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Abstract—We present an analysis of the pre-limb eruptive X4.9 solar flare on February 25, 2014, by means of
which we confirm a hypothesis of the two-stage energy release corresponding to two magnetic reconnection
regimes in the flare impulsive phase. This flare is selected, firstly, because of its morphological peculiarities
suggesting the presence of the two energy release stages. Secondly, the flare was very suitably located near the
solar limb and it was well-observed by many instruments. We performed an analysis of multiwavelength
observational data of this flare region to find a connection between changes of the photospheric magnetic
field, morphology of hard and soft X-ray sources, dynamics of the photospheric optical emission sources,
metric radio bursts, and kinematics of an eruptive structure. The simultaneous usage of the line-of-sight and
vector Helioseismic Magnetic Imager (HMI) magnetograms allowed us to trace magnetic field changes
during the flare impulsive phase with high temporal resolution. HMI filtergrams allowed to trace displace-
ment of the photospheric emission sources, associated with the magnetic reconnection, with very high tem-
poral resolution up to 2 s. Using all observational results, we argue that the found flare stages are characterized
by the following magnetic reconnection regimes. The first stage is predominantly characterized by the three-
dimensional zipping reconnection in the strong sheared magnetic field assuming the tether-cutting geometry.
The second stage corresponds to the so-called “standard” model of eruptive flares with the quasi-two-
dimensional reconnection below the eruptive flux-rope. All observational peculiarities of these two stages are

discussed in details.
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INTRODUCTION

Solar flares fall into two general classes: eruptive
and confined flares [8, 31]. Eruptions can be small-
scale (e.g. associated with localized jets and ejecta) or
large-scale processes leading to coronal mass ejections
(CMESs) with the energetics comparable with the ener-
getics of other flare energy release channels, e.g. ener-
gies of thermal plasma and nonthermal particles [9].
Confined flares are usually assumed to be without a
pronounced CME seen by coronagraphs. Investigation
of these two flare classes is important for the fundamen-
tal solar physics as well as for the practical purpose in
the context of the space weather forecasting. Indeed a
clear understanding of differences between these two
classes will help us to improve prediction models of
interplanetary perturbations connected with CMEs.

Along with practical studies we need in more clear
understanding of the eruptive processes and an
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accompanied energy release during the flare impulsive
phase accompanied by acceleration of particles,
plasma heating and emission intensity growth in vari-
ous spectral ranges [4]. There are a few basic ques-
tions, which still requires the answers. In particular,
how does magnetic reconnection operate in time and
3D space, and how does magnetic field dynamics
relate to magnetic reconnection and to different flare
emissions observed during the impulsive phase and a
developing eruption?

The “standard” 2D CSHKP model (SM—the stan-
dard model) of an eruptive two-ribbon solar flare [13,
24, 38, 44] assumes that a flare and eruption trigger is
a “global” (e.g. kink or torus) MHD instability of a
twisted magnetic flux rope. The erupting flux rope (a
plasmoid in 2D) stretches overlying magnetic field
lines (arch loops), and the 2D magnetic reconnection
happens in a current sheet (with X-points) below the
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erupting flux rope, which is a part of a developing
CME. Despite of the relative simplicity of this model
and success in explanation of some individual flares, it
cannot be directly applied to many real (observed) sit-
uations. The thing is that magnetic field dynamics
during the flare energy release is developed in a
3D space, rather than in a 2D space. At least, 2D mod-
els should be modified taking into account the
3rd dimension along the polarity inversion line (PIL)
(let us callit 3DSM |2, 15, 16]). Today it is known that
different 3D magnetic field topologies can be respon-
sible for solar flares where the 3D magnetic reconnec-
tion of various types can be realized.

SM assumes interaction of opposite-polarity mag-
netic field lines at an X-point below an erupting flux
rope. In a volume around the reconnection site,
plasma is heated and thermal electrons are accelerated
forming nonthermal populations with power-law (or
more complicated) energy spectra [10, 47]. However,
in a general case magnetic reconnection can occurina
magnetic configuration without X-points points as
well (e.g. see for a review [28]). More complex view on
the flare physics assumes a few stages (at least two)
characterized by different peculiarities of magnetic
field dynamics and topology.

One of the famous scenario of a 3D flare magnetic
reconnection is the tether-cutting magnetic reconnec-
tion (TCMR). This model was discussed by [25],
where two systems of crossed magnetic field lines
(observed as a sigmoid in the soft X-rays) interact in
the PIL forming a small-scale sheared arcade below a
reconnection site. A large-scale erupting magnetic struc-
ture above a reconnection site is also formed. In [21] it
was demonstrated the possibility of the TCMR in a
solar flare by using multiwavelength observations and
nonlinear force-free extrapolation of the magnetic
field. Another example is given in [36, 37]. Possibility
of a CME triggering by the TCMR process was pre-
sented in [3], where a numerical MHD modeling was
performed. In this work a two-stage scenario was dis-
cussed. A magnetic flux rope firstly is formed due to
TCMR, then the torus instability triggers an eruption
of the flux rope, and the flare energy release happens
behind the erupting flux rope in the frame of 3DSM.

Another two-stage flare model was discussed in [29].
The flare energy release is composed of two main
stages. The first one is the so-called 3D “zipper recon-
nection” spreading along an initially sheared coronal
arcade without or with an embedded flux rope above
the PIL. The main observational peculiarity is the ini-
tial elongation of flare ribbons and parallel motion
(“zipping”) of two emission sources (two opposite
loop footpoints) along the PIL. In this model the zip-
ping effect results from the 3D magnetic reconnection.
The subsequent stage (called as the “main stage”) is the
quasi-2D reconnection in the corona due to a flux
rope eruption and stretching of overlying magnetic
field lines. The second stage results in flare ribbons
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that mainly spread away from the PIL. The transition
from the quasi-parallel (relative to the PIL) motion of
paired hard X-ray (HXR) sources to the quasi-perpen-
dicular motion is indeed observed in a number of solar
flares (e.g. [11, 18, 46]). However, we are not aware of
observational works that would provide a combined
detailed analysis of the two discussed stages of magnetic
reconnection, the dynamics of magnetic field and flare
emission sources, and compare them with the kinemat-
ics of an erupting flux rope.

Despite numerous observational and theoretical
studies of solar flares there is a lack of important infor-
mation about the magnetic field dynamics during the
flare impulsive phase due to a low temporal resolution
of available vector magnetograms. There is also not
enough detailed multiwavelength observational stud-
ies clearly showing different regimes of flare energy
release during the impulsive phase. Do we really have
a transition from one type of magnetic reconnection to
another? This question needs in detailed observational
studies supported by information about the magnetic
field dynamics.

In this work we present a detailed observational
case-study of a near-the-limb eruptive solar flare with
a pronounced filament (flux rope) eruption and
CME. The main physical aim is to investigate the
morphology, dynamics and connections between
emission sources observed during the flare impulsive
phase in the context of magnetic field dynamics con-
nected with the possible regimes of magnetic recon-
nection. We will focus on a few observational aspects
of the flare energy release connected with the mag-
netic field restructuring. We address three main
research tasks:

1. To study magnetic field dynamics around flare
emission sources using 45-seconds line-of-sight (LOS)
magnetograms of the Helioseismic Magnetic Imager
(HMI) [30], onboard the Solar Dynamics Observa-
tory (SDO) [26], to resolve changes of the magnetic
field horizontal component on a time scale of the flare
impulsive phase (~10 min);

2. Using high-cadence HMI filtergrams with a
temporal resolution of 1.8 s to study dynamics of the
photospheric flare energy release sites comparing with
the temporal and spatial dynamics of X-ray emission
sources;

3. To study the overall dynamics of the flare energy
release in order to find evidences for the two (or more,
if available) stages connected with peculiarities of
magnetic reconnection. The most important thing is
to connect the observed magnetic field dynamics with
these stages.

More comments about the reasons to consider
these tasks and data sets are given in the next section.

The paper is organized as follows. Section “Event
selection and data” describes a number of criteria used
to select a solar flare for our study. In the subsequent
section “Overview of the selected flare” we discuss
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general observational properties of the selected flare
seen in different wavelength ranges. An analysis of 45-
seconds HMI LOS magnetograms is described in the
section “Investigation of magnetic field dynamics
using hmi line-of-sight magnetograms,” and in the
next section “Spatial structure of magnetic field dis-
turbances versus morphology of the emission sources”
we compare time differences of LOS magnetograms
with the Atmospheric Imaging Assembly (AIA) [19]
and the Reuven Ramaty High-Energy Solar Spectro-
scopic Imager (RHESSI) [20] imaging data. In the
next section HMI vector magnetograms are analysed.
Then, investigation of the photopsheric emission
source dynamics is presented in the subsequent sec-
tion. In the last section we summarize and discuss
briefly the analysis results obtained.

EVENT SELECTION AND DATA

In this section we briefly describe some observa-
tional data used and the reasons why we selected the
particular flare for analysis. One of the key interests in
studying solar flares is to investigate spatial structure
of the flare energy release developing due to magnetic
reconnection. Flare emissions registered in different
wavelength ranges are generated by different particular
physical processes. In this research we conduct multi-
wavelength analysis of the flare energy release during
the impulsive phase of an eruptive flare event which is
selected according to some reasons.

In order to solve our tasks we have first to find a
solar flare which was observed by the certain observa-
tories and which can exhibit physical effects that we
want to find and investigate. We are interested in high
cadence observations of magnetic field dynamics and
changing morphology of flare emission sources as we
want to trace peculiarities of magnetic reconnection
dynamics. In particular we want to find a transition
from one reconnection regime to another in the case
of eruptive flares.

We have found a solar flare of GOES X4.9 class
occurred on February 25, 2014, with the start at
00:39 UT and peak at 00:49 UT (according to the one-
minute GOES data). This time interval is by definition
called the flare impulsive phase [4]. This flare was pre-
viously investigated by [7] where the authors have
shown that the magentic field topology was in the
frame of the TCMR scenario at the initital stage.
However, there were no details about subsequent flare
energy release and associate dynamics of the magnetic
field. Moreover, we found some hints about the two-
stage impulsive phase (see below in the next section).
Thus, our research tasks are adressed to this particular
solar flare revealing initial TCMR topology. Results
from the cited paper will be also used for interpretation
of our analysis. From our point of view this solar flare
is an excellent example to study peculiarities of the
energy release during the TCMR process. We consid-
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ered the following main reasons to study this solar
flare:

1. A solar flare was eruptive with the well-devel-
oped CME whose formation and dynamics is clearly
seen in the low solar corona by SDO/AIA and the Sun
Watcher using Active Pixel System detector and Image
Processing (SWAP) onboard the Project for Onboard
Autonomy 2 (PROBAZ2, [12, 33]). We were able to find
exact positions of the eruptive structure and flare
loops;

2. A solar flare was located close to the solar limb.
Firstly, it is important as we are able to trace an eruption
with the minimal projection effect. Secondly, in a near-
the-limb position, the observed LOS magnetic field
predominantly consists of the horizontal (tangential)
component, which is of particular interest to us;

3. We need in sufficiently intensive HXR emission
fluxes in the energy band of 50—100 keV, which is usu-
ally associated with the bremsstrahlung HXR emission
of accelerated electrons from the low solar atmo-
sphere. High count rate is necessary to reconstruct
HXR images in this energy band with the highest pos-
sible temporal resolution. Presence of the HXR emis-
sion is an important attribute of the well-developed
magnetic reconnection which produces energetic
nonthermal electrons;

4. The selected flare was two-ribbon with the pho-
tospheric energy release concentrated in the two
sources presumably located on opposite sides of the
PIL. In this case we ignore complex magnetic field
topologies like in the tripple-ribbon, circular-ribbon
flares and so on;

5. The flare produced strong photospheric emis-
sion sources seen in the HMI filtergrams. We need in
this data in order to have high-cadence data of photo-
spheric impacts indicating the strongest flare energy
release sites. This will help to find initial phospheric
energy release sites and compare them with the regions
of magnetic field changes;

6. Location of the two flare ribbons allows to inves-
tigate dynamics of the LOS magnetic field in the inter-
ribbon space, where the PIL is located and there are no
significant disturbances of magnitograms by the flare
emission sources. Here we expect the strongest change
of the horizontal magnetic field (which is dominant in
LOS magnetograms for pre-limb regions);

7. Duration of the flare impulsive phase was large
enough. Large flare duration is necessary to use as
much as possible 45-seconds HMI LOS magnetograms
per flare time to investigate magnetic field dynamics.
We think that we need in time period at least 5 min
when the HXR emission (50—100 keV) is observed.

In this work we use the following solar space-based
instruments providing us with the necessary data:

1. RHESSI allows to reconstruct X-ray images in
broad energy ranges above 3 keV. We will perform an
analysis of X-ray images with the aim of studying the
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dynamics of high temperature (7 > 10 MK) plasma
and accelerated electrons in the flare region in the
energy range of 6—100 keV where count rates are suffi-
ciently strong to achieve good temporal resolution.
The nominal temporal resolution of RHESSI is 4 s,
which equals to the spacecraft rotation period around
its axis. The angular resolution of the finest subcolli-
mator grids is 2.26 arcsec [ 14, 20]. Additionally, we use
temporal profiles (and its time derivative) of solar
X-ray emission in the 1—8 and 0.5—4 A bands detected
with the X-Ray Sensor (XRS) onboard the Geosta-
tionary Operational Environmental Satellites (GOES)
with a 3-second cadence;

2. Extreme ultraviolet (EUV) images in the 94 A
channel (mainly emission of Fe XVIII at T~ 6.3 x 10° K)
from the Atmospheric Imaging Assembly (AIA, [19])
onboard SDO will be used to determine magnetic field
geometry and spatial structure of plasma heated in the
flare energy release region. The temporal cadence of
AIA EUVimages in one channel is 12 s and the angu-
lar resolution is 1.2 arcsec (0.6 arcsec/pix). We also
will use EUV images from the AIA 171 A channel
(mainly emission of Fe IX at 7~ 0.6 x 10° K) to
determine and analyze kinematics (temporal profiles
of height, velocity, and acceleration) of an eruptive
structure associated with the flare. Additionally, for
this purpose we will use the EUV images of the
PROBA2/SWAP in the 174 A channel, which has a
wider field-of-view (FOV) of 1.7R, (compared to
1.3R, for AIA) to determine the kinematics of the
eruptive structure at higher altitudes (in other words,
for a longer time period). The angular pixel size of
SWAP is 3.17 arcsec and the cadence for the time
interval considered is 110 s;

3. Magnetograms, dopplergrams, and intensity
maps from HMI [30] with 45 s cadence do not allow to
make a detailed direct comparison with other observa-
tional data (for example, 4 s for RHESSI and 12 s for
AIA). In this work, we propose to use HMI difference
filtergrams (with the temporal resolution of 1.8 s) for
identification of the earliest photospheric perturbations
in the flare impulsive phase, for the detection of
dynamics of the photospheric energy release, and for
the accurate comparison of the photospheric emission
sources with other observational data obtained in differ-
ent bands of the electromagnetic spectrum. Filtergram
processing methods which we will use in this work are
presented in [34, 35] and are based on subtracting the
corresponding (certain polarization and wavelength
channel) pre-flare filtergrams from the flare one.

OVERVIEW OF THE SELECTED FLARE

In this section we discuss the main observational
peculiarities of this flare before we start a more detailed
analysis. The flare site was located in the NOAA active
region (AR) 11990, close to the east solar limb, with
the approximate heliographic coordinates SI12E82

SHARYKIN et al.

(according to the NOAA GOES XRS reports,
https://www.ngdc.noaa.gov/stp/space-weather/solar-
data/solar-features/solar-flares/x-rays/goes/xrs/) and
the helioprojective coordinates (—929", —211") (accord-
ing to the RHESSI quick-look image catalog http://
hessi.ssl.berkeley.edu/hessidata/metadata/qlook\
image\ plot/2014/02/25/).

The flare X-ray temporal profiles obtained from
the RHESSI data are presented in Fig. 1a. The highest
available energy band is 800—7000 keV, but in our
study we will use only the energy bands in the range of
6—100 keV covering both thermal and nonthermal
emissions. Moreover, this energy range is selected as it
has sufficient count statistics to reconstruct qualitative
images with high temporal resolution of 12 s, which is
comparable with the AIA cadence. From the count
rates one can see that the HXR (above 50 keV) tempo-
ral profiles consist of several peaks with the most
intense one occurred around 00:45 UT.

By comparing images from different instruments in
Fig. 1b, we show the basic morphological peculiarities of
the flare energy release spatial structure seen during the
impulsive phase. A background is the EUV AIA 94 A
image selected to show an appearance of the flare
loop(s) with the bright footpoints and formation of the
eruptive structure developed into the CME. The X-ray
images were reconstructed using the EM algorithm
[14]. By the contours of different colors we present 6—
12 keV SXR images for the two time points: one
around 00:41~UT (approximate eruption onset) and
another one around 00:45 UT (the HXR peak). One
can see that the SXR loop(s) experienced an apparent
displacement corresponding to displacement of the
photospheric emission sources (from HMI filter-
grams) shown by grey color for the time range of
00:43—00:46 UT. This motion, approximately from
the north to south, called “zipping” is shown in panels
c and el in more details. Fig. 1c presents dynamics of
the HXR and SXR sources revealing the “zipping”
motion and the rising expanding SXR source.

In Figs. 1d1—1d6 we present comparison of the
photospheric emission sources from the HMI filter-
grams with the RHESSI 6—12 and 50—100 keV con-
tour maps. The photospheric emission sources were
obtained by subtracting corresponding pre-flare HMI
filtergrams from the flare ones. One can see that the
centroids of the HXR sources (up to three centroids)
was near the positions of the photospheric distur-
bances developping from initital compact emission
kernels to flare ribbons. However, there is no absolute
corresspondance between emission sources of these
two types. Not exact coincidence can be easily
explained by different dynamic ranges, expositions,
spatial resolutions of the HXR and Optical telescopes.
However, approximate spatial correspondance should
be considered as important obsevation confirming
possible common origin of these emissions connected
with nonthermal electrons injecting into lower solar
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Fig. 1. General overview of the X4.9 flare on February 25, 2014: (a) temporal profiles of X-ray emission detected by RHESSI;
(b) ATIA 94 A image comparing with the RHESSI X-ray contour images and HMI photospheric emission sources at 00:43-00:45 UT;
(c) temporal dynamics of the RHESSI X-ray sources in 6—12 and 50—100 keV; (d1—d6) comparison of the X-ray sources with
the HMI photospheric emission sources; (el—e2) temporal dynamics of the HMI photospheric emission sources.
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atmosphere. In this case photospheric disturbances
can be considered as a proxy of the precipitating non-
thermal electrons.

The “zipping” motion of the photospheric sources
is clearly seen in Fig. lel, where the contours mark
different time intervals (shown by different colors)
within the time interval of 00:43—00:47 UT. Panel e2
presents dynamics of the photospheric perturbations for
the time interval of 00:47—00:50 UT. One can note that
the source sizes are larger comparing with the el and
there was no clear “zipping” in this time interval.
Detailed analysis of the photospheric emission sources
parameters will be presented below in the paper.

The initial photospheric impacts (marked by white
color in Fig. 1b) were detected around the EUV loop
footpoints, where the first HXR 50—100 keV sources
were also located. It is also important to notice that all
high energy processes were developed under the erupt-
ing magnetic structure.

To sum up these brief data, we can say that the
found solar flare presents hints on two-stage energy
release: the “zipping” stage and a subsequent stage of
the expanding coronal SXR emission source. In the
following sections there will be more confirmations of
the two-stage flare impulsive phase.

INVESTIGATION OF MAGNETIC FIELD
DYNAMICS USING HMI LINE-OF-SIGHT
MAGNETOGRAMS

HMI makes spatially resolved measurements of the
line-of-sight magnetic field, the full vector of mag-
netic field, the intensity and Doppler velocities of the
plasma in the solar photosphere. The principle of
magnetic field measurement is based on the Zeeman
effect of magnetically sensitive line Fe I (6173 A) for
different polarizations in six wavelength channels.
Images are recorded by two separate cameras, produc-
ing a sequence of filtergrams (level-1 data) at different
wavelengths and different polarizations with a cadence
of about 3.6 s for individual cameras (or 1.8 s for both
cameras). Then all standard HMI observables are
reconstracted from these filtergrams based on the
HMI pipeline [6].

The total time resolution of the standard vector
magnetograms is 720 s and it is not enough to catch
sharp changes of magnetic field during the flare
impulsive phase. There are also a bit noisy 135-sec-
onds vector magnetograms (e.g. [36, 40]) allowing to
plot a few magnetograms per impulsive phase with the
duration of 5—10 min. Such data is also not enough for
our tasks. With the better time resolution of 45 s, it will
be possible to trace changes of the line-of-sight com-
ponent of magnetic field (in HMI LOS magneto-
grams) and compare the locations of the strongest
jumps of the magnetic field with the radiation sources
in various bands of the spectrum. However, to inter-
prete the obtained information correctly one needs to
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understand which component (vertical or horizontal)
is dominant in LOS component. From this point of
view, a near-the-limb position of the solar flare is pref-
erable as the horizontal magnetic field gives the main
contribution to the LOS magnetic field. It is known that
this component subjects to the greatest and fastest
changes around the PIL (e.g. [1, 27, 36, 40, 41]), while
the vertical (radial) component is less affected by mag-
netic restructuring. Thus, we expect that 45-seconds
HMI LOS magnetograms will allow to study magnetic
field restructuring. Then by analyzing the standard
720-seconds magnetograms we will be able to discuss
changes of the total magnetic field vector taking into
account real temporal dynamics of the magnetic field
deduced from 45-seconds data.

In Figs. 2a—2f we show the running time differ-
ences of the HMI LOS magnetograms. Saturated
regions of red color with the sharp edges (visually cor-
responding to strong color gradient regions) corre-
spond to the photospheric emission sources seen in
the HMI filtergrams (Figs. 1d—1e) co-spatial with the
ribbons. Magnetic field values in these regions was not
measured properly due to Fe I line distortions con-
nected with the flare energy release seen as emission
enhancement in the diffferent polarization modes and
wavelengths (around Fe I line).

In the interribbon space one can see (Fig. 2a) an
appearance of weaker perturabations of the LOS mag-
netic field. Here we assume real mesurements of the
magnetic field values. The amplitude of this perturba-
tion was maximal around the HXR peak time (Fig. 2c).
There are a few reasons to consider this perturbations
as reasonable data. First of all, we analyzed temporal
dynamics of the Fe I RCP and LCP line profiles in the
different groups of points located in the different
regions (flare ribbons and ROI1 and 2). It was found
that distortions of the Gaussian-like profiles was suffi-
ciently small in the selected ROIs during the time
moment when we observed maximum of the photo-
spheric emission. In other words we have gaussian
lines with different depths and widths and hmi pipiline
works well in the case of determination of the LOS
component.

We mark the place of the strongest perturbations as
the region-of-interest 1 (ROI 1). The ROI 2 corre-
sponds to the place of magnetic field change occurred
after the HXR peak. This perturbation is more diffu-
sive (best seen in e and f) comparing with the localized
one in the ROI 1.

The total change of the LOS magnetic field is
shown by the difference map (Fig. 2g), where the pre-
flare magnitogram was subtracted from the post-flare
one. The region of the magnetic field change was
mostly in the compact interribon space. However,
there were diffusive regions of the weaker LOS mag-
netic field change, with some of them to be distant and
associated with the flare loop footpoints. The
described difference map confirms the fact that these
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Fig. 2. Sequence of the running time differences of the HMI LOS magnetograms (a—d) and the total change of the LOS magnetic
field (g). Two ellipses mark regions of the enhanced LOS magnetic field in the interribon space (where the PIL is possibly
located). Cyan contours in (a—) correspond to the levels of 400, 800, and 1000 Gauss of the LOS magnetic field. Gray contours
in (g) correspond to the levels of 800 and 1000 G of the LOS magnetic field. Some of these gray contours mark (by gray lines)
positions of the flare ribbons impacts due to incorrect determination of the LOS field. Horizontal dashed lines in (a—f) show the
observational slit used to reconstruct the time-distance diagram (shown in Fig. 3a) of the LOS magnetic field dynamics in the

interribon space.

interribon perturbations of the LOS magnetic field are
not artifacts as the spatial distribution of magnetic
field was stabilized after the flare contrary to the flare
induced perturbations having a transient impulsive
nature.

Temporal dynamics of the changing LOS magnetic
field is presented in Fig. 3a. Panel a is the time-dis-
tance diagram for the observational slit crossing the
interribon space (the horizonatal dashed line in
Figs. 2a—2f) where the maximal jump of the magnetic
field was detected. Fast change of the magnetic field is
evident from this plot. For the line Y = 14 Mm (cross-
ing the region of the strongest LOS magnetic field
change) one can see a jump approximately from 800 to
1300 G, whereas for the line Y = 10 Mm (crossing the
southern interribon region of the weaker changes) we
No. 4
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found a sharp jump approximately from 300 to 700 G.
This is in favor of the initial flare energy release and
corresponding magnetic field change started around
the place with strong horizontal magnetic field. Then
we observe that the magnetic restructuring affects on
the other regions with weaker magnetic field.

An important thing is a transition from one stable
pre-flare distribution of the magnetic field along the
artificial slit to another post-flare distribution resulted
from the flare magnetic restructuring. We do not see
strong transient distortions of the LOS magnetograms
for this slit position. It could be interpreted as there
were no observable artifacts due to flare impacts.

Another interesting thing is the inclined contour in
the time—distance (TD) plot (Fig. 3a) during the flare
impulsive phase toward the limb direction and roughly
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Fig. 3. Temporal dynamics of the magnetic field derived from the HMI LOS magnetograms. Panel (a) shows a time-distance dia-
gram obtained from the observational slit (shown by the horizonatal line in Fig. 2) applied to the HMI LOS magnetograms. Here
we mark a special contour showing an expanding interribon perturbation of the magnetic field between two points in time (indi-
cated by the vertical lines). The LOS magnetic flux for two ROIs (ellipses in Fig. 2) are in panels (b1) and (c1). The corresponding
time derivatives of these fluxes are in panels (b2) and (c2), respectively. The temporal profiles are compared with the time deriv-
ative of the GOES 1—8 A flux (b1 and c1) and 50—100 keV RHESSI count rate (b2 and c2).

corresponding to the direction along the ribbons. We
interpret this peculiarity as an apparently moving mag-
netic field perturbation along the PIL possibly corre-
sponding to the “zipping” motion. The estimated
velocity along the observational slit is about 5 km/s.
However if we assume that this velocity is the X projec-
tion of the main velocity vector along the PIL, then we
can obtain more real value of 20—40 km/s for the
angle value about 80 degrees (which is the helio-

graphic longitude of the flare location). It is close to
the “zipping” velocity values (approximately 30 km/s,
see Figs. 6¢c1—6¢2) for the emission sources in the
low solar atmosphere. Thus, we state that using even
45-seconds HMI magnetograms we are able to catch
magnetic field dynamics during the flare impulsive
phase. However this observation is quite discussible.
For example, this zipping motion can be a kind of
expansion.

COSMIC RESEARCH  Vol. 61 No.4 2023
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In other panels (Figs. 3b, 3¢) we show the averaged
LOS magnetic field values and their time derivatives
obtained for the ROI 1 and ROI 2. For the case of the
strongest magnetic field perturbation one observes a
jump of the averaged LOS magnetic field approxi-
mately from 700 Gauss to 900 Gauss (bl), whereas
for the ROI 2 there was a change from 460 to
600 Gauss (c1). The difference between the magnetic
field dynamics is more clear when considering the
time derivatives of the averaged LOS magnetic field in
b2 and c2. The maximal value for the ROI 1 was about
1.5 Gauss/s that is 5 times larger than for the ROI 2
(about 0.3 Gauss/s). One can also see that the magnetic
field disturbance was more impulsive (about 5 min) in
the ROI 1, whereas in the ROI 2 the more gradual
(about 10 min) disturbance developed in the time
period (between two vertical dashed lines) when there
was a displacement of the LOS magnetic field pertur-
bation along the flare ribbons (see the inclined con-
tour in panel a).

The temporal profiles showing dynamics of the
averaged LOS magnetic field in two ROIs are also
compared with the temporal profiles of the RHESSI
50—100 keV count rate and GOES/XRS 1-8 A SXR
flux. The maximal value of the ROI 1 magnetic field
time derivative was around the main HXR peak. Then
the subsequent HXR peaks were associated with the
changing magnetic field in the ROI 2 (c2).

Let’s sum up the results of the HMI LOS magneto-
gram analysis. The near-the-limb position of the
selected flare gives us an opportunity to discuss the
horizontal magnetic field dynamics, and we were able
to resolve some peculiarities of this dynamics during
the flare impulsive phase. There was a sharp irrevers-
ible enhancement of the magnetic field value in the
interribon space and we found the expanding mag-
netic field perturbation along the flare ribbons, possi-
bly connected with the “zipping” effect. The strongest
magnetic field perturbation was associated with the
most intensive HXR peak and the flare onset was asso-
ciated with the strongest magnetic field. Possibly we
observe two magnetic field change regimes associated
with the two stages of the flare energy release: the first
short duration (~5 min) initital zipping-like magnetic
reconnection stage and the subsequent more pro-
longed (>10 min) eruptive stage.

SPATIAL STRUCTURE OF MAGNETIC FIELD
DISTURBANCES VERSUS MORPHOLOGY
OF THE EMISSION SOURCES

In this short section we discuss spatial structure of
the flare energy release sites seen by different instru-
ments taking into account information about the LOS
magnetic field dynamics found in the previous Sec-
tion. Comparison of the different emission maps with
the regions of the magnetic field change is shown in
Fig. 4.
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Black thin isocontours in Figs. 4a—4c show the
regions with magnetic field change rates of 0.4 and
2 Gauss/s. In the panel d we show contours (thin
black) of the total LOS magnetic field change (as in
Fig. 2) calculated as a difference between post-flare
and pre-flare LOS magnetograms. All emission
sources and magnetic field data in Figs. 4a—4c are
plotted for the time intervals closest to the time point
of the background AIA 94 A image. The coronal SXR
emission sources associated with the hot thermal
plasma were located slightly (a few arcseconds) above
the EUV loop(s) and well below (tens of arcseconds)
the eruptive structure. It is logical from the point of
view of the TCMR scenario. Indeed, the TCMR
geometry assumes the eruptive structure to be formed
above an initial reconnection site. The lower compact
magnetic loops are also resulted from the TCMR
reconnection [21].

The LOS magnetic field perturbation started to
grow and develop (Figs. 4a—4c) in the region between
the emission (HXR, photospheric and EUV) sources
located in the footpoints of the flare loop(s) seen in
the 6—25 keV SXR and AIA 94 A channel. The largest
amplitude of the total magnetic field change seen in
the panel d is also concentrated in the place between
footpoints of the flare loop(s).

INVESTIGATION OF MAGNETIC FIELD
DYNAMICS USING HMI 720-SECOND
VECTOR MAGNETOGRAMS

The LOS magnetograms in application to the near-
the-limb solar flare allows us to discuss only dynamics
of the LOS component of the horizontal photospheric
magnetic field. In this section we will analyze the stan-
dard HMI vector magnetograms. Their temporal res-
olution of 720 s is not enough to resolve dynamics
during the flare impulsve phase. However, taking into
account our knowledge about the magnetic field
obtained from the 45-seconds LOS magnetograms,
one can discuss changes of the magnetic field vector
on this time scale.

Another important problem is impossibility to
resolve the m-disambiguity for the photospheric mag-
netic field measured near the solar limb. Thus, to
investigate magnetic field spatial distribution we will
use only original data without projection onto the
heliographic grid with determining magnetic field
components in the spherical coordinates.

Time-distance plots made for vector magneto-
grams are shown in Figs. 5a—5d and the observational
slice (artificial slit) intersecting the interribon space is
shown in Figs. SA—5B. Changes in the flare region
were the most significant for the LOS component (red
contours in A and B) and magnetic field azimuth
(white-black background in A and B). Because of the
absence of the t-disambiguity correction we used spe-
cial vizualization to identify magnetic structure of our
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and 2 G s~! ((a—f) in Fig. 2). The thin black contours in (d) show regions of the LOS magnetic field total change with the levels
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Fig. 5. Representation of the analysis of the HMI vector magnetograms. Panels (a—d) show time-distance (TD) plots for three
different components (a—c) of the magnetic field and azimuth (d) with m-disambiguition. These TD-plots are made for the obser-
vational slit plotted in (A) and (B), where the azimuth (background) map with contours of LOS magnetic field is shown. These

two panels correspond to the pre-flare and post-flare times.

interest. We know that the flare ribbons are oriented
approximately in the north-south direction, then we
could assume that magnetic field azimuth in the vicin-
ity of the flare ribbons should be around two values 0
and 180 degrees due to unresolved m-disambiguity.
This expectation is connected with the fact that we
assume strong magnetic shear in the PIL region (the
usual situation for the powerful solar flares). To vizual-
ize the sheared magnetic structure we decided to mark
by white and gray colors pixels with values lying in the
certain azimuth ranges (see the white-black bar on the
right in Fig. 5), where each color corresponds to two
ranges with difference of 180 degrees. From these two
maps we see that there was elongated sheared structure
which became larger after the flare. The important
thing is the appearance of the strong shear around the
region where enhancement of the LOS component was
detected. A time scale of the azimuth jump at the PIL in
the interribon space (Fig. 5d) is of the same order as for
the LOS magnetic field component.

The TD-plot in Fig. 5a is shown for the magnetic
field absolute value. We observe a sharp change of the
No. 4
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magnetic field structure around the flare impulsive
phase and a subsequent gradual variation after the
flare. These fast and slow components are likely con-
nected with the following processes. Initially there was
a fast change of the horizontal magnetic component
perpendicular to the PIL (which is observed as the
LOS component in the panel c). One observes the
double growth of the LOS component. The magnetic
field component in the sky projection plane (marked
as B,,i, in Fig. 5b) experienced slow dynamics with its
peak when there is already a decay of the LOS compo-
nent. We suggest that such dynamics is due to relax-
ation of the postflare arcade formed due to eruption.
In this case the shear angle started to decrease.

The HMI 720-seconds vector magnetograms con-
firm fast variations around the flare onset found in
45-seconds LOS magnetograms. Moreover, the mag-
netic field variations and the flare onset emission
sources were associated with the sheared magnetic
structure. The fast initial magnetic field variations were
likely associated with the initial magnetic reconnection
of the sheared loops, whereas the gradual long dura-
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tional magnetic field changes were due to formation of
the less-sheared “post-eruptive” arcade. More details
about the two-stage flare energy release will be given by
analysis of the photospheric emission sources dynamics.

INVESTIGATION OF THE ENERGY RELEASE
DYNAMICS ON THE PHOTOSPHERE USING
HMI FILTERGRAMS AND COMPARISON
WITH KINEMATICS OF THE ERUPTION

In this section we discuss analysis of the energy
release dynamics observed on the photosphere using
HMI filtergrams. Brief discussion of the photospheric
emission sources was in the section devoted to the
flare overview, where the HXR 50—100 keV emission
sources were compared with positions of the photo-
spheric impacts (Figs. 1d1—1d6). We found the dou-
ble footpoint-like photospheric perturbations associ-
ated with the places where electrons precipitated from
the coronal sources into the low solar atmosphere.
These double sources experienced the “zipping”
motion and their area was also variable. In this section
we present estimations of different parameters of the
photospheric emission sources dynamics. We also
compare the found parameters with the dynamics of
the magnetic field and different emissions.

In Fig. 6a the temporal profiles of the total inten-
sity in the south (al) and north (a2) photospheric
emission sources are shown. The intensities were cal-
culated for the areas limited by contours plotted for the
50% level relative to the intensity maximum. Data for
the cameras 1 and 2 are plotted by black and red col-
ors, respectively. The cyan lines in Fig. 6 correspond to
the RHESSI HXR 50—100 keV count rate and the gray
histogram is the time derivative of the LOS magnetic
flux calculated for the ROI 1 (Figs. 2 and 3). Data in
panels a show clear photospheric flare emission
enhancement during the first 4 min. A good peak-to-
peak coincidence between the photospheric intensity
and the HXR count rate was up to the HXR maxi-
mum, then we do not see such a good correlation. The
thing is that the instrumental oscillations connected
with the scanning of the Fe I line were significant and
distorted the flare emission temporal profile.

In panels b we present the temporal profiles of the
nominal photospheric optical emission flux density
from the observed sources. These temporal profiles
are ratios of the total emission intensity to the source
area (panels d) measured in HMI pixels. One can see
that such temporal profiles have better correspon-
dance with the HXR temporal profile. To sum up
analysis of the panels a and b we can state that the
energy release connected with the HXR and photo-
spheric emissions was co-spatial and co-temporal.
The maximum of the photospheric and the HXR
emissions was at the same time when we registered the
peak of the magnetic field change rate in the ROI 1
(Fig. 2). The magnetic field change in the ROI 2 was
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maximal during the decay of the HXR and photo-
spheric emissions (bl).

Characteristics of the photospheric emission
sources motions are shown in Figs. 6¢1—6¢3. We con-
sider only displacement along the Y-axis (of the helio-
projective coordinates) as motion along the X-axis was
negligible due to the north-south orientation of the
flare ribbons. Panels c1—c2 show Y coordinates of the
center-of-masses of the north and south emission
sources, respectively. Vertical error bars correspond to
the Y sigmas characterizing the size of the photo-
spheric emission sources. Looking at these temporal
profiles one can notice that there was the “zipping”
motion with the approximate velocity of 25 km/s during
the first 3—4 min (approximately from 00:43 UT to
00:47 UT). This time period was associated with the
most intensive HXR emission and the significant
magnetic field changes around the ROI ~ 1. Then
positions of the photospheric emission sources were
stabilized and the magnetic field change rate was less
and associated with the ROI 2. The difference between
the Y coordinates of the north and south sources is
presented in the panel c3, where the gradual separa-
tion between the two flare sources (ribbons) (approxi-
mately after 00:46—00:47 UT) is seen. This separation
was accompanied by the growth of the SXR 6—12 keV
source area (the blue line in ¢3), calculated as FWHM
area in the 50% contour. Such observations show a
typical growth of the flare arcade during the eruption
when magnetic reconnection develops in the quasi-
vertical current sheet behind the erupting structure.

Dynamics of the emission source area (Figs. 6d1,
6d2) shows the following peculiarities. For the “zip-
ping” stage, during the first 3 minutes, the sources
were the most compact with their area as small as (1—
3) x 10'® cm? for both north and south ones. Then we
observe expansion of the photospheric ribbons when
there were no significant motions of their center-of-
masses. This stage is associated with the growth of the
flare arcade.

It also important to compare the dynamics of the
photospheric sources with the kinematics of the erup-
tive structure (which can be seen in Fig. 4 and dis-
cussed in [7]). To do this, using jointly the data of
SDO/AIA in the 171 A and PROBA2/SWAP in the
174 A channels, we first found the temporal profile of
the approximate height of the eruptive structure’s lead-
ing edge along the cut (artificial slit) with the heliopro-
jective coordinates of the end points (—925", —199")
and (—1197", —237") corresponding to the main direc-
tion of the eruptive structure propagation. Error esti-
mates are also obtained, as a standard deviation from
the mean with weights in the form of brightness values
in the considered local regions along the cut for each
image. The regularization method (see e.g. [17, 42, 43])
is used to obtain velocity and acceleration profiles ver-
sus time. The SWAP data made it possible to expand the
surveyed area (due to the larger FOV) and better track
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properties defined from the HMI filtergrams. Panels numbered

as 1 and 2 correspond to two characteristics of the south and north photospheric sources, respectively. Data from the cameras 1

and 2 are marked by the black and red colors, respectively. Panel

(a) shows the total intensity of the photospheric emission, while

(b) presents the specific intensity in DNs/HMI pixel (intensity divided by the source area). Dynamics of the emission sources is
shown in (c), where (c1—c2) display displacement in the Y-direction and (c3) shows the distance between the north and south
sources. Area of the photospheric sources is shown in panel (d). The last panel (e) presents the metric radio dynamic spectrogram
from the SSRT e-Callisto radio spectrometer. Cyan temporal profiles show the RHESSI count rate in the 50—100 keV range.

Gray and blue histograms are the time derivatives of the LOS

magnetic field fluxes in the ROI 1 and 2, respectively (Fig. 2

Dynamics of the 6—12 keV SXR source area is shown by the blue temporal profile in (c3).The temporal profiles of the eruptive
structure height above the photosphere, velocity, and acceleration are shown by the thick black curves in (b2), (d1), and (d2),
respectively. The two thin black curves around them indicate the range of estimated errors of these physical parameters.

the peak of the eruption acceleration. The errors of the
obtained profiles were calculated by the Monte Carlo
method based on the obtained height errors. By numer-
ical integration, inverse height profiles were obtained
from the reconstructed velocities and accelerations.
The obtained profiles are within the limits of data
errors, which confirms the correctness of the obtained
kinematic curves (a more detailed description of the
developed methodology for determining the kinematics
of eruptions will be presented in a separate work).
COSMIC RESEARCH Vol. 61
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The temporal profiles of the height, velocity, and
acceleration of the eruptive structure’s leading edge
are shown by the thick solid black curves in Fig. 6b2,
6d1, 6d2, respectively. The error ranges are indicated
by two thin solid black curves above and below the
thick curves. It can be seen that the accelerated rise of
the eruptive structure began before the start of the HXR
bursts in the first “zipping” stage of the photospheric
sources motions, and the acceleration peak (10 km s~2)
was reached approximately 1.5 min before the main
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HXR peak (approximately at 00:44:30 UT) and the
main horizontal magnetic field growth rate. This is in
good agreement with what was found in the statistical
study by [5]. The eruption speed continued to increase
after that for about another 2.5 min and reached a peak
(1700 km s7') approximately at 00:47 UT, after the
main HXR peak, approximately at the time when the
growth of the flare loop arcade and the second stage of
the movement of photospheric (and HXR) sources
began. We also note that the approximate transition
between the two stages around the 3rd minute was
detected when the eruptive structure was as high as 180
Mm above the photosphere that exceeds the size of the
entire active region.

To sum up, the obtained results evidence in favor of
the presence of two stages of the energy release during
the flare impulsive phase (00:39—00:49 UT). The first
stage is characterized by the “zipping” motion of \tex-
tit{the double} compact footpoint-like emission
sources in the low solar atmosphere. The most dramatic
magnetic field change was also during the first stage.
Expansion of the flare ribbons and less pronounced
magnetic variations was during the second stage.

In Fig. 6e we shows the e-Callisto Siberian Solar
Radio Telescope (SSRT) radio dynamic spectrum in
the range of 45—440 MHz. The onset of the type III
radio bursts (and the subsequent type II radio burst)
was around 00:45:30 UT. This time corresponds to the
end of the first (“zipping”) stage and beginning of the
second stage. An appearance of the type III radio
bursts can be interpreted as an indirect marker of the
efficient magnetic reconnection in the current sheet
below the eruptive structure (as in the SM scenario)
and access of nonthermal electrons to the large “open”
magnetic structures. Before this, during the “zipping”
stage, populations of nonthermal electrons (associated
with the strongest HXR bursts) were locked in the rel-
atively low closed magnetic loops.

Finally, Fig. 7 presents dynamics of the X-ray
emission sources relative to the photospheric distur-
bances. The first frame a shows only the SXR loop(s)
and HXR footpoints. Then we observe an appearance
of the coronal HXR (25—50 keV) emission source (b—
¢) co-spatial with the SXR loop(s). In the frame d the
coronal HXR emission source has the similar intensity
comparing with the footpoint sources. At this time we
also register an appearance of the type I1I radio bursts
(see Fig. 6e). The maximal integrated HXR flux is
observed during the time intervals shown in e-g
frames. One can interprete this fact in the following
way. The enhanced coronal 25—50 keV emission was
connected with the appearance of the quasi-vertical
current sheet formed below the eruptive magnetic flux
rope (as in SM). Possibly, the large coronal HXR
source is connected with the trapped nonthermal elec-
trons in the magnetic loops of the growing flare arcade
leading to in-situ plasma heating. Generally, the HXR
footpoint emission sources have very good spatial
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coincidance with the photospheric impacts. Note also
that the coronal HXR emission sources have similar
height dynamics comparing with the SXR sources.

SUMMARY AND DISCUSSION

In this section we present a summary of the obser-
vational results, discuss methodological aspects and
physics of the flare energy release studied. It is worth
reminding that the specific flare was chosen for our
analysis to trace magnetic field dynamics with high
temporal and spatial resolution and investigate
regimes of the flare energy release. Using the favorable
location (on the solar disk and close to the limb) of the
selected eruptive flare (X4.9 February 25, 2014) and
data with high temporal and spatial resolution (HMI
LOS magnetograms and HMI filtergrams), it was possi-
ble to distinguish two stages of the development of
energy release in the flare impulsive phase (before the
maximum of SXR emission). Firstly, let’s list the obser-
vational results and then at the end of this section we
shortly discuss the two founded stages of the flare energy
release and possible underlying physical processes.

The main methodological peculiarity of this work
is simultaneous usage of the high-cadence 45-second
LOS HMI magnetograms and 720-second HMI vec-
tor magnetocgram to understand magnetic field
dynamics on the time-scale of the impulsive phase.
The 720-second data and even 135-second vector
magnetograms are not suitable for investigation of the
magnetic field dynamics during the short impulsive
phase. Additional information from the 45-second
magnetograms gives around ten data points per the
impulsive phase that is enough to catch the main pecu-
liarities of the magnetic field dynamics connected with
the flare associated magnetic field restructuring.
Applying this methodology to the selected flare we
found the following phenomena:

1. The flare onset and the corresponding start of
the first stage of the impulsive phase was initiated in
the region of the strong sheared magnetic field com-
paring with the subsequent time intervals. The subse-
quent flare energy release involves regions with the
weaker magnetic field;

2. We found that the strongest magnetic field jump
of 1-2 G s~ ! at the PIL associated with the HXR peak
had an approximate duration of 2 min. Due to specific
near-the-limb location of the flare site we concluded
that the magnetic field horizontal component experi-
enced this jump at the localized region between the
flare ribbons with the approximate size of 8§ Mm;

3. After the main HXR peak there was a magnetic
field restructuring in a larger region with a few times
less amplitude comparing with the initial magnetic
field jump. This behaviour of the photospheric mag-
netic field highlights the presense of the two stages of
the magnetic reconnection;
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Fig. 7. Comparison between the HMI filtergrams (background images and thin black contours) and the RHESSI X-ray sources
in the three energy bands of 6—12, 12—25, and 25—50 keV (red, black, and cyan contours, respectively). The contours mark three
levels: 10, 50, and 90% from the maximal brightness of the X-ray sources.

4. Using the HMI vector magnetograms we proved
that the strongest magnetic field change was associ-
ated with the strong magnetic field shear at the PIL.
The subsequent long-durational changes of the mag-
netic field vector was likely connected with the mag-
netic arcade growth due to the eruption;

5. We also found an apparent expansion of the
magnetic field perturbations in the interribbon space.
The most interestingly, there was the zipping-like
spreading of the magnetic field perturbations. By other
words, there was an apparent motion of the magnetic
field change region in the direction along the expected
PIL possibly co-directional with the displacements of
the photospheric and the HXR emission sources;

6. Both stages of the energy release occurred after the
onset of accelerated motion (eruption) of the twisted
COSMIC RESEARCH  Vol. 61
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magnetic structure. The flare loops were under the
eruptive structure. The acceleration peak (~10 km s72)
of the eruptive structure was reached during the first
stage of the energy release, and the peak velocity
(~1700 km s~!) was reached approximately during the
transition between the first and second stages of the
energy release.

To sum up our magnetic field analysis from the
methodological point of view we focus an attention on
the fact that it was possible to catch the short time
interval of the horizontal magnetic field restructuring
with an approximate duration of 2 min. It is a few
times shorter comparing with the similar values found
in the other works (e.g. [36, 39, 40]), and conse-
quently we have more real estimation of the time
derivatives of the values composed from LOS magne-
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tograms. Only in the statistical work of [39] it was
discussed the possibility of the magnetic field change
to be as high as 3 G s~! (using the SOHO/MDI LOS
magnetograms) without a detailed analysis (there
could be artifacts), whereas the typical values are in
the range of 0.04—0.7 G s~

While using LOS magnetograms we should
remember that we can interpret this data more-or-less
correctly only with the HMI vector magnetograms of
worse temporal resolution for particular flare loca-
tions on the solar disk. For example, in this work we
considered the near-the-limb position and, thus, the
horizontal magnetic field is dominant in the LOS
data. There is also an additional ad-hoc assumption
that the vertical magnetic field component around the
PIL is less affected by magnetic field restructuring
(however it still requires a statistical proof), and, thus,
the major effect of the LOS magnetic field change
close to the limb can be only due to the changing hor-
izontal magnetic field. Taking into account an
assumption of negligible variations of the vertical mag-
netic field during the flare, we think that it is possible
to make 45-second maps of the horizontal magnetic
field component even for on-disk flares.

Along with LOS and vector HMI magnetograms,
another key data set in this study are time series of the
HMI level 1 filtergrams with high temporal resolution
assmall as 1.8 s. An inspection of the filtergramms and
comparison with the other data used allow us to find
interesting peculiarities of the flare energy release
dynamics closely related to the magnetic reconnection
process:

1. It is shown that the HXR temporal profile is co-
temporal with the the photospheric optical emission
temporal profile. In other words, each HXR peak has
corresponding photospheric emission peak without
significant time delays;

2. The double photopsheric emission sources
found are co-spatial with the double HXR emission
sources. In this case, and taking into account the result
about the temporal dynamics stated above, we can
conclude that precipitating high-energy electrons can
be an indirect reason of the photospheric emission
(due to energy loss and plasma heating in the low solar
atmosphere). HMI filtergrams can be used to trace
places of precipitating accelerated electrons with high
temporal resolution;

3. The initital photospheric flare impacts were
detected in the region of the strongest magnetic field
change. Also in this way we separate artifacts and real
magnetic measurements;

4. There were two stages of the photospheric emis-
sion sources dynamics. During the first one we see the
“zipping” motion (~25 km/s) of two compact emission
sources with a characteristic area of (1-2) x 10'® cm?.
The second stage is characterized by the stabilization
of the sources, increasing distance between them, and
increasing of their area up to 107 cm?;
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5. The interface between the two stages was co-
temporal with the onset of the type III radio bursts.
And during the second stage the type II radio burst
and growing SXR coronal source has been observed,
when the eruptive structure reached its peak velocity.

Here we also want to discuss the usage of the HMI
level 1 data from the methological point of view in the
frame of the tasks solved. The photospheric emission
sources show regions, where the HMI pipeline algo-
rithm results in non-physical magnetogram pixel val-
ues. From our point of view the HMI level 1 data is
one of the best ways to verify the standard HMI data
products and to separate correct pixels from the dis-
torted one. That’s why we are sure that the observed
magnetic field variations (discussed at the begining of
this section) at the PIL seen in the 45-second LOS
magnetograms were real measurements in the event
studied.

Another advantage of using filtergrams is their high
cadence (higher than the other used spatially-resolved
data types). Despite of not high photometric capabili-
ties of this data product (due to the line scanning and
changing polarization mode) we can study dynamics
of the photospheric energy release impacts with great
details, that is very important for understanding of
magnetic reconnection dynamics. Indeed, from this
study we know that the photospheric energy release
impacts temporally and spatially correspond to the
HXR emission dynamics. Assuming that the photo-
spheric sources correspond to the footpoints of the
magnetic loops filled with nonthermal electrons we
can analyze indirect manifistations of the magnetic
reconnection whose generated electric field is a possi-
ble reason for the electrons acceleration. From this
point of view the obtained observations are in favour of
efficient (we mean reconnection leading to accelera-
tion) magnetic reconnection to be a two-stage process.

It is difficult to say that there was an instant, abrupt
transit between the two stages of the flare impulsive
phase. Rather, the transition could last for a couple of
minutes (see Fig. 6). The main difference between the
two stages is connected with the dynamics of the mag-
netic field and emission sources, which is believed to
be a tracer of the magnetic reconnection in the coronal
site above the PIL. We are not able here to discuss
deep physics of the magnetic reconnection process,
but we can state that our observational findings clearly
confirm theoretical ideas of the two-stage solar flare
scenario [10, 29], where the first stage is a 3D mag-
netic restructuring and the second one is the so-called
the “main” quasi-2D stage within the frames of the
“standard model” of eruptive two-ribbon flares. This
is the main result of this observational work. Let’s for-
mulate the main peculiarities of these two stages:

1. The first “zipping” stage corresponding to the
3D magnetic reconnection represents the parallel
apparent displacement of the compact double foot-
point-like photospheric emission sources with an
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approximately constant distance between them. These
sources correspond to the footpoints of magnetic loops
with the strong shear. In this stage, the most intense
HXR emission, the maximum acceleration of the erup-
tive structure, the maximum growth rate of the mag-
netic flux (the horizontal component of the magnetic
field) between two flare ribbons are observed.

2. The second stage is the “main” stage of stabiliza-
tion of the photospheric sources with their increasing
area. Less intense HXR emission (comparing with the
first stage) and an increase in the height of the hot
flare loops and a further increase in the distance
between the double photospheric sources are
observed. In this stage, the type III and II radio bursts
appear. In this stage we have maximal value of the
velocity of the eruptive structure. Most likely, at this
stage of the flare impulsive phase, the final formation
of the quasi-vertical current sheet under the eruptive
magnetic flux rope occurs. The change in the photo-
spheric magnetic field is several times smaller than in
the first stage that indicates a smaller value of the elec-
tric field in the reconnecting current sheet.

In the end, the following general scenario for this
eruptive flare is proposed. Most probably, this flare
was initiated due to the tether-cutting magnetic recon-
nection that was argued in [7]. The tether-cutting
reconnection could help to create a twisted flux rope
in the active region before the onset of the flare impul-
sive phase. Then, due to probably the kink [7] or
another type of instability the initially twisted flux
rope started accelerated upward motion (i.e. erup-
tion). The eruption was likely asymmetric rather than
uniform along the flux rope’s axis, similar to what was
presented and discussed in [22, 23]. The accompany-
ing 3D “zipping” reconnection could help to loosen
the tension of the overlying loops and add the poloidal
flux to the erupting flux rope increasing its twist
according to [7] and consequently the upward-acting
Lorentz force [45]. It reached its maximum around
the end of the first “zipping” stage that was evidenced
by the peak of the eruptive structure acceleration at
that time. Due to this “zipping” reconnection in rela-
tively lower-lying and sheared strong magnetic field
electrons were accelerated and produced the sequence
of intense bursts of hard X-ray emission, as well as
photospheric optical emission. After that, in the sec-
ond stage of the flare impulsive phase, the major frac-
tion of the energy was released due to the quasi-2D
reconnection in the quasi-vertical current sheet higher
in the corona (see [32] for the discussion of observa-
tions of the current sheet at a later stage of this event).
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