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When continuocusty twisted, a magnetic flux tube suffers a large kink distortion in
the middle part of the tube, like a knot-of-tension instability of a bundle of twisted
rubber strings, and reconnection is triggered starting with the twisted field lines and
quickly proceeding to the untwisted field lines at the twist-untwist boundary, whereby
a giant burst-like energy release takes place. Subsequently, bursts occur intermittently
and reconnection advances deeper into the untwisted region. Then, a companion pair of
the linked twist-untwist flux tubes reconnect with each other to return to the original

axisymmetric tube. The process is thus repeatable.
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There are many phenomena in nature that manifest energy release in an off-and-on, or
intermittent fashion, such as a geyser and a shishiodoshi (a bamboo-made contrivance in
Japanese garden). The intermittent burst-like energy release can occur in an open system
with a steady energy flow, if the energy conversion process is nonlinear.

Magnetic reconnection is believed to be an important, fundamental process that causes
a burst-like energy release. Magnetospheric substorms and solar flares are typical exam-
ples which are considered to be caused by magnetic reconnection. Particularly, the driven
reconnection process is the most viable process that effectively and swiftly converts the
magnetic energy into the kinetic and thermal energies [1]. Magnetic field lines are easily
deformed in accordance with a plasma motion in a collisionless plasma. At a stagna-
tion or a converging point {or line) of the plasma flow it often happens that field lines
with anti-parallel components approach to one another and an electiic current is locally
enhanced. Magnetic reconnection is then forced to take place there subject to either a
classical resistivity [1] or a collisionless process [2]. This forced reconnection is called
”driven” magnetic reconnection.

The photospheric convection is believed to be a primary energy source of a variety
of plasma phenomena, e.g. the solar dynamo and the coronal heating. It is conjectured,
therefore, that the photospheric motion also can be a primary cause of solar flares. Several
authors have attempted to demonstrate the energy conversion process subject to a shear
or rotating motion of the footpoint of a magnetic flux tube [3-5].

From the childhood reminiscence, one may recollect that when screwing hy finger a
propeller of a model airplane which 1s connected to a bundle of rubber strings, the twisted
strings suffer a knot-of-tension instability. Knots are created one by one as one keeps on
screwing the propeller. The creation of a structure lowers the energy of tension. In this
sense, the knot-of-tension instability is an energy relaxation process.

From this analogy we may expect that a repeated, stepwise energy relaxation must



take place when a magnetic flux tube is kept on iwisting. In the case of the magnetic flux,
however, it can happen that magnetic field lines are reconnected and suffer a topological
change, which does not happen for the rubber strings except for a sudden break which
never happens for the field lines. In the present paper we aim at elucidation of the energy
relaxation and topology change processes of a twisting magnetic flux tube.

We employ a methodology of a magnetohydrodynamic simulation for a rectangular
cylinder model surrounded by a conducting wall in which straight axial field lines are
uniformly embedded. Cartesian coordinates {z,y, z) are adopted where the axial bound-
aries are placed at z =0 and z = L and the conducting side boundaries are placed at
z=+1/2L and y=+1/2L. At the axial boundaries we impose a circular motion to
twist the axial magnetic field.

The axial boundary conditions for the magnetic field B and the convection flow V
are specified as follows:

(1) A prescribed circular motion is applied at z = 0 and z = L so as to twist continu-
ously and steadily a magnetic flux tube in a circular region of the radius of 8.15L centered
at the central axis {(z = 0 and y = 8). The twist profile is described by a cubic equation of
a distance r from the central axis which vanishes at the center (z = 0 and y = 0) and at
the radius of 0.151, and is maximized at the radius of 0.1L. The axial flow component 1s
assumed to be zero at z = 0 and z = L so that no material transport is allowed through
the axial boundaries. {2) The line-tying condition is imposed on the magnetic field at the
axial boundaries, namely, dB /0t = V x {V x B) is solved at z =10 and L. Therefore,
B, is constant, and B, and B, are determined by solving the induction equation.

The plasma density is assumed to be uniform and constant pg, and the thermal energy
converted from the magnetic and flow energies is supposed to be immediately released
outside by radiation. The resistivity and viscosity, n and p, are assumed to be uniform

and constant. All the physical quantities are normalized by the initial axial magnetic



field intensity Bg,the constant density py and the axial system length L. For example, the
energy is normalized by B3 /2uq (10 is the permeability), the velocity by Vi, = By /+/2piopq,
the time by 74 = L/V,. The normalized resistivity, n7,/L?, is taken to be 10™* and the
normalized viscosity ¥74/L? to be 1072

Since no spatial mode grows unless no spatial disturbance exists in the system, we
initially give a random noise with a negligibly small amplitude upon the initial uniform
configuration. Then, we start twisting the magnetic field. The magnitude of the maximum
speed V; is given as V; = 0.1V

The twisted signal propagates axially from both ends (boundaries) as an Alfven wave
and bounces at each end. A half-bounce period of the signal is one Alfven transit time,
174. An Alfven wave carries an axial (field-aligned} current, whereby a magnetic field
line is helically twisted. Since a constant twisting force (electric field) is continuously
supplied at the axial boundaries, the energy supplier acts as a voltage generator. Should
no energy release happen, therefore, the current would increase almost indefinitely and
hence the magnetic field would be indefinitely wound up because of a tiny resistivity. This
anticipates that an energy releasing process must happen eventually.

The time evolution of the volume integrated rate of conversion of the magnetic energy
to the kinetic energy (work done by the Ampere force) is shown by the dashed line of
Fig. 1. One finds that at arcund ¢ = 137, the power conversion rate exhibits a burst-like
increase. Furthermore, the burst is not a single-shot but repeats quasi-periodically with
intervals of ¢ = 5 — 774. The burst lasts only 1 ~ 274. In order to see the energy conver-
sion process the time evolution of the total Poynting flux through the axial boundaries is
simultanecusly plotted by the solid line in Fig. 1.

It should be noted that the most drastic energy release takes place in association
with the first burst. The energy releases associated with the second (¢ ~ 187,) and third

(t 2 2674) bursts are not so drastic as the first one. However, the energy release associated



with the fourth (¢ =~ 3074) burst becomes again drastic and this is rather similar to the
first one. The reason will become clear later on.

We shall now turn our attention to the evolution of the magnetic field configura-
tion. To see the topological change in detail, we pick up eight representative field lines
which originate from equally-spaced eight points located on a central circle with radius
of r = 0.01L and exhibit a stereoscopic view of these field lines. In the first place we
llustrate in Fig. 2 the time sequential plots of the eight field lines projected on the z —y
plane (upper panels) and on the z — z plane (lower panels). As one sees in Fig. 2(a), the
uniformly twisted flux tube suffers a large kink distortion, particularly, in the middle part
of the tube, just like a knot-of-tension instability of a bundle of screwed rubher strings
( = 12.574). The distortion is drastically accelerated in a very short period (¢ = 12.87,
and 13.174). On looking at the upper panels, one notices a very important fact that while
at t = 12.57, ihe eight lines starting from the eight points on a circle at the boundary of
z = 0 are terminated on the same circle at the boundary of z = L, the terminating points
start deviating from the original circle as time elapses (see, { = 12.874 and 13.17,4). This
deviation is nothing but the indication of the fact that the original field lines starting at
z = 0 are reconnected with other field lines which originate from the terminating points on
the z = L plane. On comparing the side views of { = 12.87, and { = 13.174 with keeping
this fact in mind, one notices an important difference, namely, at ¢ = 13.17, the twisted
lines in the first half part of the tube (z =0 ~ 1/2L) remain almost unchanged but the
lines in the last half part (z = 1/2L ~ L} manifest a drastic change. This confirms that
the reconnection process must have happened around z = 0.5L and r = 0.15L (border
between twisted and untwisted regions).

Secondly, we shall observe the topological change of the magnetic field in the time
range of { = 14.074 ~ 25.07, during which the second burst takes place. By comparing

the last panel of Fig. 2(a) {t = 13.17,) and the first one of Fig. 2(b) (t = 14.074), one



readily finds that the highly distorted reconnected structure at £ = 13.174 has relaxed to
a rather uniformly twisted structure at ¢ = 14.074. An important feature is that during
the first burst the distorted field lines accelerate reconnection at around z = 1/2 with
neighboring distorted field lines until they reconnect with the untwisted field lines lying
at the border between the twisted region and the untwisted region, namely, r = 0.157
(t = 14.074). At this time the first energy relaxation process ceases.

As the twisting progresses and an excess free magnetic energy is deposited further,
another kink instability arises as is seen in the middle panel of Fig. 2(b) (¢ = 17.07,). In
accordance with the progress of the instability, the distorted field lines advance reconnec-
tion with the more distant untwisted field lines as is clearly observed in the top view of
Fig.2(b).

Figure 2{c) illustrates the topological evolution during the third burst. During this
burst the field lines that originate from z = 0 and have reconnected with the distant outer
field lines anchoring at z = L are deformed so as to make reconnection with the original
companion field lines that originate from z == I, and have reconnected with the distant
outer field lines anchoring at z = 0. Consequently, the system returns to a more or less
original configuration (¥ = 26.07,4).

From these sequential events we can conclude that when a flux tube is continuously
twisted, a knot-of-tension instability, or a localized kink instability, arises and reconnection
progresses among the distorted field lines until the twisted field lines execute reconnec-
tion with the untwisted field lines. During this burst event the twisted magnetic energy
is largely released, mostly, to the thermal energy. As the twisting continues further, an-
other instability arises and reconnection advances to a more distant outer region. Then,
the third instability stimulates reconnection with the companion field lines whereby the
magnetic field configuration returns to the original axisymmetric one. The energy releases

associated with the second and third instabilities are not so drastic as the first one.



The above fact that a twisting flux tube returns to the original state motivates us to
conclude that as a bundle of magnetic field lines is kept on twisting, an energy relaxation
and magnetic topology change would occur in a recurrent fashion.

The energy buildup and abrupt drop of the Poynting flux around i = 3074 of Fig. 1
manifest a recurrent energy release. Figure 2(d} illustrates the topological evolution of
the magnetic field lines during the fourth burst that starts from the more or less original
topology (¢ = 29.074). Asis seen in this figure, a distortion, which is very similar to what
is seen at £ = 12.57,4 of Fig. 2(a), appears and reconnection advances up to the boundary
of the untwisted region {({ = 31.07,).

Finally, we look into the physical process of reconnection taking place at {he border
between the twisted and untwisted regions. Figure 3 shows the contours of the axial
current on the z — y plane at z = L/2 at = 13.174. As is seen in Fig. 3, a thin-current
sheet (current singularity) is formed just on the twist-untwist boundary. The field lines
in a twisting flux tube suffer a structural instability and tend to release the extra free
tension (current) energy to the surrounding space. Since the surrounding space is at rest,
the tension energy is naturally concentrated, at least transiently, at the twist-untwist
boundary, thus, a current-singularity is formed at the boundary. Because of this current
singularity formation, reconnection takes place predominantly around the twist-untwist
boundary.

This work is carried out in pursuance of our extensive program for formulating the
quantitative scientific basis of the physics of the complexity in plasma. A demonstration
is given that in an open magnetohydrodynamic system where a free magnetic energy is
continuously supplied and a produced thermal energy (entropy) is immediately expulsed,
self-organization proceeds in two cycles, a minor cycle and a grand cycle. Energy release
and topology change occur in a burst-like fashion in a minor cycle. In the grand cycle,

which consists of a few minor cycles, the system recovers virtually to the original state



both in energy and topology and exhibits a recurrent behavior.
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Figure Captions

Time evolutions of the Poynting flux throngh two axial boundaries and the work

done by the J x B force to accelerate the plasma.

Stereoscopic view of the distortion and topological change of the twisted field lines

due to a knot-of-tension instability.

The knot structure grows and reconnection takes place among the highly distorted

field lines (¢ = 13.17,).

The distorted twisted field lines proceed reconnection with untwisted field lines

from the twist-untwist boundary to a distant untwisted region during the second

burst {(t=17-187,4).

During the fourth burst (t=24-267,) a companion pair of the reconnected twisted-
untwisted field lines reconnect with each other and return to a more or less original

straight flux tube of twisted field lines.

The straight flux tube of twisted field lines repeat intermittent bursts similar to

what happened in Fig. 2(a) - (¢).

A current singularity appears at the twist-untwist boundary where reconnection

is predominantly driven.
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