coronal
channels and GOES data confirmed the presence of outbursts from another AO in the X-ray data.
The method of using DEM analysis of AOs in the context of developing forecasting methods needs
to be further developed. Here, we investigated the simplest parameters from the integral DEM AO
FOV with the aim of further developing prognostic criteria from XRF data.

The consideration of precursors 1-2 h before the flare onset very strongly limits the realistic
possibilities of predicting the AO energy release against the background of slower magnetic field
dynamics. This work has shown that it is necessary to consider long time periods of AR
development and also to monitor the integral energy release in ARs. In particular, before the
beginning of the flare series on December 9, 2014, the studied AO showed a significant
enhancement of the chromospheric UV flux in about 12 hours (Fig. 4), which can be considered as
a precursor of the flare series against the background of the magnetic field resurfacing. In other
words, the pumping of ARs with magnetic energy followed first, and then the formation of unsteady
magnetic configurations and, in particular, current layers occurred. With this approach to data
analysis, the concept of a precursor (as a concept for practical flare prediction problems) in a few
minutes or tens of minutes loses its meaning. However, these statements require additional analysis
of the observations. Extensive statistical work must be done to put into practice the forecast of
flares based on observations of energy release in ARs.

It is worth noting that virtually all past and present studies of microflares have been conducted
in the context of coronal heating studies or as detailed multi-wavelength studies of individual events.
In this work, we have shown that the energy release in the form of relatively weak bursts of

radiation in the developing AR is related to the future energy release of solar flares. The implication
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is that small acts of energy release are indicative of growing instability and future flares.

Once again, we emphasize the main methodological conclusion of this paper. We have
demonstrated a qualitative approach to the analysis of multi-wavelength observational data of a
particular flare AO and have shown the possibility of collecting (by constructing total UV and CUV
maps and DEM analysis) information on activity of different energy scales in the context of the
photospheric magnetic field dynamics. Further it is necessary to proceed to statistical studies,
elaboration of methods and development of quantitative parameters indicating the conditional
current and previous (relative to a given point in time) status of the AO energy release in order to
forecast future energy release using also magnetic field data. From our point of view, progress in
empirical models of solar activity prediction will be related to the addition of additional data on EM
radiation from the overlying layers of the solar atmosphere with sufficiently good spatial resolution
to the usual used vector magnetograms.
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List of solar flares that occurred between December 8 and 10, 2014 in NOAA AO 12230.

From left to right: date, start time, maximum, end of flare, GOES X-ray class, and time between

the end of one flare and the beginning of the next.

Date Start time | Peak time End time X-Class Time between flares
8-Dec-2014 17:53 17:56 18:00 Cl.3 -

9-Dec-2014 03:21 03:28 03:47 C2.0

9-Dec-2014 04:56 05:15 05:39 Cl4 1 h. 9 min.
9-Dec-2014 08:22 08:30 08:41 C8.1 2 h. 43 min.
9-Dec-2014 09:58 10:24 10:35 C8.6 1 h. 17 min.
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9-Dec-2014 12:29 12:34 12:45 C54 1 h. 54 min.
9-Dec-2014 13:43 13:48 13:56 C4.5 58 min.
9-Dec-2014 15:21 15:28 15:33 C6.2 1 h. 25 min.
9-Dec-2014 17:12 17:18 17:23 C2.5 1 h. 39 min.
9-Dec-2014 18:37 18:48 18:55 C5.3 1 h. 14 min.
9-Dec-2014 19:46 19:49 19:52 Cl4 51 min.
9-Dec-2014 23:22 23:27 23:32 Cl3 3 h. 30 min.
10-Dec-2014 | 02:03 02:13 02:21 Cl4 -
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FIGURE CAPTIONS

Fig. 1. Time profiles at the time instant of December 8-10, 2014 of the GOES X-ray flux in
channels 1-8, 0.5-4 A (upper panel), the CUF flux in AO in SDO/AIA channels 94, 131 A, and
the total variation of the UV emission (in rms) in AO in channel 1600 A (lower panel). The
vertical lines show the beginning and end of the flashes.

Fig. 2. Time sequence of SDO/HMI magnetograms for NOAA AO 12230: maps of the Bz
component at the time points (left to right from top to bottom): 08.12.2014 10:59:59:52 UT,
08.12.2014 13:59:52 UT, 09.12.2014 01:59:52 UT, 09.12.2014 21:59:52 UT.

Fig. 3. Time sequences of the integral (averaged) UV maps of ullages (colored substrate) in the
SDO/AIA 1600 A channel. These maps were made by summing in hourly time intervals all
positive time derivatives (in pixels). The white contours show the magnetic field modulus levels
(500, 1000, and 1500 Gauss). The bold line shows the position of the NL.

Fig. 4. Time profiles: maximum UV variation level (brightest pixel in the UV maps) in the NOAA
12230 AO in the 1600 A channel (a), total UV variation in the NOAA 12230 AO in the 1600 A
channel (b), GOES X-ray flux in the 1-8 A channel (c), CUF flux in the 131 A channel (d),
histograms of the magnetic field component distribution (X axis shows time and Y axis shows
histogram): field modulus (e), modulus Bz component (f), horizontal B component (g). The color
scale of the histograms shows the logarithm of the total area of the regions (in cm?) for a
particular value of the magnetic field component magnitude (marked on the vertical axis). The
vertical lines mark the characteristic stages of the NOAA 12230 AO and background energy
release. The panels (h, 1) show the amplitude-increased temporal profiles of the UV emission in
the 1600 A channel and the CUF emission in the 131 A channel (blue) for better visualization of
weak bursts.

Fig. 5. RHESSI images of 6-12 keV X-ray emission sources (detectors 3, 6, 7). Time sequences of
the CUF maps of ejecta (colored substrate) in the 131 A channel. White contours show the
magnetic field modulus levels (500, 1000, 1500, and 2000 Gauss). The cyan contours show the
positions of the sources in the energy range 6-12 keV.

Fig. 6. Upper panel: analyzed region (FOV) of NOAA AO 12230, 09:00:49 UT 09.12.2014.
Bottom panel: DEM calculated from the FOV for three time points: 57 min before the
SOL20141209T09:58 (C8.6) flare onset (09:00:47-09:00:59 UT), at maximum of the impulsive
phase (10:24:13-10:24:37 UT), and during the decline phase (10:35:00-10:35:12 UT).

Fig. 7. Left: temporal evolution of temperature (7) and emission measure (EM) calculated from
GOES and SDO/AIA data from the region shown in Fig. 6 (left panel). Right: light curves of the
CUV emission from the FOV (see Fig. 6), December 9, 2014. The vertical lines show the
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beginning and end of the flares.

-5
107F o5

107°

1077

GOES [watts m™]

1078

- 131 /3,
L 1600 A

-_ — ‘ | ’.J ‘ IWU&IUW

10 |
| |

5 e |
sy, M ﬁl\'“\] \w T‘lm\,,m,..,\i,,

1 N L 1 " " 1 " N 1 " 1 " " 1 N
00:00 12:00 00:00 12:00 00:00 12:00
Start Time (08—-Dec—14 00:00:00)

AIA [DN/s/px]

Fig. 1.

18



Y, arcseconds

-150

-200

-250

-300

-350

Ny
o
IS

N}
o
o

-300

-350

a)

-750
c) 2014.12.09 01:59:52.522 UT

-650

2014.12.08 10:59:52.580 UT

-700

-600

-650 -600

-550 -500
X, arcseconds

-550

-450

-500

-400

b) 2014.12.08 13:59:52.504 UT B, Gauss

: 400

-150

200
-200

0
-250

-200
-300

-400

-350 3
-750 -700 -850 -600 -550 -500 -450

d) 2014.12.09 21:59:52.384 UT
-100

-150
-200
-250

-300

-350 . :
-500 -450 -400 -350 -300 -250 -200

Fig. 2.

19



-240

-260

-280

-220

240 §

Y, arcseconds

-280 =

Y, arcseconds

-720

-700

-680

-480
X, arcseconds

-680

2014-12-08 09:29:29.571

-660
X, arcseconds

-460

-440

2014-12-08 07:29:29.570

-740 720 -700 -680 -660 -640 -620
2014-12-08 12:29:29.578

220
240
260
280

-700 -680 -660 -640 -620 -600

2014-12-08 17:29:29.571

-240

-260

-220

-580 -560 -540 -520 -500 -480 -460

-240

-260

-420 -400 -380 -360 -340 -320

20



n
o
=1

o
=]

Max UV 1600 variance, AUs
W 8
= o

uv varlance:peak
i

[T T T T

T T
+ max UV variance is calculated for NOAA 12230 |

(1 h UV variance maps)|

L

3 0,
2 3.0%10

Total AIA 131, DNs

\L‘u.‘u
|
§
Total AIA 131

2.0x10°

6.0x10°

4.0x10°

UV variance is calculated for NdAA 12230
1 h UV integrated variance maps)

s
~=

T i

@
g
@
<]
o

o

L.

c) flux is calculated for the whole Surj
GOES/XRS data

TT T T T T T[T T[T I T TTT T

N ..JLM L mwl\'w

[ A

time period of
major Flares

p\

d) flux is calculated for NOAA 12230,
(12 s AIA 131 maps) :

ARSIl -SRARNRERS]

DNs

l

0

1 2
time, days from 7-dec-2014 00:00:00 UT

Fig. 4.

21

1.0%10

6.0%108

4.0x10°
2.0x10°E

etic field distribution

Total UV 1600 variance, AUs x10

i
agnetic flux (1 h averaged)'
B.> 1000 G \
B,<-1000 G

=]
v o

i
I Magnetic flux time 4
[ derivative (10 h averaged) ]
[ B,>1000G L
-1000 G .
1

'

1

'

1

8.0x10°%F

1 ) 1g
Total AIA 131,

0

time, days from 7-dec-2014 00:00:00 UT

Magnetic FI

)

d(BS)/dt, 10™ Mx/h

=]



AlA 131 v nce map (1 h averaged)
2014-12-08 17:30:02.567 UT Ig(AUs) 2014-12-08 18:30:02.568 UT 2014-12-08 21:41:14.568 UT

a) The first X-ray microflare
Available RHESSI image

-230

-240

-260

-270

-280

610 600 590 580

-620 -610 -600

2014-12-08 23:41:14.568 UT 2014-12-09 00:41:14.567 2014-12-09 02:41:14.568

600 590 580 570  -560  -550  -540 -580 -560 560 -540
2014-12-09 04:41:14.568 2014-12-09 05:41:14.568 2014-12-09 08,41:14.568

Y, arcseconds
Y, arcseconds

) The first major C-class'flare

-560 -540 -520 -500 -560 -540 -520 -500 -540 -520 -500 -480
X, arcseconds.

Fig. 5.

22



500 AlA_4 94 9-Dec-2014 09:00:43.117 UT SD0 M) 131 O-Dee-2014 09:00:56.632 UT SD0 MAS 171 O-Dee-2014 09:00:47 344 UT

T B ennn IR Dt T B eeenn evnereteraoen Dt B I S PP S
. - . v ael
o T
] a
E - i -
- -
I IR . i L ]
L " L — i a e L - 1 ~ i 1 e L - 1 ~ i 1 e
=600 =550 =450 =400 =500 =550 =450 =400 =600 —550 =450 =400

=500 ~500 -
X {arcsec) ¥ {orcees) ¥ {arceec)

SD0 A2 193 9-Dec—2014 00056641 UT 500 A2 211 9-Dec-2014 09:00:47.620 UT 500 mA_T 335 O-Dec-2014 09:00:50.620 UT

SRS SRS _isobe e s p— Y S S AU U P

T jarcsec)

-500 - 450 -0 450 —a00 - 500 -450 -850 -a50 -a00 - 600 -450 -800 —asn -400
¥ {arceac) ¥ {arcesc) % {arcesc)

09:00:47-09:00:59 UT

[ 10:24:13-10:24:37 UT
10%8 10:35:00-10:35:12 UT | |

6.0 6.5 7.0 7.5
log,o T [K]

Fig. 6.

23



Temperature K]

—

EM [em™

2.0x107[

1.5x107

1.0x107

5.0x10°
5x10%

4x10‘*’§
3x10%f
2x10% ¢

1x10%E

|

04:00 08:00
Start Time (09-Dec—14 02:23:00)

12:00 16:00 20:00

Fig. 7.

24

AIA [DN/s/px]

AIA [DN/s/px]

()]
(@]

(o4
o

N
o

W
o

N
(@]

AL 1NN
fPE;;&kF% Sﬁ ;
BT
%—“v“m\ﬂ M\J\’
;VWMA A A
aqiebibd il

04:00 08:00 12:00 16:00 20:00
Start Time (09—-Dec—14 02:23:00)



