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ARTICLE INFO ABSTRACT

We present analysis of the magnetic field in seven solar flare regions accompanied by the pulsations of hard X-
ray (HXR) emission. These flares were studied by Kuznetsov et al. (2016) (Paper I), and chosen here because of
the availability of the vector magnetograms for their parent active regions (ARs) obtained with the SDO/HMI
data. In Paper I, based on the observations only, it was suggested that a magnetic flux rope (MFR) might play an
important role in the process of generation of the HXR pulsations. The goal of the present paper is to test this
hypothesis by using the extrapolation of magnetic field with the non-linear force-free field (NLFFF) method.
Having done this, we found that before each flare indeed there was an MFR elongated along and above a
magnetic polarity inversion line (MPIL) on the photosphere. In two flare regions the sources of the HXR pul-
sations were located at the footpoints of different magnetic field lines wrapping around the central axis, and
constituting an MFR by themselves. In five other flares the parent field lines of the HXR pulsations were not a
part of an MFR, but surrounded it in the form of an arcade of magnetic loops. These results show that, at least in
the analyzed cases, the “single flare loop” models do not satisfy the observations and magnetic field modeling,
while are consistent with the concept that the HXR pulsations are a consequence of successive episodes of energy
release and electron acceleration in different magnetic flux tubes (loops) of a complex AR. An MFR could
generate HXR pulsations by triggering episodes of magnetic reconnection in different loops in the course of its
non-uniform evolution along an MPIL. However, since three events studied here were confined flares, actual
eruptions may not be required to trigger sequential particle acceleration episodes in the magnetic systems
containing an MFR.
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1. Introduction

The processes of energy release in solar flares, especially in the
impulsive phase, usually are intermittent and non-stationary. This is
well evidenced by the presence of multiple peaks (bursts or pulsations)
of different amplitudes and duration in the light curves of flare elec-
tromagnetic radiation in a broad range of wavelengths: from radio
waves to hard X-rays (HXRs), and sometimes even up to gamma-rays
(Dennis, 1988; Aschwanden, 2002; McAteer et al., 2007; Kupriyanova
et al., 2010; Nakariakov et al., 2010a; Simoes et al., 2015). Stellar flares
often show similar properties (e.g., see the discussion of “complex”

flares in Davenport et al. (2014)).

Despite many years of studying of flare quasi-periodic pulsations
(QPP), there is no full understanding of the underlying physical me-
chanisms yet (Nakariakov et al., 2010b, 2016; Van Doorsselaere et al.,
2016; McLaughlin et al., 2018). In general, it is believed that the energy
in solar flares is released by means of magnetic reconnection (Priest and
Forbes, 2002; Shibata and Magara, 2011). Most probably, flare pulsa-
tions are also associated someway to magnetic reconnection. There are
two main groups of possible models of long-period pulsations (P > 1 s),
which are the main subject of the present work: (1) based on MHD
waves and oscillations, including the wave-driven reconnection; (2)
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based on the so-called “load/unload” mechanisms, ie. spontaneous
repetitive magnetic reconnection (Nakariakov and Melnikov, 2009).

The first group of models is more popular because of the direct link
of the observed quasi-periodicity with the periodicity of the wave
processes, ubiquity of MHD waves and oscillations in the solar atmo-
sphere, and their potential ability to influence all main aspects of the
generation of electromagnetic emission in flare regions. In particular,
MHD oscillations and waves can be a quasi-periodic trigger/modulator
of magnetic reconnection and can influence dynamics of non-thermal
particles and plasma in flare loops. Moreover, the MHD oscillations
based models are attractive since they could help to diagnose physical
parameters of the flaring site (such as plasma density and magnetic
field), if there is confidence in the correct choice of the model used (e.g.,
Liu and Ofman, 2014; Nakariakov et al., 2016).

The “load/unload” mechanisms are mainly based on the possibility
of the repetitive regimes of energy release in the flare sites through the
“bursty” magnetic reconnection (Kliem et al., 2000), associated with
successive generation of multiple magnetic islands and their subsequent
coalescence in an extended quasi-vertical macroscopic current sheet
generated in course of a flare development (Shibata and Tanuma, 2001;
Drake et al., 2006a; Karlicky et al., 2010). There are also several other
models belonging to this group and based on different ideas (see,
Nakariakov and Melnikov (2009); Nakariakov et al. (2016); Van
Doorsselaere et al. (2016), as reviews on this issue).

Possibly, different mechanisms can operate in different flares, due to
the wide variety of the physical processes included in the flare physics,
or different mechanisms can accompany one another in the same flare
region. Spatially-resolved observations of sources of the flare pulsations
are important for understanding their mechanisms, and for reliable
identification of the models used for their interpretation (e.g., Grigis
and Benz, 2005; Zimovets and Struminsky, 2009; Inglis and Dennis,
2012; Zimovets et al., 2013; Ning, 2014; Li and Zhang, 2015; Dennis
et al., 2017).

Recently, based on the systematic analysis of spatially-resolved
observations made by RHESSI (Lin et al., 2002) it was shown that
footpoint (chromospheric) sources of HXR pulsations (with time dif-
ferences between successive HXR peaks within the range P = 8 — 270 s)
in all (29) flares studied are not stationary (anchored) in space — they
demonstrate apparent displacement in the parent active regions (ARs)
from pulsation to pulsation (Kuznetsov et al., 2016, hereafter referred
to as Paper I). Based on these observations, it was concluded that the
mechanism of flare HXR pulsations (at least with the characteristic time
differences between the successive peaks P in the considered range) is
related to successive triggering of the flare energy release in different
magnetic loops of the parent ARs. The triggering mechanism was not
directly identified in Paper L. Based on the fact that more than 85% of
the analyzed flares were accompanied by coronal mass ejections
(CMEs), i.e. were eruptive events, it was assumed that a non-uniformly
erupting magnetic flux rope (MFR) could act as a trigger of the flare
energy release. Successive interaction of different parts of the MFR with
certain, spatially separated loops of the parent active region could in-
itiate episodes of spatially-localized magnetic reconnection and accel-
eration of electrons, and, as a result, could lead to apparent motion of
the HXR sources and to a series of the HXR pulsations. However, in
Paper I the presence of an MFR in the parent ARs before the flares was
just hypothesized, but it was not confirmed either by observations, or
by extrapolation of the magnetic field.

The goal of the present paper is to investigate the geometry
(structure) of the magnetic field in the flare regions studied in Paper I,
based on the reconstruction (extrapolation) of the magnetic field in the
non-linear force-free field (NLFFF) approximation (Wiegelmann and
Sakurai, 2012). The first task is to verify whether MFRs were indeed
presented in those ARs prior to the flare onset or not. It is known that an
MFR can be present in an AR before its eruption and the subsequent
flare, or an MFR can be formed from a sheared arcade due to the
magnetic reconnection (Priest and Forbes, 2002; Schmieder et al.,
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2013; Cheng et al., 2017; Guo et al., 2017). We aim to check which of
these two possibilities were realized in the ARs studied. To the best of
our knowledge, such an analysis has not been performed systematically
for flares with HXR pulsations. The second task is to analyze the spatial
relation of MFRs (if present) and the parent magnetic field lines of the
sources of the HXR pulsations. This will help to corroborate the afore-
mentioned hypothesis on the important role of MFRs in generation of
the flare HXR pulsations. Also, this will help to demonstrate explicitly
that different HXR pulsations are emitted from different parts of an
MER rather than from a “single” oscillating loop as it is often assumed
in some models of flare pulsations (e.g., Zaitsev and Stepanov, 2008;
Kupriyanova et al., 2010; Chen et al., 2016).

The paper is organized as follows. Selection and analysis (magnetic
field extrapolation, visualization of the sources of HXR pulsations and
magnetic field lines) of the flare regions is described in Section 2. The
main results of the analysis are summarized and discussed in Section 3.
Conclusions are given in Section 4.

2. Data analysis
2.1. Selection of events

For the analysis we took the last seven solar flares from the Paper I
catalog (No 23-29): SOL2011-02-15, SOL2011-06-07, SOL2011-09-06,
SOL2014-04-18, SOL2014-10-22, SOL2014-10-24, and SOL2014-11-09
(see Table 1). This choice is determined by the fact that the parent ARs
of these events were observed by the Helioseismic and Magnetic Imager
(HMLI; Scherrer et al., 2012; Schou et al., 2012) instrument onboard the
Solar Dynamics Observatory (SDO), and the vector magnetograms are
available for these ARs, which is crucial for our study. We emphasize
that this choice is determined only by the availability of these data, and
by the events selection criteria in Paper I. No other additional (sub-
jective) criteria are used. The light curves of solar HXR emission de-
tected by RHESSI during these flares are shown in Fig. 1.

2.2. Extrapolation of magnetic field

For each of seven selected ARs we determined the pre-flare coronal
magnetic field topology by adopting the non-linear force-free field
(NLFFF) method developed by (Wheatland et al., 2000), and extended
by (Wiegelmann, 2004) and (Wiegelmann and Inhester, 2010). A pre-
processing procedure (Wiegelmann et al., 2006) was employed to re-
move most of the net force and torque from the data, so that the
boundary can be more consistent with the force-free assumption. The
NLFFF extrapolation used in our work adopts the same free parameters
as Case-E in (Wiegelmann et al., 2012). As the boundary conditions, we
used the Space-weather HMI Active Region Patches (SHARPs) data
product described by Bobra et al. (2014). This data has a time step of
12 min, similar to the standard full-disk SDO/HMI vector magneto-
grams. We chose the data for the instants of time before the flares,
within 2 — 31 minutes prior to the flare onset times according to the

Table 1
The metrics of the magnetic fields reconstructed in the NLFF approximation for
the investigated flares.

Flare Flare GOES L L, (j, B)-angle, Enifr/ Epot
id. no. class deg

SOL2011-02-15 23 X2.2 0.86 0.31 7.20 1.31
SOL2011-06-07 24 M2.5 1.65 1.15 6.22 1.36
SOL2011-09-06 25 X2.1 1.43 0.86 9.62 1.22
SOL2014-04-18 26 M7.3 1.75 1.15 7.29 1.39
SOL2014-10-22 27 X1.6 0.46 0.25 7.94 1.17
SOL2014-10-24 28 X3.1 0.42 0.23 7.38 1.20
SOL2014-11-09 29 M2.3 1.09 0.72 9.56 1.36




LV. Zimovets et al.

1.2f - -
1.0F
0.8
iy
0.4
0.2

0.0F ‘ ;

0 200 400 600
Time, seconds since 01:48:00 UT, 15—Feb—2011

Normalized count rate

1:2
1.0

0.8
0.6
0.4

Normalized count rate

0.2
0.0

0 100 200 300 400
Time, seconds since 22:17:00 UT, 06—Sep—2011

1.2
1.0

0.8
0.6
0.4

0.2
0.0

Normalized count rate

100 150 200 250
since 14:05:00 UT, 22-0ct-2014

0 50
Time, seconds

Normalized count rate

Journal of Atmospheric and Solar-Terrestrial Physics 174 (2018) 17-27

1.2 T T T T T
1.0

0.8
0.6
0.4

0.2F aM

0.0 . . . . .

0 200 400 600 800 1000 1200
Time, seconds since 06:22:00 UT, 07—Jun—2011

Normalized count rate

1.2
1.0

0.8
0.6
0.4

0.2
0.0

400 600
UT, 18—Apr—2014

0 200
Time, seconds since 12:50:00

1.2
1.0

0.8
0.6
0.4

0.2

0.0 . :
0 200 400 600
Time, seconds since 21:09:00 UT, 24-0ct—2014

Normalized count rate

1.2 '
1.0

08
0.6
04k

0.2
0.0

Normalized count rate

0 50

1

00 150 200

Time, seconds since 15:28:00 UT, 09—Nov—-2014

Fig. 1. Normalized (to the maximum) 4-s RHESSI corrected count rates in the 25 — 50 keV (solid curves) and 50 — 100 keV (dotted curves) energy channels, for seven
solar flares studied. The color horizontal segments at the top mark the time intervals of different HXR pulsations for which the HXR images were synthesized and
positions of the HXR sources were found for the further analysis. These time intervals (and corresponding colors) almost coincide with the time intervals (and
corresponding colors) determined in Paper I. Spatial positions of the centers of maximum brightness of these HXR sources are used as the starting points in the
chromosphere for the reconstruction of the magnetic field lines shown in Figs. 2 and 3 by appropriate colors. These maximum brightness centers of the HXR sources
are also shown in Fig. 4. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

GOES data (see Table 1 in Paper I). It is known that the magnetic field
reconstructed in the NLFF approximation usually does not change sig-
nificantly on a time scale of a few tens of minutes (e.g., Guo et al., 2008;
Liu et al., 2016b; Guo et al., 2017). The selected regions have a rec-
tangular shape in the helioprojective-cartesian (HPC) coordinates
(Thompson, 2006). Their angular sizes range from 160 to 300 arcse-
conds along the X axis, and from 128 to 256 arcseconds along the Y
axis, to include all the main sources of the magnetic field in the flare
area studied. For the extrapolation in six out of all seven events, we
binned the data to~ 1.0 per pixel, except for the SOL2014-11-09 event,
for which we kept the original pixel size of the HMI magnetograms of
~ 0.5 . This was done to decrease computational time, though without
significant loss of quality.

The calculations were performed Cartesian

in rectangular

19

coordinates, neglecting the sphericity of the photosphere. The in-
accuracies associated with this approach are acceptable (see Gary and
Hagyard, 1990), since the regions of interest selected for the magnetic
field reconstruction were chosen small enough. Moreover, we are only
interested in the central sections of the selected regions, where the
studied flares occurred. The magnetic field near the edges, where larger
errors are accumulated, is not of interest for this study. Almost all
analyzed ARs are located near the center of the solar disk (see Table 1 in
Paper I). Only for the SOL2011-06-07 flare that happened at the helio-
longitude of ~ 50°, the expected inaccuracies are quite high (r 4 — 6
grid points) and should be taken into account.

In Table 1 we show the parameters used in the estimation of the
quality of the non-linear force-free field reconstruction for the in-
vestigated flare regions. The parameters L, and L, are the measures of
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force- and divergence-freeness, respectively; the (j, B)-angle is the angle
between electric current density and magnetic field vectors averaged
over a studied region; and E,;/Ep,, is the ratio of non-linear force-free
and potential field energies in a studied region (Wiegelmann et al.,
2012). The values of L; and L, are less than 2 for all the flares studied,
indicating reasonable (relying on the experience of the previous tests)
force- and divergence-freeness of the reconstructed fields. This is also
confirmed by the low values (<10°) of the (j, B)-angle. The values of
Eyi5/Epo are larger than 1 for all events that also indicates the adequacy
of the magnetic reconstruction done.

2.3. Visualization of the HXR sources and magnetic field lines

To visualize the extrapolated magnetic field and to compare its
structure (geometry) with the location of the sources of the HXR pul-
sations in each event we implemented the following procedure:

1. First, we converted the HPC coordinates of the HXR sources to the
Stonyhurst heliographic (HG) coordinates using the SolarSoft WCS
routines (Thompson, 2006).

2. Second, using the formula for the solar differential rotation de-
rived by Howard et al. (1990), we rotated the HXR sources to the times
of the used pre-flare magnetograms to compensate for the time differ-
ences between the different data sets. The HXR sources were re-
constructed with the use of the RHESSI data and the CLEAN image
synthesis algorithm (Hurford et al., 2002) for almost the same time
intervals, i.e. for the same HXR (25 — 50 keV) pulsations, as in Paper L.
For most of the time intervals (corresponding to the HXR pulsations) we
used data of all nine RHESSI detectors and the image pixel size is 1".

3. Third, suggesting that the synthesized HXR sources (25 — 50 keV)
of the HXR pulsations are located, as usual (Aschwanden et al., 2002),
in the chromospheric footpoints of the flare magnetic flux tubes (field
lines), we found the pixels of the magnetograms (the coordinates of
which were also pre-transformed into the HG system) corresponding to
the brightest pixels of the HXR sources (i.e. its brightness maxima).
These pixels are used as the starting points for the reconstruction of
magnetic field lines in the flaring regions. They are shown by the small
colored circles in Figs. 2-4. Different colors of the circles (and the field
lines started from them) correspond to different time intervals, ie.
different HXR pulsations (see Fig. 1; almost the same colors were used
in Paper I). The field lines are started from the heights of
Hyxg ~ 0.7 — 2.2 Mm above the photosphere to satisfy our aforemen-
tioned assumption that the studied HXR sources are located in the
chromosphere.

4. The radial component of the magnetic field on the photosphere,
the reconstructed magnetic field lines and the corresponding HXR
sources of the HXR pulsations (their centers of maximum brightness)
are represented in Figs. 2 and 3 built using the ParaView application.’
The positions of the centers of the HXR sources are also shown in Fig. 4
without the reconstructed field lines for better clarity. Since the HXR
sources are located low in the chromosphere at a height of only
Hyxg <22 Mm, as indicated above, the projection effect
(Apmax < Huxg X tan(50°) =~ 2.6 Mm) of superimposing the HXR sources
on the photospheric magnetic maps can be neglected.

In addition to the magnetic field lines started from the HXR sources,
we also constructed two other sets of field lines:

(1) For all ARs studied, except the SOL2011-02-15 and SOL2014-10-24
events (see below), we tried to find localized elongated bundles of
helical field lines twisted (more than once) around the common
central axis. Such bundles of field lines can be considered as an
approximation of an MFR (Gibson et al., 2006; Filippov et al., 2015;
Cheng et al., 2017; Guo et al., 2017). Looking ahead, we note here
that we found such bundles of field lines in the central part of all

1 https://www.paraview.org/.
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seven considered flare regions. They are shown by the thick light
gray field lines (tubes) and also marked by the thick arrows (white
or red) in Figs. 2 and 3. We did not try specially to find (and vi-
sualize) MFRs for the SOL2011-02-15 and SOL2014-10-24 events,
since the reconstructed field lines started from the HXR sources
represent such elongated twisted magnetic structure by themselves
(see Figs. 2(a) and Figure 3(c), where an MFR is indicated also by
the thick red arrow), i.e. they are different components (threads) of
an MFR.

(2) We also reconstructed multiple magnetic field lines started from the
main (strongest) magnetic sources (the sunspots' umbras and pe-
numbras) on the photosphere in the ARs studied. This is just to
identify better the general magnetic structure of the ARs. These
field lines are shown by the thin black and white curves in Figs. 2
and 3.

3. Summary of the results and discussion

Here we summarize and discuss the main results of the performed
analysis of seven flares studied. We remind that these flares were taken
from Paper I (Kuznetsov et al., 2016) for the follow-up investigation.
They were accompanied by sequences of HXR bursts (pulsations). These
flares were selected from Paper I because they all occurred in the
“SDO's epoch”, i.e. the photospheric vector magnetograms are available
for their parent ARs for the times just before their onset. This allowed us
to make extrapolation of magnetic field in these ARs in the NLFFF ap-
proximation, and to investigate its structure in relation to the sources of
the HXR pulsations.

Based on the performed extrapolation, first, we found that there is a
spatially localized bundle of magnetic field lines twisted around their
common axis (some of them — slightly more than once), and elongated
mainly along an MPIL in the core of the parent AR before each flare
studied (see Figs. 2 and 3). Such bundles of the intertwined field lines
can be considered as a reliable signature of the presence of an MFR (e.g.,
Schrijver, 2009; Schmieder et al., 2013; Liu et al., 2016b; Cheng et al.,
2017; Guo et al., 2017, and references therein) in these ARs. Second, it
can be seen clearly in Figs. 2 and 3 that the sources of different HXR
pulsations are located in footpoints of different magnetic field lines.
Definitely, different HXR pulsations are emitted from different flux
tubes (loops) rather than from a single flare loop in those events. Both
these findings are consistent with conclusions made in Paper I (see also
Introduction).

3.1. Two cases of different magnetic geometry

It is interesting to note that in two out of seven events (namely,
SOL2011-02-15 and SOL2014-10-24) the reconstructed magnetic field
lines initiated from the sources of the HXR pulsations form a twisted
MEFR (shown by the thick red arrow in Figs. 2(a) and 3(c)) by them-
selves. These field lines are a part of an MFR — they are some of its
individual fibers (or threads). We will call this as case A.

However, in the remaining five events (SOL2011-06-07, SOL2011-
09-06, SOL2014-04-18, SOL 2014-10-22 and SOL2014-11-09) the field
lines reconstructed from the HXR sources are not directly a part of an
MEFR situated in a parent AR (shown by the thick arrow in Fig. 2(b and
¢), 3 (a,b,d)). These field lines are located around an MFR in the form of
an overlying arcade of magnetic loops. We will call this situation as case
B.

Here it should be noted that the conclusion about whether the field
lines are part of an MFR or not is rather subjective. This is illustrated by
the SOL2014-11-09 event (Fig. 3(d)), in which the parent field lines of
the HXR pulsations entangle the MFR quite tightly, without a sig-
nificant gap, as, say, in the SOL2014-04-18 (Fig. 3(a)) and SOL2014-10-
22 (Fig. 3(b)) events. This may indicate that there is no fundamental
difference between the events of cases A and B, and the energy release
processes may be similar in both cases.
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3.2. Interpretation of the eruptive events

Four of the studied events (SOL2011-02-15, SOL2011-06-07,
SOL2011-09-06, and SOL2014-04-18) were definitely accompanied by
eruptions and CMEs, i.e. they can be classified as the eruptive events.
Studies of various aspects of these eruptive events can be found in the
multiple papers (e.g., Schrijver et al. (2011); Janvier et al. (2014) for
SOL2011-02-15; Cheng et al. (2012); Inglis and Gilbert (2013);
Kuznetsov et al. (2017) for SOL2011-06-07; Jiang et al. (2014); Janvier
et al. (2016) for SOL2011-09-06; Cheng et al. (2015); Brosius and Daw
(2015); Carley et al. (2016) for SOL2014-04-18).

The “standard” 3D solar flare model is applicable for their inter-
pretation (Shibata and Magara, 2011; Janvier et al., 2015). In this case,
the HXR pulsations can be a result of successive episodes of magnetic
reconnection, acceleration of electrons and their precipitation along
different magnetic flux tubes (loops) of a magnetic arcade non-uni-
formly (along its longitudinal axis or an MPIL) stretched by an erupting
MER (see, e.g., discussions in Grigis and Benz, 2005; Liu et al., 2010). In
particular, the “zipping-like” or “whipping-like” asymmetric MFR
eruption (Liu et al., 2009) could explain the apparent motion of the
HXR sources along the MPIL observed in the impulsive phase of the
flares studied (see Table 4 in Paper I). In this discussion we do not
address the question of what determines the speed of the HXR source
progression along the solar surface in this scenario, which should be a
subject of a dedicated theoretical modeling. The absence of visible HXR

15.02.2011

07.06.2011
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Fig. 2. Reconstructed magnetic field lines in
the regions of the SOL2011-02-15 (a),
SOL2011-06-07 (b) and SOL2011-09-06 (c)
solar flares accompanied by the HXR
(25-50 keV) pulsations (see Fig. 1). The top
view is on the left, the side view is on the
right. Colors of the field lines correspond to
the colors of the sources of the HXR pulsa-
tions (see Fig. 1; the spatial locations of
these HXR sources are also shown in Paper
I). The HXR sources (i.e. the positions of
their brightness maxima) are shown here by
small circles of the appropriate colors (see
also Fig. 4). The twisted bundles of the thick
light gray field lines represent a magnetic
flux rope (MFR) found in the core of these
flare regions. The MFR is also indicated by
the thick white arrow. The red arrow in-
dicates the MFR composed of the field lines
(colored) reconstructed from the sources of
the HXR pulsations. Thin gray field lines are
background magnetic field lines started
from the strongest nearby magnetic sources.
The background images are the maps of the
radial magnetic field component (B,) on the
photosphere made with the pre-flare SDO/
HMI magnetograms (SHARPs). The color-
bars show values of B, for the corresponding
colors. The thin white dashed quadrangles
left and right on the photosphere are shown
just to indicate the regions of interest and to
give the reference helioprojective cartesian
coordinates (HPC) of its corners (in arcse-
conds). The same regions are also shown in
Fig. 4. (For interpretation of the references
to color in this figure legend, the reader is
referred to the Web version of this article.)

sources in the footpoints of some overlying field lines, surrounding an
erupting MFR, may be due to the lower efficiency of magnetic re-
connection and electron acceleration in these flux tubes, and in-
sufficient sensitivity and dynamic range of RHESSI.

On the other hand, we cannot totally rule out other possibilities. In
particular, it is not excluded that successive episodes of magnetic re-
connection and particle acceleration (consequently, HXR pulsations)
may occur in the interaction regions of an MFR's outer shells with
different surrounding magnetic loops. From Fig. 2(b and c) and Fig. 3(a)
it can be seen that the orientation of the MFR's field lines (thick light
gray) is different from the orientation of the surrounding field lines
hosting the sources of the HXR pulsations (color). Such different or-
ientation of the interacting magnetic flux tubes is a favorable condition
for the initiation of magnetic reconnection (e.g., Sakai and de Jager,
1996; Linton et al., 2001). Further observations and modeling are re-
quired to confirm or disprove this scenario (see also Netzel et al., 2012;
Hassanin and Kliem, 2016).

It should be noted that eruption of MFRs is a dynamical phenom-
enon, and the magnetic structure of ARs changes during eruption and
associated flares because of magnetic reconnection. However, we be-
lieve that the extrapolated pre-flare magnetic field lines approximate
the general magnetic structure of the ARs studied quite realistically and
reliably. The pre-eruptive (pre-flare) magnetic structure determines the
general dynamics of the following eruption, the energy release pro-
cesses and the flare emission sources (e.g., Guo et al., 2017; Amari et al.,
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Fig. 3. Reconstructed magnetic field lines and the maximum brightness centers of the sources of the HXR pulsations in the regions of the SOL2014-04-18 (a),
SOL2014-10-22 (b), SOL2014-10-24 (c) and SOL2014-11-09 (d) solar flares accompanied by the HXR pulsations. The same notations as in Fig. 2. See also Fig. 4 for
the colors notation of the HXR peaks. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

2018). This has been demonstrated in numerous previous works, in-
cluding interpretation of the appearance and location of flare ribbons
and HXR sources (see, e.g., Gorbachev et al., 1988; Demoulin et al.,
1994; Somov et al., 2004; Liu et al., 2010; Den and Zimovets, 2014;
Janvier et al., 2014; Inoue et al., 2016; Janvier et al., 2016). Appar-
ently, the spatial dynamics of the HXR sources in eruptive events is
determined by the development of an erupting MFR. However, the
magnetostatic approach can still be used for our study for the following
reason. As we see from the observations, episodes of reconnection

22

happened successively in different loops at different times. This means
that at each specific time (i.e., during specific HXR peak), the magnetic
field changed its topology only locally, in the vicinity of some specific
field lines, while no other drastic changes occurred in other field lines
of the parent AR at that time. Our analysis only roughly shows at which
field lines the energy release could occur during the flares. In this study,
we do not attempt to explain in details the observed dynamical beha-
vior of the HXR sources, i.e. to explain the exact reason of appearance of
the HXR sources in the specific places in specific times, and the ordering
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Fig. 4. Positions of the maximum brightness centers of the sources of the HXR pulsations overlaid on the maps of the radial magnetic field component (B,) on the
photosphere made with the pre-flare SDO/HMI magnetograms for the studied flare regions. The regions shown here correspond to the regions of interest shown by
the thin white dashed quadrangles in Fig. 2 and 3. The centers of the HXR sources and their colors correspond to those ones shown in Fig. 2 and 3 (see also Fig. 1 for
the colors notation of the corresponding HXR peaks). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)

of this appearance. We only demonstrate that the sources of different
HXR pulsations appeared at footpoints of different magnetic field lines,
which are not a part of the same magnetic loop.

The discussed concept of generation of HXR (and other wavebands)
pulsations does not, in general, require the presence of MHD waves and
oscillations, as it is often assumed (see Introduction). In this concept,
pulsations are just a result of a triggering of energy release and accel-
eration of particles in certain different magnetic elements (flux tubes)
that are somehow different from the neighboring magnetic flux tubes,
due to non-uniform, essentially 3D, evolution of an MFR in highly in-
homogeneous medium of parent ARs, consisting of multitude of mag-
netoplasma elements with different physical parameters. Different
mechanisms can accelerate particles during such eruption of an MFR
(Aschwanden, 2002; Zharkova et al., 2011). One of the most promising
mechanisms is related to the multiple coalescence of magnetic islands
formed beneath an erupting MFR as a result of the fast magnetic re-
connection (Drake et al., 2006a; Guidoni et al., 2016). Numerical si-
mulations show that such process can be “bursty” and “patchy” (e.g.,
Kliem et al., 2000; Drake et al., 2006b; Barta et al., 2011). This may
explain why flare pulsations sometimes have a rather random character
than show quasi-periodic behavior (e.g., Gruber et al. (2011); Inglis
et al. (2015, 2016), and Paper I).
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3.3. Interpretation of the non-eruptive or confined events

Three of the studied events (SOL2014-10-22, SOL2014-10-24, and
SOL2014-11-09) were not accompanied by perceptible eruptions and
CME:s (see, e.g., Chen et al. (2015); Sun et al. (2015b); Thalmann et al.
(2015); Liu et al. (2016a) for SOL2014-10-22 and SOL2014-10-24;
Paper I and Li et al. (2016) for SOL2014-11-09). Thus, these flares can
be classified as the non-eruptive events. Since these events were located
near the center of the solar disk, the possibility remains that the slight
(non-detectable) rise of the MFR could still occur at the initial stage of
the development of these events, but due to some reasons did not de-
velop into a full eruption and CME (see Inoue et al. (2016); Amari et al.
(2018) for the modeling of the SOL2014-10-24 event and discussions in
the papers cited above). In this case, these events can be considered as
the confined flares (such term is used, e.g., by Chen et al. (2015);
Thalmann et al. (2015)).

If a slight rise of the MFR indeed occurred in these events (in par-
ticular, the onset of the kink instability of the MFR in the SOL2014-10-
24 event is shown by Amari et al. (2018)), it could be accompanied by
formation of a current sheet beneath the rising MFR (e.g., Forbes, 1990;
Chen and Shibata, 2000). In such case, the interpretation of the non-
uniform energy release processes along the MPIL can be almost the



LV. Zimovets et al.

same as in the case of the “standard” 3D eruptive flares discussed in the
previous sub-section. For instance, the “zipping-like” asymmetric rise of
the MFR is possible, which could result in the propagation of the re-
connection front along the current sheet (i.e., along the MPIL) and
successive episodes of energy release in different flux tubes. Similar
effect is also expected in frames of the models considering some types of
instabilities of a current sheet extended along the MPIL (Artemyev and
Zimovets, 2012; Ledentsov and Somov, 2016). Another possibility is to
trigger multiple episodes of magnetic reconnection in different parts of
a current sheet by the propagating slow magneto-acoustic waves as
discussed by Nakariakov and Zimovets (2011). It is worth mentioning
that a current sheet can be also created in the outer shells of a rising
MFR during its interaction with the overlying magnetic arcade (e.g,
Hassanin and Kliem, 2016). The aforementioned processes of initiation
of the non-uniform reconnection could be also happen in such helical
current sheet, and this may explain some of the case B events.

However, it is not excluded that there was no rise of the MFR at all
in these events. To interpret the observations in such a situation, it is
possible to use the model of the 3D “zipper reconnection” developed
recently by Priest and Longcope (2017). This model is designed for two
different magnetic configurations: (1) with and (2) without a pre-ex-
isting MFR under a sheared magnetic arcade. The pre-existence of an
MEFR is not necessary, it can be formed during a flare due to magnetic
reconnection. Since we found the MFRs in the flare regions studied,
they rather correspond to the model magnetic configuration (1). The
eruption of an MFR is not necessary (although it is possible in this
model). It can be held by, e.g, the magnetic tension of the overlying
loops (Priest, 2014; Myers et al., 2015). The reconnection in this model
occurs non-simultaneously along the entire arcade, but successively
between some pairs of nearby loops, in the sequence of multiple in-
dividual reconnection episodes, called “simple zippets”. Starting at one
pair of loops, e.g due to initial resistive instability, this process can
spread along the MPIL. If the pre-flare magnetic field is not uniformly
distributed along the MPIL (what we actually observe), the reconnec-
tion process will be discrete and the observed flare radiative emission
will also be inhomogeneous in time and space. This is manifested, in
particular, by the sequential appearance of the HXR sources in different
places along the MPIL and by a sequence of the observed HXR pulsa-
tions.

The energy release processes and formation of the X-shaped flare
ribbons in the SOL2014-11-09 confined flare was discussed by Li et al.
(2016) based on the magnetic field reconstruction and the concept of
the 3D reconnection at a separator. However, the HXR pulsations were
not discussed in that paper. The “zipping reconnection” concept could
be incorporated in the proposed model to interpret the dynamics of the
HXR sources.

3.4. On the lack of connectivity of the HXR sources

One can see from Figs. 2 and 3 that there is an apparent lack of
connectivity of the HXR sources of the same colors, i.e. the footpoints of
the field lines are mainly associated with only one HXR source, and not
to the conjugated source (of the same color) appeared at a given time.
This may indicate that the NLFFF extrapolations are not entirely re-
constructing the real magnetic field or that one of the HXR sources at a
given time is too weak compared to the other. The RHESSIs dynamic
range is about 10, and so it may have missed the conjugated sources.

There is another possibility, how one can explain the lack of con-
nectivity of the HXR sources appeared on opposite sides of the MPIL at a
given time. The magnetic extrapolations were done based on the pre-
flare magnetograms. During a flare, the connectivity of magnetic field
lines could (and should) change because of the magnetic reconnection
(e.g., Sun et al., 2015a; Wang et al., 2016; Xue et al., 2016; Hernandez-
Perez et al., 2017). In this situation, paired HXR sources appeared si-
multaneously could not be connected by a field line reconstructed from
a pre-flare magnetogram. Moreover, HXR sources on different sides of
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an MPIL do not have to be connected by the same field line at all, since
electrons generating these HXR sources may be accelerated and injected
into different field lines, even in the case of a common initial region of
energy release and acceleration. Any real acceleration region has a fi-
nite size, while a field line is an abstraction having a zero radius of
cross-section.

3.5. Possible interpretation of the quasi-periodicity

Possible interpretation of the quasi-periodicity of the HXR pulsa-
tions within the non-MHD-wave concept was given in Paper I. In the
simplest case, this requires the constancy of an MFR speed (v ~ const)
and the presence of spatial inhomogeneity in the physical parameters of
surrounding magnetic arcades, with a characteristic spatial scale
(I = const) along the direction of the MFR motion. In such case, the
quasi-period of pulsations can be determined simply as
P~ (P) ~ l/v ~ const. However, this interpretation has some short-
comings too. First, it is unclear why an MFR should move at a constant
speed along the MPIL. Second, the nature of the spatial modulation of
the inhomogeneous surrounding magnetic structures is also not ob-
vious. There is a possibility that a quasi-periodic modulation may exist
along an MFR itself, say, due to some oscillations/waves in it — similar
to prominence oscillations (e.g., Oliver and Ballester, 2002; Oliver,
2009). This hypotheses, however, requires further study, and is beyond
the scope of the present work, which will be addressed elsewhere. In
addition, the spatial quasi-periodicity could, in particular, result from
some instabilities of a reconnecting macroscopic current sheet (e.g.,
Artemyev and Zimovets, 2012; Ledentsov and Somov, 2016) created
during an MFR rise, or from the corrugation instability of a coronal
arcade recently described by Klimushkin et al. (2017).

In the non-eruptive flares, when the MFR is at rest, in order to ex-
plain the quasi-periodicity of the HXR pulsations in the frames of the 3D
“zipper reconnection” (Priest and Longcope, 2017), it is also necessary
to suggest a spatial inhomogeneity in the magnetic arcade and a con-
stancy of the speed of the reconnection trigger movement along the
MPIL. What is a trigger and why it should have approximately constant
speed (usually below the sound and Alfvén speeds in the corona; see,
e.g., Paper I) is not yet clear. In addition, the detected variation of the
HXR emission could be somehow linked with the vertical oscillations of
an emerging MFR detected by (Kim et al., 2014), which would mod-
ulate the local inflow rate in the reconnection. However, theoretical
modeling of this effect is still absent.

We would like to note also that the discussed concept does not reject
the possibility that other physical processes, in particular, related to
MHD waves and oscillations, may also act in flare regions and cause
quasi-periodic component of pulsations in some cases. In any case, our
findings indicate an important role of a pre-flare magnetic structure (in
particular, an MFR), which is more complex than a “single” loop, and
the three-dimensional character of the development of energy release in
such magnetic structure, in the time variability of the flaring emission.
This is what we originally wanted to show by this work.

3.6. Geometrical characteristics of the found MFRs

Geometrical characteristics of the found MFRs (the length of its
central axis, Lyrgr, and height of its top above the photosphere, Hyrr)
are summarized in Table 2. These characteristics were estimated
roughly by visual analysis of the reconstructed magnetic field lines
using the ParaView application. By an MFR we mean a set of magnetic
field lines bounded in space and winding coherently on some imaginary
axis stretched along the MPIL. We realize the difficulty to determine an
MFR's boundaries just by visual inspection of the magnetic field lines.
However, there is no need for a more accurate evaluation of these
parameters in this study. In Table 2 we also present the number (n,) of
significant HXR (25 — 50 keV) pulsations together with the average
time differences ((P)) between the peaks of successive pulsations, taken
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Table 2

: Geometrical characteristics of the reconstructed MFRs (Lyrr — length, Hyrr
— top height), characteristics of the HXR pulsations (1, — number of pulsa-
tions, (P) — average time difference between neighboring pulsations), and two
different classifications of the flares studied.

1 2 3 4 5 6 7
Flare Lyrr, Mm Hymrpr, Mm np (P),s group case
SOL2011-02-15 44 14 35 16 2 A
SOL2011-06-07 46 13 36 26 1 B
SOL2011-09-06 25 9 20 21 1 B
SOL2014-04-18 46 31 23 24 2 B
SOL2014-10-22 64 20 10 21 1 B
SOL2014-10-24 134 31 34 17 2 A
SOL2014-11-09 24 6 8 20 1 A

from Table 2 of Paper I. The linear Pearson correlation coefficient (cc)
and p-value calculated for the pairs of the corresponding physical
variables are shown in the right bottom corners of each panel on Fig. 5.
All calculated p-values are not close to zero. This indicates that corre-
lation between the pairs of the physical variables cannot be considered
as significant. Due to this reason, we refrain from discussing possible
causes of weak correlations of the physical characteristics of the MFRs
and HXR pulsations. Data statistics are insufficient (and have to be
extended in future works) to draw any physical conclusions.

The last two columns of Table 2 contain information about the
group (see Paper I) and case (see sub-section 3.1) of each event. We
recall here that the group 1 flares show systematic displacement of the
HXR sources from pulsation to pulsation with respect to a MPIL, which
has a simple extended trace on the photosphere, and the group 2 flares
show more chaotic displacements of the HXR sources with respect to a
MPIL having a more complicated structure. One can see from Table 2
that there is no consistency between these two different classifications
of the flare regions studied. This indicates that the magnetostatic ap-
proach used in this work, probably, is not enough to describe all details
of the spatio-temporal evolution of the flare energy release processes.
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This requires more advanced modeling taking dynamics of a flare re-
gion into account.

4. Conclusion

By means of magnetic field extrapolation in the NLFFF approx-
imation we investigated the magnetic geometry and structure of seven
solar flare regions accompanied by HXR pulsations. These flares were
chosen from the catalog in Paper I on the basis of the availability of
vector magnetograms for their parent ARs, obtained with the SDO/HMI
data. We found that there is an MFR elongated along an MPIL in the
core of each AR studied, before each flare. In two flare regions the
sources of the HXR pulsations are located at the footpoints of different
magnetic field lines which are constituent parts of the MFR. In five
remaining flare regions the parent field lines of the HXR pulsations are
not a part of the MFR, but surround it in the form of an arcade of
magnetic loops. These results support the concept discussed in Paper I,
namely that the HXR pulsations are a consequence of successive epi-
sodes of energy release in different magnetic flux tubes (threads) of a
complex AR, possibly triggered by non-uniform evolution (full or con-
fined eruption) of an MFR. This concept is consistent with the “stan-
dard” 3D model of solar flares and does not require the presence of
MHD waves and oscillations in flare regions for interpreting the HXR
(as well as other wavebands) pulsations. In the absence of eruption,
some other mechanisms, such as the 3D “zipper reconnection” may lead
to the non-uniform energy release in a sheared magnetic arcade with an
underlying MFR. However, details of the time variability produced by
these mechanisms that can be attributed to the “magnetic dripping”
class of QPP models (Nakariakov et al., 2010b), require further in-
vestigation.

Acknowledgements

This work is based upon the activities of the international science
team “Pulsations in solar flares: matching observations and models”
supported by the International Space Science Institute — Beijing, China.

A0f T
(b) %
30F E
*
& 20F X E
10K * E
X cc=0.298560
0 . p=0.515434
5 10 15 20 25 30 35
HMFR
30 j j j j j
2sp(d) * %
20k X * 3
a 15F X * ]
10 E
ot cc=-0.0307004 |
p=0.947907
0 . . . . ,

5 10 15 20 25 30 35

HMFR

Fig. 5. Scatter plots of characteristics of the HXR pulsations (1, and (P)) and geometrical characteristics of the reconstructed magnetic flux ropes (Lyrr and Hygr).
The values of the linear Pearson correlation coefficient (cc) and p-values are shown in the right bottom corners.



LV. Zimovets et al.

We are grateful to the RHESSI and SDO/HMI teams, whose data pro-
ducts were used in this study. We also thank the anonymous reviewers
for a number of useful criticisms. This study was supported by the
British Council via the Institutional Links Programme (Project
277352569 “Seismology of Solar Coronal Active Regions”). SAK was
supported by the Russian Foundation for Basic Research (grants No. 15-
02-08028, 16-32-50117, 16-02-00328) and by the Russian Science
Foundation (grant No. 16-12-10448). VMN was partially supported by
the HSE Teaching Excellence Initiatives. The work was also supported
by the NSFC grant No. 41731070.

References

Amari, T., Canou, A., Aly, J.J., Delyon, F., Alauzet, F., 2018. Magnetic cage and rope as
the key for solar eruptions. Nature 554, 211-215.

Artemyev, A., Zimovets, L., 2012. Stability of current sheets in the solar corona. Sol. Phys.
277, 283-298.

Aschwanden, M.J., 2002. Particle acceleration and kinematics in solar flares - a synthesis
of recent observations and theoretical concepts (invited review). Space Sci. Rev. 101,
1-227.

Aschwanden, M.J., Brown, J.C., Kontar, E.P., 2002. Chromospheric height and density
measurements in a solar flare observed with RHESSI. II Data analysis. Sol. Phys. 210,
383-405.

Bérta, M., Biichner, J., Karlicky, M., Skéla, J., 2011. Spontaneous current-layer frag-
mentation and cascading reconnection in solar flares. I. Model and analysis.
Astrophys. J. 737, 24 1011.4035.

Bobra, M.G., Sun, X., Hoeksema, J.T., Turmon, M., Liu, Y., Hayashi, K., Barnes, G., Leka,
K.D., 2014. The Helioseismic and Magnetic Imager (HMI) vector magnetic field pi-
peline: SHARPs - Space-Weather HMI Active Region Patches. Sol. Phys. 289,
3549-3578 1404.1879.

Brosius, J.W., Daw, A.N., 2015. Quasi-periodic fluctuations and chromospheric eva-
poration in a solar flare ribbon observed by IRIS. Astrophys. J. 810, 45.

Carley, E.P., Vilmer, N., Gallagher, P.T., 2016. Radio diagnostics of electron acceleration
sites during the eruption of a flux rope in the solar corona. Astrophys. J. 833, 87
1609.01463.

Chen, H., Zhang, J., Ma, S., Yang, S., Li, L., Huang, X., Xiao, J., 2015. Confined flares in
solar active region 12192 from 2014 october 18 to 29. Astrophys. J. Lett. 808, L24
1507.00651.

Chen, P.F., Shibata, K., 2000. An emerging flux trigger mechanism for coronal mass
ejections. Astrophys. J. 545, 524-531.

Chen, S.X., Li, B,, Xiong, M., Yu, H., Guo, M.Z., 2016. Fast sausage modes in magnetic
tubes with continuous transverse profiles: effects of a finite plasma beta. Astrophys. J.
833, 114 1610.03254.

Cheng, X., Ding, M.D., Fang, C., 2015. Imaging and spectroscopic diagnostics on the
formation of two magnetic flux ropes revealed by SDO/AIA and IRIS. Astrophys. J.
804, 82 1502.07801.

Cheng, X., Guo, Y., Ding, M., 2017. Origin and structures of solar eruptions I: magnetic
flux rope. Sci. China Earth Sci. 60, 1383-1407 1705.08198.

Cheng, X., Zhang, J., Olmedo, O., Vourlidas, A., Ding, M.D., Liu, Y., 2012. Investigation of
the formation and separation of an extreme-ultraviolet wave from the expansion of a
coronal mass ejection. Astrophys. J. Lett. 745, L5 1112.4540.

Davenport, J.R.A., Hawley, S.L., Hebb, L., Wisniewski, J.P., Kowalski, A.F., Johnson, E.C.,
Malatesta, M., Peraza, J., Keil, M., Silverberg, S.M., Jansen, T.C., Scheffler, M.S.,
Berdis, J.R., Larsen, D.M., Hilton, E.J., 2014. Kepler flares. II. The temporal mor-
phology of white-light flares on GJ 1243. Astrophys. J. 797, 122 1411.3723.

Demoulin, P., Mandrini, C.H., Rovira, M.G., Henoux, J.C., Machado, M.E., 1994.
Interpretation of multiwavelength observations of November 5, 1980 solar flares by
the magnetic topology of AR 2766. Sol. Phys. 150, 221-243.

Den, O.G., Zimovets, 1.V., 2014. Relationship between solar-flare hard X-ray sources and
magnetic TP singularities. Astron. Rep. 58, 488-496.

Dennis, B.R., 1988. Solar flare hard X-ray observations. Sol. Phys. 118, 49-94.

Dennis, B.R., Tolbert, A.K., Inglis, A., Ireland, J., Wang, T., Holman, G.D., Hayes, L.A.,
Gallagher, P.T., 2017. Detection and interpretation of long-lived X-ray quasi-periodic
pulsations in the X-class solar flare on 2013 may 14. Astrophys. J. 836, 84
1706.03689.

Drake, J.F., Swisdak, M., Che, H., Shay, M.A., 2006a. Electron acceleration from con-
tracting magnetic islands during reconnection. Nature 443, 553-556.

Drake, J.F., Swisdak, M., Schoeffler, K.M., Rogers, B.N., Kobayashi, S., 2006b. Formation
of secondary islands during magnetic reconnection. Geophys. Res. Lett. 33, L13105.

Filippov, B., Martsenyuk, O., Srivastava, A.K., Uddin, W., 2015. Solar magnetic flux ropes.
J. Astrophysics Astronomy 36, 157-184 1501.02562.

Forbes, T.G., 1990. Numerical simulation of a catastrophe model for coronal mass ejec-
tions. J. Geophys. Res. 95, 11919-11931.

Gary, G.A., Hagyard, M.J., 1990. Transformation of vector magnetograms and the pro-
blems associated with the effects of perspective and the azimuthal ambiguity. Sol.
Phys. 126, 21-36.

Gibson, S.E., Fan, Y., Torok, T., Kliem, B., 2006. The evolving sigmoid: evidence for
magnetic flux ropes in the corona before, during, and after CMEs. Space Sci. Rev. 124,
131-144.

Gorbachev, V.S., Kelner, S.R., Somov, B.V., Shvarts, A.S., 1988. A new topological ap-
proach to the question of the trigger for solar flares. Sov. Astron. 32, 308.

Grigis, P.C., Benz, A.O., 2005. The evolution of reconnection along an arcade of magnetic

26

Journal of Atmospheric and Solar-Terrestrial Physics 174 (2018) 17-27

loops. Astrophys. J. Lett. 625, L143-L146 astro-ph/0504436.

Gruber, D., Lachowicz, P., Bissaldi, E., Briggs, M.S., Connaughton, V., Greiner, J., van der
Horst, A.J., Kanbach, G., Rau, A., Bhat, P.N., Diehl, R., von Kienlin, A., Kippen, R.M.,
Meegan, C.A., Paciesas, W.S., Preece, R.D., Wilson-Hodge, C., 2011. Quasi-periodic
pulsations in solar flares: new clues from the Fermi Gamma-Ray Burst Monitor.
Astron. Astrophys. 533, A61 1107.2399.

Guidoni, S.E., DeVore, C.R., Karpen, J.T., Lynch, B.J., 2016. Magnetic-island contraction
and particle acceleration in simulated eruptive solar flares. Astrophys. J. 820, 60
1603.01309.

Guo, Y., Cheng, X., Ding, M., 2017. Origin and structures of solar eruptions II: magnetic
modeling. Sci. China Earth Sci. 60, 1408-1439 1706.05769.

Guo, Y., Ding, M.D., Wiegelmann, T., Li, H., 2008. 3D magnetic field configuration of the
2006 december 13 flare extrapolated with the optimization method. Astrophys. J.
679, 1629-1635.

Hassanin, A., Kliem, B., 2016. Helical kink instability in a confined solar eruption.
Astrophys. J. 832, 106 1609.00673.

Hernandez-Perez, A., Thalmann, J.K., Veronig, A.M., Su, Y., Gomory, P., Dickson, E.C.,
2017. Generation mechanisms of quasi-parallel and quasi-circular flare ribbons in a
confined flare. Astrophys. J. 847, 124 1708.08612.

Howard, R.F., Harvey, J.W., Forgach, S., 1990. Solar surface velocity fields determined
from small magnetic features. Sol. Phys. 130, 295-311.

Hurford, G.J., Schmahl, E.J., Schwartz, R.A., Conway, A.J., Aschwanden, M.J., Csillaghy,
A., Dennis, B.R., Johns-Krull, C., Krucker, S., Lin, R.P., McTiernan, J., Metcalf, T.R.,
Sato, J., Smith, D.M., 2002. The RHESSI imaging concept. Sol. Phys. 210, 61-86.

Inglis, A.R., Dennis, B.R., 2012. The relationship between hard X-ray pulse timings and
the locations of footpoint sources during solar flares. Astrophys. J. 748, 139
1303.6309.

Inglis, A.R., Gilbert, H.R., 2013. Hard X-ray and ultraviolet emission during the 2011
June 7 solar flare. Astrophys. J. 777, 30 1307.2874.

Inglis, A.R., Ireland, J., Dennis, B.R., Hayes, L., Gallagher, P., 2016. A large-scale search
for evidence of quasi-periodic pulsations in solar flares. Astrophys. J. 833, 284
1610.07454.

Inglis, A.R., Ireland, J., Dominique, M., 2015. Quasi-periodic pulsations in solar and
stellar flares: Re-evaluating their nature in the context of power-law flare fourier
spectra. Astrophys. J. 798, 108 1410.8162.

Inoue, S., Hayashi, K., Kusano, K., 2016. Structure and stability of magnetic fields in solar
active region 12192 based on the nonlinear force-free field modeling. Astrophys. J.
818, 168 1601.00791.

Janvier, M., Aulanier, G., Bommier, V., Schmieder, B., Démoulin, P., Pariat, E., 2014.
Electric currents in flare ribbons: observations and three-dimensional standard
model. Astrophys. J. 788, 60 1402.2010.

Janvier, M., Aulanier, G., Démoulin, P., 2015. From coronal observations to MHD si-
mulations, the building blocks for 3D models of solar flares (invited review). Sol.
Phys. 290, 3425-3456 1505.05299.

Janvier, M., Savcheva, A., Pariat, E., Tassev, S., Millholland, S., Bommier, V., McCauley,
P., McKillop, S., Dougan, F., 2016. Evolution of flare ribbons, electric currents, and
quasi-separatrix layers during an X-class flare. Astron. Astrophys. 591, A141
1604.07241.

Jiang, C., Wu, S.T., Feng, X., Hu, Q., 2014. Formation and eruption of an active region
sigmoid. I. A study by nonlinear force-free field modeling. Astrophys. J. 780, 55
1310.8196.

Karlicky, M., Barta, M., Rybak, J., 2010. Radio spectra generated during coalescence
processes of plasmoids in a flare current sheet. Astron. Astrophys. 514, A28.

Kim, S., Nakariakov, V.M., Cho, K.S., 2014. Vertical kink oscillation of a magnetic flux
rope structure in the solar corona. Astrophys. J. Lett. 797, L22.

Kliem, B., Karlicky, M., Benz, A.O., 2000. Solar flare radio pulsations as a signature of
dynamic magnetic reconnection. Astron. Astrophys. 360, 715-728 astro-ph/
0006324.

Klimushkin, D.Y., Nakariakov, V.M., Mager, P.N., Cheremnykh, O.K., 2017. Corrugation
instability of a coronal arcade. Sol. Phys. 292, 184.

Kupriyanova, E.G., Melnikov, V.F., Nakariakov, V.M., Shibasaki, K., 2010. Types of mi-
crowave quasi-periodic pulsations in single flaring loops. Sol. Phys. 267, 329-342.

Kuznetsov, S.A., Zimovets, 1.V., Melnikov, V.F., Wang, R., 2017. Spatio-temporal evolu-
tion of sources of microwave and hard X-ray pulsations of the solar flare using the
NoRH, RHESSI, and AIA/SDO observation data. Geomagn. Aeron. 57, 1067-1072.

Kuznetsov, S.A., Zimovets, I.V., Morgachev, A.S., Struminsky, A.B., 2016. Spatio-temporal
dynamics of sources of hard X-ray pulsations in solar flares. Sol. Phys. 291,
3385-3426 1608.06594.

Ledentsov, L.S., Somov, B.V., 2016. Thermal instability of the reconnecting current layer
in solar flares. Astron. Lett. 42, 841-849.

Li, T., Zhang, J., 2015. Quasi-periodic slipping magnetic reconnection during an X-class
solar flare observed by the solar dynamics observatory and interface region imaging
spectrograph. Astrophys. J. Lett. 804, L8 1504.01111.

Li, Y., Qiu, J., Longcope, D.W., Ding, M.D., Yang, K., 2016. Observations of an X-shaped
ribbon flare in the Sun and its three-dimensional magnetic reconnection. Astrophys.
J. Lett. 823, L13 1605.01833.

Lin, R.P., Dennis, B.R., Hurford, G.J., Smith, D.M., Zehnder, A., Harvey, P.R., Curtis, D.W.,
Pankow, D., Turin, P., Bester, M., Csillaghy, A., Lewis, M., Madden, N., van Beek,
H.F., Appleby, M., Raudorf, T., McTiernan, J., Ramaty, R., Schmahl, E., Schwartz, R.,
Krucker, S., Abiad, R., Quinn, T., Berg, P., Hashii, M., Sterling, R., Jackson, R., Pratt,
R., Campbell, R.D., Malone, D., Landis, D., Barrington-Leigh, C.P., Slassi-Sennou, S.,
Cork, C., Clark, D., Amato, D., Orwig, L., Boyle, R., Banks, L.S., Shirey, K., Tolbert,
AK., Zarro, D., Snow, F., Thomsen, K., Henneck, R., McHedlishvili, A., Ming, P.,
Fivian, M., Jordan, J., Wanner, R., Crubb, J., Preble, J., Matranga, M., Benz, A.,
Hudson, H., Canfield, R.C., Holman, G.D., Crannell, C., Kosugi, T., Emslie, A.G.,
Vilmer, N., Brown, J.C., Johns-Krull, C., Aschwanden, M., Metcalf, T., Conway, A.,


http://refhub.elsevier.com/S1364-6826(18)30034-8/sref1
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref1
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref2
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref2
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref3
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref3
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref3
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref4
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref4
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref4
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref5
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref5
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref5
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref6
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref6
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref6
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref6
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref7
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref7
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref8
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref8
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref8
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref9
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref9
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref9
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref10
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref10
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref11
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref11
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref11
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref12
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref12
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref12
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref13
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref13
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref14
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref14
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref14
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref15
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref15
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref15
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref15
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref16
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref16
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref16
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref17
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref17
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref18
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref19
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref19
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref19
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref19
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref20
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref20
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref21
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref21
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref22
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref22
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref23
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref23
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref24
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref24
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref24
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref25
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref25
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref25
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref26
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref26
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref27
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref27
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref28
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref28
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref28
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref28
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref28
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref29
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref29
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref29
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref30
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref30
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref31
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref31
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref31
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref32
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref32
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref33
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref33
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref33
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref34
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref34
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref35
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref35
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref35
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref36
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref36
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref36
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref37
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref37
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref38
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref38
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref38
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref39
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref39
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref39
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref40
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref40
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref40
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref41
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref41
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref41
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref42
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref42
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref42
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref43
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref43
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref43
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref43
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref44
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref44
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref44
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref45
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref45
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref46
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref46
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref47
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref47
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref47
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref48
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref48
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref49
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref49
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref50
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref50
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref50
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref51
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref51
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref51
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref52
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref52
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref53
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref53
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref53
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref54
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref54
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref54
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref55
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref55
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref55
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref55
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref55
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref55
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref55
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref55
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref55
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref55

LV. Zimovets et al.

2002. The Reuven Ramaty High-Energy Solar Spectroscopic Imager (RHESSI). Sol.
Phys. 210, 3-32.

Linton, M.G., Dahlburg, R.B., Antiochos, S.K., 2001. Reconnection of twisted flux tubes as
a function of contact angle. Astrophys. J. 553, 905-921.

Liu, C., Lee, J., Jing, J., Liu, R., Deng, N., Wang, H., 2010. Motions of hard X-ray sources
during an asymmetric eruption. Astrophys. J. Lett. 721, L193-L198 1008.5381.
Liu, L., Wang, Y., Wang, J., Shen, C., Ye, P., Liu, R., Chen, J., Zhang, Q., Wang, S., 2016a.
Why is a flare-rich active region CME-poor? Astrophys. J. 826, 119 1607.07531.
Liu, R., Alexander, D., Gilbert, H.R., 2009. Asymmetric eruptive filaments. Astrophys. J.

691, 1079-1091.

Liu, R., Kliem, B., Titov, V.S., Chen, J., Wang, Y., Wang, H., Liu, C., Xu, Y., Wiegelmann,
T., 2016b. Structure, stability, and evolution of magnetic flux ropes from the per-
spective of magnetic twist. Astrophys. J. 818, 148 1512.02338.

Liu, W., Ofman, L., 2014. Advances in observing various coronal EUV waves in the SDO
era and their seismological applications (invited review). Sol. Phys. 289, 3233-3277
1404.0670.

McAteer, R.T.J., Young, C.A,, Ireland, J., Gallagher, P.T., 2007. The bursty nature of solar
flare X-ray emission. Astrophys. J. 662, 691-700.

McLaughlin, J.A., Nakariakov, V.M., Dominique, M., Jelinek, P., Takasao, S., 2018.
Modelling quasi-periodic pulsations in solar and stellar flares. Space Sci. Rev. 214, 54
1802.04180.

Myers, C.E., Yamada, M., Ji, H., Yoo, J., Fox, W., Jara-Almonte, J., Savcheva, A., Deluca,
E.E., 2015. A dynamic magnetic tension force as the cause of failed solar eruptions.
Nature 528, 526-529.

Nakariakov, V.M., Foullon, C., Myagkova, L.N., Inglis, A.R., 2010a. Quasi-periodic pul-
sations in the gamma-ray emission of a solar flare. Astrophys. J. Lett. 708, L47-L51.

Nakariakov, V.M., Inglis, A.R., Zimovets, 1.V., Foullon, C., Verwichte, E., Sych, R.,
Myagkova, LN., 2010b. Oscillatory processes in solar flares. Plasma Phys. Control.
Fusion 52, 124009 1010.0063.

Nakariakov, V.M., Melnikov, V.F., 2009. Quasi-periodic pulsations in solar flares. Space
Sci. Rev. 149, 119-151.

Nakariakov, V.M., Pilipenko, V., Heilig, B., Jelinek, P., Karlicky, M., Klimushkin, D.Y.,
Kolotkov, D.Y., Lee, D.H., Nistico, G., Van Doorsselaere, T., Verth, G., Zimovets, L.V.,
2016. Magnetohydrodynamic oscillations in the solar corona and Earth's magneto-
sphere: towards consolidated understanding. Space Sci. Rev. 200, 75-203.

Nakariakov, V.M., Zimovets, .V., 2011. Slow magnetoacoustic waves in two-ribbon
flares. Astrophys. J. Lett. 730, L27.

Netzel, A., Mrozek, T., Kotomanski, S., Gburek, S., 2012. Extreme-ultraviolet and hard X-
ray signatures of electron acceleration during the failed eruption of a filament.
Astron. Astrophys. 548, A89 1209.0123.

Ning, Z., 2014. Imaging observations of X-ray quasi-periodic oscillations at 3-6 keV in the
26 december 2002 solar flare. Sol. Phys. 289, 1239-1256.

Oliver, R., 2009. Prominence seismology using small amplitude oscillations. Space Sci.
Rev. 149, 175-197 0902.4136.

Oliver, R., Ballester, J.L., 2002. Oscillations in quiescent solar prominences observations
and theory (invited review). Sol. Phys. 206, 45-67.

Priest, E., 2014. Magnetohydrodynamics of the Sun.

Priest, E.R., Forbes, T.G., 2002. The magnetic nature of solar flares. Astron. Astrophys.
Rev. 10, 313-377.

Priest, E.R., Longcope, D.W., 2017. Flux-rope twist in eruptive flares and CMEs: due to
zipper and main-phase reconnection. Sol. Phys. 292, 25 1701.00147.

Sakai, J.I., de Jager, C., 1996. Solar flares and collisions between current-carrying loops
types and mechanisms of solar flares and coronal loop heating. Space Sci. Rev. 77,
1-192.

Scherrer, P.H., Schou, J., Bush, R.I., Kosovichev, A.G., Bogart, R.S., Hoeksema, J.T., Liu,
Y., Duvall, T.L., Zhao, J., Title, A.M., Schrijver, C.J., Tarbell, T.D., Tomczyk, S., 2012.
The Helioseismic and Magnetic Imager (HMI) investigation for the Solar Dynamics
Observatory (SDO). Sol. Phys. 275, 207-227.

Schmieder, B., Démoulin, P., Aulanier, G., 2013. Solar filament eruptions and their
physical role in triggering coronal mass ejections. Adv. Space Res. 51, 1967-1980
1212.4014.

Schou, J., Scherrer, P.H., Bush, R.I.,, Wachter, R., Couvidat, S., Rabello-Soares, M.C.,
Bogart, R.S., Hoeksema, J.T., Liu, Y., Duvall, T.L., Akin, D.J., Allard, B.A., Miles, J.W.,

27

Journal of Atmospheric and Solar-Terrestrial Physics 174 (2018) 17-27

Rairden, R., Shine, R.A., Tarbell, T.D., Title, A.M., Wolfson, C.J., Elmore, D.F.,
Norton, A.A., Tomczyk, S., 2012. Design and ground calibration of the Helioseismic
and Magnetic Imager (HMI) instrument on the Solar Dynamics Observatory (SDO).
Sol. Phys. 275, 229-259.

Schrijver, C.J., 2009. Driving major solar flares and eruptions: a review. Adv. Space Res.
43, 739-755 0811.0787.

Schrijver, C.J., Aulanier, G., Title, A.M., Pariat, E., Delannée, C., 2011. The 2011 february
15 X2 flare, ribbons, coronal front, and mass ejection: interpreting the three-di-
mensional views from the solar dynamics observatory and STEREO guided by mag-
netohydrodynamic flux-rope modeling. Astrophys. J. 738, 167.

Shibata, K., Magara, T., 2011. Solar flares: magnetohydrodynamic processes. Living Rev.
Sol. Phys. 8.

Shibata, K., Tanuma, S., 2001. Plasmoid-induced-reconnection and fractal reconnection.
Earth, Planets, Space 53, 473-482 astro-ph/0101008.

Simdes, P.J.A., Hudson, H.S., Fletcher, L., 2015. Soft X-ray pulsations in solar flares. Sol.
Phys. 290, 3625-3639 1412.3045.

Somov, B.V., Oreshina, I.V., Lubimov, G.P., 2004. Topological model for the large solar
flare of july 14, 2000. Astron. Rep. 48, 246-253.

Sun, J.Q., Cheng, X., Ding, M.D., Guo, Y., Priest, E.R., Parnell, C.E., Edwards, S.J., Zhang,
J., Chen, P.F,, Fang, C., 2015a. Extreme ultraviolet imaging of three-dimensional
magnetic reconnection in a solar eruption. Nat. Commun. 6, 7598 1506.08255.

Sun, X., Bobra, M.G., Hoeksema, J.T., Liu, Y., Li, Y., Shen, C., Couvidat, S., Norton, A.A.,
Fisher, G.H., 2015b. Why is the great solar active region 12192 flare-rich but CME-
poor? Astrophys. J. Lett. 804, L28 1502.06950.

Thalmann, J.K., Su, Y., Temmer, M., Veronig, A.M., 2015. The confined X-class flares of
solar active region 2192. Astrophys. J. Lett. 801, L23 1502.05157.

Thompson, W.T., 2006. Coordinate systems for solar image data. Astron. Astrophys. 449,
791-803.

Van Doorsselaere, T., Kupriyanova, E.G., Yuan, D., 2016. Quasi-periodic pulsations in
solar and stellar flares: an overview of recent results (invited review). Sol. Phys. 291,
3143-3164 1609.02689.

Wang, J., Simoes, P.J.A., Fletcher, L., Thalmann, J.K., Hudson, H.S., Hannah, 1.G., 2016.
Arcade implosion caused by a filament eruption in a flare. Astrophys. J. 833, 221
1610.05931.

Wheatland, M.S., Sturrock, P.A., Roumeliotis, G., 2000. An optimization approach to
reconstructing force-free fields. Astrophys. J. 540, 1150-1155.

Wiegelmann, T., 2004. Optimization code with weighting function for the reconstruction
of coronal magnetic fields. Sol. Phys. 219, 87-108 0802.0124.

Wiegelmann, T., Inhester, B., 2010. How to deal with measurement errors and lacking
data in nonlinear force-free coronal magnetic field modelling? Astron. Astrophys.
516, A107.

Wiegelmann, T., Inhester, B., Sakurai, T., 2006. Preprocessing of vector magnetograph
data for a nonlinear force-free magnetic field reconstruction. Sol. Phys. 233, 215-232
astro-ph/0612641.

Wiegelmann, T., Sakurai, T., 2012. Solar force-free magnetic fields. Living Rev. Sol. Phys.
9, 51208.4693.

Wiegelmann, T., Thalmann, J.K., Inhester, B., Tadesse, T., Sun, X., Hoeksema, J.T., 2012.
How should one optimize nonlinear force-free coronal magnetic field extrapolations
from SDO/HMI vector magnetograms? Sol. Phys. 281, 37-51 1202.3601.

Xue, Z., Yan, X., Cheng, X., Yang, L., Su, Y., Kliem, B., Zhang, J., Liu, Z., Bi, Y., Xiang, Y.,
Yang, K., Zhao, L., 2016. Observing the release of twist by magnetic reconnection in a
solar filament eruption. Nat. Commun. 7, 11837.

Zaitsev, V.V., Stepanov, A.V., 2008. REVIEWS OF TOPICAL PROBLEMS: coronal magnetic
loops. Phys. Uspekhi 51, 1123-1160.

Zharkova, V.V., Arzner, K., Benz, A.O., Browning, P., Dauphin, C., Emslie, A.G., Fletcher,
L., Kontar, E.P., Mann, G., Onofri, M., Petrosian, V., Turkmani, R., Vilmer, N., Vlahos,
L., 2011. Recent advances in understanding particle acceleration processes in solar
flares. Space Sci. Rev. 159, 357-420 1110.2359.

Zimovets, 1.V., Kuznetsov, S.A., Struminsky, A.B., 2013. Fine structure of the sources of
quasi-periodic pulsations in ”single-loop” solar flares. Astron. Lett. 39, 267-278.
Zimovets, 1.V., Struminsky, A.B., 2009. Imaging observations of quasi-periodic pulsatory

nonthermal emission in two-ribbon solar flares. Sol. Phys. 258, 69-88 0809.0138.


http://refhub.elsevier.com/S1364-6826(18)30034-8/sref55
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref55
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref56
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref56
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref57
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref57
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref58
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref58
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref59
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref59
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref60
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref60
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref60
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref61
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref61
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref61
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref62
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref62
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref63
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref63
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref63
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref64
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref64
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref64
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref65
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref65
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref66
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref66
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref66
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref67
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref67
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref68
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref68
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref68
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref68
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref69
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref69
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref70
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref70
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref70
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref71
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref71
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref72
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref72
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref73
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref73
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref74
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref75
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref75
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref76
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref76
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref77
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref77
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref77
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref78
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref78
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref78
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref78
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref79
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref79
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref79
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref80
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref80
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref80
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref80
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref80
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref80
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref81
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref81
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref82
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref82
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref82
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref82
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref83
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref83
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref84
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref84
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref85
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref85
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref86
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref86
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref87
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref87
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref87
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref88
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref88
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref88
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref89
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref89
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref90
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref90
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref91
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref91
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref91
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref92
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref92
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref92
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref93
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref93
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref94
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref94
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref95
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref95
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref95
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref96
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref96
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref96
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref97
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref97
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref98
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref98
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref98
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref99
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref99
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref99
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref100
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref100
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref101
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref101
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref101
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref101
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref102
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref102
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref103
http://refhub.elsevier.com/S1364-6826(18)30034-8/sref103

	Magnetic structure of solar flare regions producing hard X-ray pulsations
	Introduction
	Data analysis
	Selection of events
	Extrapolation of magnetic field
	Visualization of the HXR sources and magnetic field lines

	Summary of the results and discussion
	Two cases of different magnetic geometry
	Interpretation of the eruptive events
	Interpretation of the non-eruptive or confined events
	On the lack of connectivity of the HXR sources
	Possible interpretation of the quasi-periodicity
	Geometrical characteristics of the found MFRs

	Conclusion
	Acknowledgements
	References




