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ABSTRACT

The solar flares — which are the most prominent manifestation of the solar activity — typically manifest themselves as
a single or a set of luminous arcs (magnetic flux tubes) rooted in the regions of opposite polarity in the photosphere.
However, a careful analysis of the archival data by Hinode satellite sometimes reveals the surprising cases of the flaring
arcs whose footpoints belong to the regions of the same polarity or to the areas without any appreciable magnetic
field. Despite a counterintuitive nature of this phenomenon, it can be reasonably interpreted in the framework of
the so-called ‘topological model’ of magnetic reconnection, where the magnetic null point is formed due to specific
superposition of influences from the remote sources rather than by the local current systems. As a result, the energy
release propagates along the separator of the flipping two-dome structure rather than along a fixed magnetic field
line. Therefore, the luminous arc needs not to be associated anymore immediately with the magnetic sources. Here,
we report both the observational cases of the above-mentioned type as well as provide their theoretical model and
the numerical simulations.
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1 INTRODUCTION

Solar flares represent the main form of the solar activity
(Svestka 1976; Sturrock 1980; Priest 1981, 1982; Tandberg-
Hanssen & Emslie 1988; Phillips 1991; Somov 2013; Janvier
et al. 2015). They usually manifest themselves as a set of the
luminous arcs — associated with the magnetic field lines —
tracing a propagation of heat fluxes and energetic particles
from the sites of energy release to the lower layers of atmo-
sphere; e.g. a comprehensive review by Huang et al. (2018).
Such arcs should be obviously rooted in the regions of oppo-
site polarity of the magnetic field, as usually confirmed by
the corresponding magnetograms.

However, a careful analysis of the archival data on solar
flares, outlined in Section 2, enabled us to identify a few
surprising cases when the footpoints of the flaring arcs are
located in the regions of the same polarity or in the areas
without any appreciable magnetic fields. In other words, such
arcs cannot be evidently associated with the magnetic field
lines. Despite a counterintuitive nature of this phenomenon,
as will be shown in Section 3, it can be reasonably described
by the so-called ‘topological’ mechanism of the magnetic re-
connection, where the spot of energy release is formed due
to specific superposition of influences from the remote mag-
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netic sources, rather than by the local current systems. As a
result, the hot spot propagates approximately along a sepa-
rator of the global magnetic field configuration, which is not
associated immediately with the magnetic sources.

2 OBSERVATIONAL DATA

The primary observational material for our study was the
archive by Solar optical telescope (SOT) onboard Hinode
satellite (Kosugi et al. 2007; Tsuneta et al. 2008), which is
available in public domain.! Particularly, we analysed the
patterns of emission in the chromospheric line Ca 11 H, which
is formed by a moderately heated plasma (~10* K, i.e. about
twice the photospheric temperature). We preferred to use this
line because we were interested in the relatively weak flares,
where the magnetic field was not substantially disturbed by
the local plasma processes in the course of the flare devel-
opment. Besides, yet another advantage of the line Ca1rH is
that — along with the flaring arcs — it enables one to observe
also the sunspots and, thereby, to make some preliminary
judgement about the structure of magnetic field.

So, we performed initially a visual inspection of the large
series of images by Hinode/SOT to find the cases of unusual
location of the flaring arcs with respect to the magnetic field

! https://hinode.nao.ac.jp/en/for-researchers/qlmovies/
top.html
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Figure 1. Example of the unipolar microflare observed on 2014 October 1. Left panels: Emission in Ca11H line recorded by Hinode/SOT at
a few successive instants of time. Right panel: Magnetogram of the corresponding region recorded by SDO/HMI (courtesy of NASA /SDO

and the ATA, EVE, and HMI science teams).

sources. Next, these case were analysed more carefully by
comparing them with the respective magnetograms recorded
by the HMI instrument onboard the Solar dynamics obser-
vatory (SDO, Pesnell et al. 2012), which are also available
online.? The most interesting situations were observed in the
regions of solar surface involving complex geometrical config-
urations of the moderately-sized sunspots with intermittent
polarity. Since they occurred most frequently in the periods
of high solar activity, we have analysed in most detail the
Hinode’s data for 2014 and 2015.

One of the interesting cases is presented in Fig. 1. We can
see here a small-scale (~15 arcsec) flaring arc, rooted at the
edges of two sunspots. So, at the first sight, it looks like an
ordinary magnetic field line. Surprisingly, inspection of the
corresponding magnetogram (right panel in the same figure)
shows that these sunspots are of the same (negative) polarity.
Therefore, this arc cannot be evidently associated with the
field line.

Although such unusual arcs are very seldom, they are iden-
tified rather regularly under inspection of the sufficiently long
time series of the images. As will be shown in the next sec-
tion, these phenomena can be well explained by the so-called
‘topological’ ignition of the magnetic reconnection.?

3 THEORETICAL MODEL

A commonly-accepted theory of the solar flares is based on
the process of magnetic reconnection, when the magnetic field
lines break apart and then reconnect again in a new configu-
ration (e.g., monographs Priest & Forbes 2000; Somov 2013,
and references therein). This process develops in the null (or
neutral) point of X-type, where all components of the mag-
netic field vanish. Such a null point is usually assumed to be

2 http://jsoc.stanford.edu/HMI/hmiimage.html

3 To avoid misunderstanding, let us emphasize that the topolog-
ical methods are widely used in various contexts in the modern
solar physics. (e.g., reviews Longcope 2005; Janvier 2017, and ref-
erences therein). In the present paper, we shall call the ‘topological
mechanism’ only the particular effect found by Gorbachev et al.
(1988).
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formed by the local current systems in the vicinity of the spot
of reconnection.

However, in principle, there might be also an absolutely dif-
ferent mechanism for the formation of X-point, namely due to
specific superposition of influences from the remote sources
(sunspots), when the local currents are absent at all. The pos-
sibility of this option was pointed out for the first time over
30 years ago by Gorbachev et al. (1988), who employed some
sophisticated theorems of differential geometry and algebraic
topology. So, the corresponding mechanism was called the
‘topological trigger’ of magnetic reconnection. Subsequently,
these ideas were developed in more detail by Somov (2008,
2013); Oreshina & Somov (2009); Oreshina et al. (2012).

As depicted in the left panel of Fig. 2, the topological model
of reconnection is usually formulated in the approximation of
potential magnetic field formed by the point-like magnetic
sources on (or slightly below) the surface of photosphere.
From the physical point of view, such sources (effective mag-
netic charges) represent the open ends of the magnetic flux
tubes, existing in the deeper layers of the Sun, where the char-
acteristic collisional frequencies of both electrons and ions ve;
are much greater than their gyrofrequencies €2.;. In the upper
layers (above the photosphere), where the opposite inequal-
ity vei < e; holds, the electric currents j can no longer flow
across the magnetic field. So, in the first approximation, the
field becomes potential and formed by the effective magnetic
charges (the open flux tubes):*
€

=200 1)

B = _V%

i

where e; is the magnitude of the i’th magnetic charge, and
7r; is its radius vector.

In the most cases, the pattern of the potential field lines
is rather trivial. However, as was found by Gorbachev et al.

4 Of course, the potential approximation is inadequate for the
large solar flares, whose development in known to be associated
with powerful local electric currents; but it should work rather
well for the microflares, which are the main subject of the present
study.
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Figure 2. Sketch of the ‘topological’ model. Left panel: formation of the effective ‘magnetic charges’ at the open ends of the magnetic
flux tubes. Right panel: arrangement of the magnetic charges in z = 0 plane at which the ‘topological instability’ occurs.

X4 =-0.091

Figure 3. Development of the ‘topological reconnection’, represented by the flipping two-dome structure. Red, magenta, blue and cyan

balls are the magnetic sources; and the field lines emanating from them are marked by the same colours. Yellow balls are the null points of
the magnetic field, and a yellow curve is the trajectory of the bifurcated null point. Coordinate of the fourth (moving) magnetic charge x4 is

indicated at the top of each panel (in dimensionless units). The corresponding animated image is available in the Supplementary material.

(1988), there are some specific (‘topologically unstable’) con-
figurations of the effective charges in z = 0 plane when their
tiny displacement results in a drastic change of the entire
magnetic field. Moreover, such a reconfiguration is associ-
ated with birth and a fast motion of the new null point of
the field high above the plane of its sources. Just this is a
crucial prerequisite for the onset of magnetic reconnection.
(Let us emphasize once again that the above-mentioned null
point is formed without any local electric currents but solely
due to the action by the remote sources.)

In general, searching for the unstable topological configu-
rations is a very hard mathematical task, which was solved
by now only for a few particular situations. In fact, the most
studied case is the four-charge configuration of the slanted
T-shape, shown in the right panel of Fig. 2: It is composed
of two pairs of the opposite magnetic charges (two N(orth)
and two S(outh)) of the same magnitude. Three of them are
located at the vertices of a right equilateral triangle, while
the fourth charge moves in the same plane, i.e. can take an
arbitrary position. For the sake of convenience, the cathetus
is chosen as the unit of length, and absolute values of all
magnetic charges e; are also unitary.

Then, as was found by Gorbachev et al. (1988), there is a
narrow crescent region of instability, shown in yellow in the
figure. When the fourth charge enters this region (as shown
by the open circle), a global structure of the magnetic field
sharply changes, and a new null point should be born some-
where at z > 0. Unfortunately, this fact has been proven in
the above-cited work only as an ‘existence theorem’, and the
dynamics of the magnetic field in the course of such recon-
struction remained unclear for a long time.

In the present work, we performed a detailed numerical
simulation of the above-mentioned process, and its results
are shown in Fig. 3. Here, six panels illustrate evolution of
the ‘topological skeleton’ (i.e., a set of the field lines con-
necting the magnetic charges with null points) in the course
of development of the topological instability, when the forth
charge moves from the right to left along the line (z4,0.5).
The corresponding values of its coordinate x4 are indicated
at the top of each panel.

The first panel (x4 = —0.087) illustrates the magnetic field
structure just before the entrance into the zone of topological
instability. One can see here a small and a part of the large
circle, which are the bases of two domes separating four dif-
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Figure 4. Location of the simulated flaring arc with respect to the
model magnetogram (i.e., a vertical component of the magnetic
field). The observed photospheric surface is assumed to be located
at height z = 0.2 above the plane of sources.

ferent types of topological connectivity of the magnetic field
lines (Brown & Priest 1999, 2001). There are two null points
in the plane z = 0 (shown by the yellow balls), which are of
no interest for the magnetic reconnection because they are
localized in the dense photospheric plasmas.

The next four panels (z4 = —0.091,—0.116, —0.159, and
—0.184) illustrate a development of the instability when the
fourth source moves through the yellow crescent region in
Fig. 2. Then we can see in Fig. 3 that a new null point splits
off from the old one and begins to move quickly upward along
the yellow arc. As a result, the entire two-dome structure of
the magnetic field experiences a kind of flipping. It is im-
portant to emphasize that all these transformations occur
under a tiny displacement of the fourth source, which is al-
most invisible in the scale of the figure. (The corresponding
configuration of the magnetic charges, when the instability
occurs, looks like the slanted letter ‘7" rotated by 7/2.)

Finally, the last panel (x4 = —0.191) corresponds to the
end of the instability, when the quickly moving null point
merges with the second previously-existing point, and the
magnetic skeleton restores its unperturbed configuration. The
only noticeable change is the position of the first null point,
which appreciably shifted to the left as compared to its orig-
inal location.

Yet another important fact deserving to be emphasized is
that the trajectory of the bifurcated null point — along which
the magnetic reconnection and the energy release processes
should develop — is absolutely unrelated to the local con-
figuration of the magnetic field lines. This is illustrated in
Fig. 4, where the null-point trajectory is superimposed onto
the model magnetogram, namely the vertical component of
the magnetic field B, in the plane z = 0.2. (The observed
photospheric surface was taken slightly above the plane of
the sources for the sunspots to be of the finite size.) As is
seen here, one footpoint of the arc is located at the edge of
a sunspot, while the other footpoint originates in the area of
very weak magnetic field. Unfortunately, it is impossible to
accurately compare this structure with observational data in
Fig. 1 because of the large uncertainty in the approximation
of real magnetic field by the point-like magnetic sources.
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4 DISCUSSION AND CONCLUSIONS

The simulations performed in the framework of the topolog-
ical model in Section 3 have shown that

(i) a trajectory of the bifurcated null point, where the en-
ergy release processes are expected, is formed very quickly,
and

(ii) location of this trajectory is actually irrelevant to the
configuration of the local magnetic field lines.

Both these features are in good qualitative agreement with
the observational data presented in Section 2: Really, the
‘unipolar’ flaring arc develops at the sufficiently short time
scale (less than 1 min, which is limited by temporal reso-
lution of the detectors) and extends between two sunspots
of the same polarity, as was already discussed in the Intro-
duction. Therefore, the model of ‘topological reconnection’
represents a reasonable theoretical explanation for such kind
of events.

It is rather surprising why the unipolar flares did not at-
tract attention before, while such events could be identified
repeatedly under inspection of the sufficiently long series of
observations. Most probably, they were disregarded a priori
as a kind of ‘noise’, since the flaring loops between the sources
of the same polarity looked unacceptable from the physical
point of view.

Unfortunately, the theory of topological reconnection (es-
pecially the identification of the unstable topological con-
figurations) is a very hard mathematical subject, which is
sufficiently developed by now only for the case of no more
than four sources. A possible way to go beyond this limit is
using Morse-Smale topological indices instead of the Euler—
Poincaré ones. Such an idea was pursued in the recent work by
Zhuzhoma et al. (2022), but this approach is only at the ini-
tial stage of development, and the results obtained cannot be
confronted yet with observations. (Besides, the bifurcations
of the null points in some particular systems with multiple
sources were studied long time ago by Inverarity & Priest
(1999); but these configurations did not show, in general, a
fast motion of the respective null points.)

From the observational point of view, a considerable im-
provement can be achieved by utilising the images in He1
10830 A line, e.g. taken by the New Solar Telescope (NST)
in the Big Bear Solar Observatory (Zeng et al. 2016). This
is the chromospheric line formed approximately at the same
conditions as CallH line, but spatial resolution of NST is
as high as 0.16 arcsec, which is substantially better than for
Hinode/SOT. So, this might be a promising tool for the re-
fined study of the unipolar microflares. Unfortunately, there
are no sufficiently long series of observations in this line at
the present time in the public domain.
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