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Abstract

Reconnection in isolated straight magnetic flux tube with all the field lines continuosly
twisted is investigated by a three-dimensional magnetohydrodynamic simulation. It is
found that in the case of straight geometry drastic topological changes and prominent
burst-like thermal energy release occur, even though no ambient untwisted magnetic field
exists. Three distinct phases of the magnetic reconnection are observed. The first one
corresponds to rapid (in the Alfven transit time-scale) kinking and split of the only initial
flux tube into two topologically distinct well-bundled helical tubes. At the second phase
these tubes rapidly reconnect each other in such a way that the configuration ”turns inside
out”, i.e., each of the tubes, being compactly bundled at its one end, scatters to a thin
shell surrounding another tube at the opposite end. During the third phase, the magnetic
configuration becomes essentially knotted and topologically uncertain, but the knots are
then rapidly kicked off by reconnection with further recurrence of two weli-bundled tubes
observed just after the split phase. A new feature of the magnetic reconnection associated
with a double layer fine structure of reconnecting electric current is also observed in the
simnulation.
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I. INTRODUCTION

It is known that photospheric footpoint motions of the coronal magnetic field lines play
a fundamental role in solar activity. The photospheric flows twist the coronal magnetic
flux tubes and induce electric currents in the corona. When the tube is sufficiently twisted
and electric current exceeds a threshold value, magnetic configuration becomes unstable
to kink mode. As a result of kink instability, free magnetic energy is converted to kinetic
and thermal plasma energies in fast time scale, and this is, probably, the main mechanism
of coronal heating ( Gold 1964; Parker 1972; Tucker 1973; Levine 1974; Rosner et al. 1978;
Priest 1982). An important feature of this scenario is that the observed coronal heating
can be satisfactorily explained by Joule dissipation only if the electric current is strongly
conceatrated into thin layers and, hence, is considerably enhanced in comparison with
its homogeneous, within a flux tube, diffusive spatial distribution. Such a fine magnetic
structure is believed to be created self-consistently during the evolution of kink instability,
although there is an issue whether kinking, as itself, occurs in realistic coronal magnetic
field or not (in the true coronal geometry the field is free to expand upward, so that its
twist can relax gradually; see e.g. van Ballegooijen 1985). Hence, the coronal plasma
dynamical response to photospheric twisting motions is of significant interest for solar
physics. It has been studied by many authors (see, e.g. Strauss & Otani 1988; van
Ballegooijen 1988; Biskamp & Welter 1989; Miki¢ et al. 1989; Miki¢ 1990; Dahlburg et
al. 1991; Kusano et al. 1994; Van Hoven et al. 1995) using different geometries of the
problem, differnet boundary conditions and various ranges of plasma parameters. The
results of these studies, in general, agree with mentioned above scenario of the flux tube
evolution, although some important detailes still need further investigation.

Recent numerical simulations by Amo et al. 1995 and Ozaki et al. 1997 put forward



the question about the necessity of an ambient untwisted magnetic field for an effective
magnetic Teconnection. According to these simulations, large energy release and drastic
topological change in continuously twisted flux tube can be satisfactorily explained only
if one takes overlying flux (ambient magnetic field} into account like an emerging flux
model.

In the paper by Amo et al. 1995 (hereafter ”A” model), evolution of braided magnetic
field between two parallel superconducting planes is considered. Initially all the magnetic
field lines (m.f.1.) of uniform magnetic field are assumed to be straight, but later some of
them are twisted due to prescribed circular motion of their footpoints at the boundary
planes. This motion is applied only within a localized region, so that there exist both
twisted and untwisted m.f1. which represent the flux tube as itself and the overlying flux,
respectively. When the tube suffers considerable kink-like deformation, the twisted and
untwisted m.f1. come to closer contact and reconnect each other with consequent change
in topology of magnetic configuration and significant release of magnetic energy.

In contrast, simulation by Ozaki et al. 1997 (hereafter ”0” model) of a single coronal
magnetic loop with all the m.f1. twisted shows no such a drastic changes resulting from
magnetic reconnection. In this model, initial current-free {i.e., potential) bipolar magnetic
field emerges from two "holes” located in the same superconducting plane. These ”holes”
also represent the photospheric convective cells where the footpoints of all the m.f1. are
continuously twisted, so that there are no untwisted m.f.l. (i.e., overlying flux) in the
system. The twisting motion induces electric current which, in turn, causes an upward
expansion and stretching of the loop because of the hoop force. The hoop, probably,
prevents global large-scale kink deformation of the loop, although an "internal” kink-like

deformation certainly occurs inside the loop, so that its magnetic flux becomes turned in-



side out. Such a topological transformation, however, is not accompanied by considerable
burst-like release of magnetic energy.

Thus, although kink instability develops in both the configurations ” A” and ”0”, there
is a considerable difference in the resulting energy release and other flare-like features
of the flux tube evolution, which can be, probably, explained by the difference in the
character of interaction between twisted and untwisted field lines in these configurations.
However, there also exists a difference in the problem’s geometry in ”A” and *O” models
which can affect the results irrespective of the ambient magnetic field (say, an upward
expansion and stretching of a single loop can just reduce its free magnetic energy and wash
away all the singularities in evolution of magnetic configuration). Hence, it is meaningful
to separate the roles played by geometrical effects (i.e., the hoop) and overlying untwisted
magnetic field. This motivated us to consider "mixed” model incorporating the following
features of the ”A” and ”O” models: i) straight geometry of braided magnetic field,
which excludes the hoop effect, as in "A” model; and ii) absence of an ambient untwisted
magnetic field, when all the m 1. are twisted, like it takes place in the 70" model. In the
“mixed” model, the initial current-free magnetic field emerges from two relatively small
"holes” located in the top and the bottom superconducting boundary planes, and slow
differential rotation is applied inside each of the "holes” as a boundary condition (see
Fig.1). We also take the governing equations and all the plasma parameters to be the
same as in simulation by Amo et al. 1995, so that any physically valuable difference in the
obtained results should indicate directly the importance of interactions between twisted
and untwisted m.f1. in flare-like phenomena.

Another issue, considered in the present paper, concerns the details of magnetic re-

connection driven by a kink-like deformation of continuously twisted flux tube. Using



a proper visualization technique, we investigate the generation of a small scale length
magnetic structures (current layers) and topological transformations in three dimensional
magnetic configuration.

The paper is organized as follows. In Sec.2 basic equations and simulation mode} are
described. In Sec.3 the results of numerical simulation are presented. The conclusions are

summarized in Sec.4.

2. THE MODEL.

We investigate MHD evolution of slightly dissipative three-dimensional plasma flow
with the velocity V and magnetic field B which obey the set of MHD equations for

low-73 plasma:

9B _ rot([V x B] — ), (1)

Or
Z—Y+(V-V)V:[J x B] + vAV. (2)

Here J = rotB is the normalized electric current density. In Eqgs.(1),(2), magnetic field
B is normalized by its characteristic value By related with a total magnetic flux in the
system (its value will be specified later). Dimensionless velocity field V is normalized

B . . .
by the Alfven velocity V, = —==  where p is the initial plasma density. Spatial co-

VaTp
ordinates ,y,z are normalized by the distance L between the boundary planes of a

1 1
cubic simulation domain, so that the boundaries are placed at z = :}:5 , Y= :}:5 and

z=20;1 (see Fig.1}). The dimensionless time T is measured by corresponding transit

S

Alfven time t4 =
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In our simulation, the dimensionless plasma resistivity, 7, and viscosity, v, are taken
to be constant and equal to 107* and 1073, respectively. In the case of plasma flow
velocity of about V ~ 1071 | which is typical for the simulation results presented in this
paper, such a choice of the 7 and v values corresponds to low-dissipation limit even in the
range of small, about grid size, scale length.

The Eqs.(1),(2) correspond to low-§ plasma limit when thermal energy converted
from the magnetic and flow energies is expected to be immediately released by radiation,
thermal conductivity or other processes. As the result, the effect of plasma pressure
gradient becomes negligible in comparison with the pondermotive force [J x B] in the
momentum equation (2). This situation is quite natural in many cases of the space and
laboratory plasmas.

The momentum equation (2} does not guarantee that the plasma flow is always imcom-
pressible, i.e., divV =0 . Nevertheless, we assume the plasma density p to be uniform
and constant, for the sake of simplicity. After the neglect of pressure term in Eq.(2),
plasma density p appears only in the pondermotive acceleration term, as a multiplier,
and plays no qualitatively important role.

Initially, at the time moment 7 = 0, plasma is assumed to be at rest:
v |‘r=0= 0. (3)

Initial magnetic field Bg is taken to be a current-free potential field with the footpoints
of all the m.fl. concentrated within two "holes” of radius r, in the boundary planes

z=0 and z=1 (see Fig.1). Thus,
Bg = VO[, (4)

where the ”"potential” o is a solution to the problem
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o? + &° 4 o?
dr?  Oy?  0z2

Ao =( Ya=0 {5)

with the boundary condition that the normal component of magnetic field at the boundary
is fixed to be equal to zero everywhere besides the holes”, where the nonzero magnetic

flux emerges:

(0 - Bo) {pete = Beolr) (6)

Here r is the radial coordinate in the "hole” ( » < r, } and n is a unit vector normal to
the boundary. The profile B.(r) is chosen in asimplest way: B.o(r) = B, = constant
for » < (r, —¢) and smoothly drops to zero inside thin peripheral layer, (r —¢) <r < r
with e € r, . The corresponding magnetic flux 1 , that emerges in the "hole”, is ap-
proximately equal to ¢ = w7 B,; . Aiming to compare with the results of the ”A” model,
we chose the same magnetic flux value, ¢ =4 = Bg-12 ,so that B,, =~ 807—51:2— (note
that r, is the dimensionless radius of the “hole” which equals to 0.1 in the d:scribed
simulation). Solving Eqs.(5),(6) with such a profile function B,p(r) , we obtain initial
magnetic field By which practically coinsides with the uniform initial field in ” A” model
everywhere besides relatively narrow layers near the boundary planes z=0 and z=1
(see Fig.2). In these layers, all the magnetic field lines are strongly bundled, so that their
footpoints are concentrated within a "hole”.

In our simulation, the boudaries are considered to be superconducting walls with no

material transport allowed through them, i.e.,

%(B ) n)wali =0, (7)
(V-n)uar =0, (8)



where n is again a unit normal to the boundary plane. The tangential component of

plasma flow velocity, as well, equals to zero everywhere in the boundary planes,

[V xn] |war =0, (9)

besides the "holes” where circular motion is prescribed so as to twist continuously and

steadily all the open m.f.l. in the system:

A" !z=0;1: ngo(T)e.g. (10)

Here e, is an asimuthal unit vector of the cylindrical system of coordinates with the origin
at £ =0,y = 0 at the corresponding boundary plane, and r is the radius. The twisting
motion is concentrated inside a circular region of radius 74, , so that the velocity profile
Vao(7) grows smoothly with r, reaches maximal value Vyg |maz=0.1 at r =1y, —¢
and then smoothly drops to zero within the peripheral layer i — & < 7 < Ppese (the
details concerning twisting profile Viso(r) can be found in Amo 1994). For each the "hole”,
a characteristic one-turn time T},,, is approximately equal to 27 = 27 {ransit
Alfven times. Hence, the flux tube is twisted in a slow adiabatic manner when the system
has enough time to response and adjust its magnetic configuration.

In principle, the described geometiry of the problem is characterized by the dimen-

Tewist

sionless parameter whose value might play important role in establishment of

Th
different regimes of the flux tube evolution. In the present paper, however, we consider
only the case when the "hole” and twisting zone are of the same size, 1y, = rs , what
is qualitatively sufficient for our purpose.

The governing Eqs.(1),(2) with the initial and boundary conditions Eqs.(3)-(10) have

been solved numerically using a high precision MHD code developed by Sato & Hayashi



1979. The simulation box was implemented on a 101 x 101 x 101 grid point. A random
noise with negligibly small amplitude was tmposed on the initial configuration in order
to provoke a further development of spatial modes. The twisting was started softly with
a smooth transition from zero to a steady-state amplitude within a period of one transit

Alfven time.

3. THE RESULTS.

We start with representing how the topology of three dimensional magnetic config-
uration changes in response to kink-like deformation of ihe flux tube with all the m.f.l.
twisted. As a visualization technique, we employ the mapping generated by open magnetic
field lines. Every open m.f.l. has always two footpoints, one of them located inside the
bottom "hole” at the plane z =0 and the other inside the top “hole” at the plane z =1
(this is because of the boundary conditions Eqs.(6),{7) which fix the normal component
of magnetic field at the superconducting boundary wall). Let (r,?d) and (R,©®) be the
cylindrical coordinates of the "top” and "bottom” footpoints of the same m.f1.. Then
the set of all the open m.fl. gives the mapping (r,¥) < (R, ), ie., an isomorphic
point-to-point correspondence between the interiors of two "holes”. In the case of an ideal
plasma { n =0 ), when all the m.f1. are frozen into plasma flow, the only change in the
mapping (r, ¥} <= (R, ©) , namely, the differential rotation, @ = J+ 27Vy(r); R=r,
is due to applied ”photospheric” vortex motions of the footpoints, Eq.(10), irrespective of
the magnitude and complexity of the m.f.l. deformations between the boundary planes.
However, in the plasma with finite resistivity, the magnetic field lines reconnect each other
with corresponding footpoints “exchange”, so that the described mapping is changed as

well. Hence, temporal evolution of the mapping (r,d) <= (R,©) can serve as a diag-
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nostics of magnetic reconnection and topological changes in magnetic configuration. In
this paper, the mapping is calculated by tracing the set of 10* m.[lstarting from the
bottom "hole”, and then it is visualized in such a way that the top footpoint of each mf.].
with the coordinates (R(r,9),O(r,d)) is colored depending on the location (r,d) ofits
bottom counterpart. We chose a simple colormap Color(r} which depends on the radius
r only, so that the color runs from red to blue while the bottom footpoint radius r runs
from zero to its near maximal value 0.9, and white color is prescribed for the "hole”’s
periphery, 0.9r, <r <rp .

In this way, temporal evolution of the "magnetic” mapping (R(r,¥), ©(r,)) isshown
in Fig.3 where three distinct phases of magnetic reconnection are clearly seen (the numbers
represent the dimensionless time moments).

First of all, no changes occur in the mapping during relatively long period of time,
about 2.5T,,», when the magnetic configuration, being continuously twisted (the "total”
twisting angle grows linearly, ¢t = 27 ), remains stable until a kink instability devel-
ops there. This happens when the twist ¢, exceeds a threshold value ¢, , =~ 4.8%
which seems to be approximately the same for the flux tubes with different geometries
(see, e.g. Miki¢ 1990 and the models ”A” and ”"0”). The growth of kink-like deformation
causes a “soft” but fast, within time interval ll—oTtﬂm, split of the only initial flux tube
into two, still well-bundled, tubes (”soft split” phase in Fig.3.a). Comparing the invading
(white) and forced out (colored) magnetic fluxes in Fig.3.a, we have to conclude that the
most part of the total initial magnetic flux ¢ is reconnected in a fast time scale which
is approximately 30 times smaller than the ordinary ”diffusive” one. Thus, the observed
split appears only as a result of driven magnetic reconnection with the rate everytime

adjusted to and determined by the flow-induced perturbations of the magnetic configu-
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ration. An important topological feature of the ”soft split” phase is that the magnetic
configuration, being initially characterized by the presence of topologically distinct "in-
ner’ and "outer” m.fl., losses this property, so that every open m.f1. has simultaneously
both the ”inner” and "outer” footpoints. Respectively, the "magnetic” mapping in Fig.3.a

becomes symmetrical with respect to colored and white zones.

1
20
reconnection of the splitied well-bundled tubes in such a way that the magnetic config-

The second phase corresponds to rapid, within time interval of only Tiurn &= 0.3,
uration becomes ”turned inside out” (see Fig.3.b). As a result, each of the tubes, being
compactly bundled at its one end, scatters to a thin shell surrounding another tube at the
opposite end, but this is a transitory structure. Actually, the bunch of m.fl. scattered
to a thin shell, promtly runs, as a result of magnetic reconnection (this is certainly not
a physical flow), around the hole” with the tendency to merge again at the opposite
side, thus getting an additional twisting angle §¢ =~ 7 within a time interval of about

1
—Tiurn = 0.1, ie., immediately even in the transit Alfven time scale. This leap in the

60
twist gives the origin of a future knot.

During the third phase of reconnection, magnetic configuration becomes essentially
knotted (this will be clearly seen in Fig.4) and topologically uncertain (the "topological
shock” phase in Fig.3.c). The chaotical component in the "magnetic” mapping arises
because of an unstable tracing of the m.f1. in the vicinity of an ”essential” separatrix
near would-be closing point of the knot. However, the knots are the transitory structures,
as well, and they are rapidly kicked off by reconnection with further recurrence of the well-
bundled flux tubes which remind the ”splitted” structure in Fig.3.a, although reflected
with "mirror” symmetry.

Temporal evolution of the knottedness is also shown in Fig.4.a,b where the snapshots

11



of the bunches of open m.f.l. are presented for the same phases of magnetic reconnection as
in Fig.3.b,c. In Fig.4, green and red opaque objects are the bunches of m.f1. starting from
the central regions in the bottom and the top "holes”, respectively (each of the bunches
carries approximately 3 per cent of the total magnetic flux). The semi-transparent yellow
object is the bunch of m.fl. which starts around the red bunch in the top "hole” and
carries about 10 per cent of the total magnetic flux.

So, an incii:)ient knottedness arises immediately, within time interval 16.9 < 7 < 17.0
, as a result of magnetic reconnection near the “hole™’s periphery (see Fig.4.a and Fig.3.b).
Then, within a middle time scale interval of about %Tm,,n =~ % , the knots develop and
move towards the central plane z = 1 in relatively quiet manner, without significant re-
connection activity. During this period of time the magnetic configuration gets additional
twist é¢ =~ m because of the prescribed twisting motion at the boundaries. When the top
and bottom knots meet each other near the central plane (see Fig.4.b, 19.0 <7 < 19.2.),
they are kicked off by magnetic reconnection in fast time scale of about %Tmﬂ, and the ‘
configuration returns to familiar structure with two well-bundled tubes (c.ompakre Fig.4.b,
7 =19.6 and Fig.4.a, 7 = 16.7). On the way to this recovered state, however, the system
suffers a ”topological shock” wilen the m.f1. exhibit rather complicated behaviour.

In this respect, an interesting question arises about the generation of closed mf.l.
during the kicking off the knots (in Fig.4, only open m.{l. are presented). One may
expect that when the knot is cut off by reconnection, it can form, in principle, a separate
toroidal structure wrapping the recovered bunch of the open m.f1., as this is observed in
Lau & Finn 1996. Of course, physically interesting set of closed m.f.l., which could be
treated as the cut off knot, should carry magnetic energy comparable with the energy

carried by open m.f.l. in the loop-like part of former knot. So, there is a sense in the

12



following procedure of checking whether the separated toroidal bunch of closed m.f1l. re-
ally exists or not. Namely, tracing the set of 10 open m.f]., we distribute their starting
points homogeneously inside the "hole” in such a way that each of the m.f). then repre-

sents a micro-flux tube with the magnetic flux 6% which is the same for all the traced

. i . i 6
mfl. An "effective” local cross-section of the micro-tube is formally equal to —g—,

where £ is local value of magnetic field. Respectively, the micro-tube’s magnetic energy

B? 54
: mt __ -
is W —j:nﬁ 7B

the open m.L1. (micro-tubes) in the sytem is equal to W™ = %Z/ B dl (here the
m fl

6
dl = 71’/)/ B B di , hence, the total magnetic energy carried by all

integration is done along each of the traced m.fl., and the sum is over all these m.fl.).
On the other hand, the total magnetic energy in the system is calculated directly by inte-
gration W, = /c . %2 d°x which, formally, takes into account all the field lines in the
system. Hence, comparing these two quantities, one can find the magnetic energy carried
by the structure with closed mfl. only. In our case, the difference Worer = W, — Wt
is less than few per cent of the total energy W,,, ie., comparable with the numerical
errors mostly arising as a result of coarse-grain division of the total magnetic flux ¢ into
10* micro-tubes. This means that any set of closed m.fl., if it exists, carries the "effec-

opent

tive” magnetic flux /7"

much less than the flux involved into the topological
transformations in Fig.4.b. and Fig.3.c.. Hence, it is unlikely that the knot, being cut off
from the main bunch, forms a separated toroidal structure wrapping the recovered bunch.
The knottedness seems to dissappear mostly due to reconnection of the open m.f.l. with
each other.

Thus, the observed topological transformations occur in a short time scale and affect
the most part of total magnetic flux in the system. Let us now consider the corresponding

changes in system’s energetics.
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In Fig.5, temporal evolution of the energy consumption rate (curve 1), i.e., the Poynt-
ing flux through the boundaries, P = wa”’([B x [V x B]]-dS) , and the rate of Joule
dissipation (curve 2), W; = 7;/ . J2d®x , is presented (time intervals I, [T and IIT cor-

cu

respond to the phases of magnetic reconnection described above). As this is in the ”A”
model, the Poynting flux rapidly drops when the m.f.l. reconnect each ot};er with cor-
responding decrease of their twist. Simultaneously, burst-like release of thermal energy,
in the form of Joule heating, takes place. An important feature of this process is that
the split, as itself, of the only initial flux tube into two tubes is not accompanied by any
changes in system’s energetics. Actually, both the rates P and W, are considerably
changed, about 30 per cent of their values just before the event, only during the fast “turn
inside out” phase of magnetic reconnection. The absolute value of thermal energy release
exceeds approximately f;wice the corresponding value observed in simulation by Amo et
al. 1995, even though the magnetic field and plasma parameters are chosen to be the
same in both the cases.

Topological transformations are also accompanied by the burst-like release and spatial
redistribution of magnetic energy. This is seen in Fig.6 where the total magnetic energy
(curve 1) and the magnetic energies inside (curve 2) and outside (curve 3) the tWisting
zone are shown. In the absolute value, energy release exceeds the observed one in the ”A”
model but, simultaneously, is negligible in comparison with total magnetic energy which
is 100 times higher than in ” A” case (this is a result of strong bundling and amplification
of the magnetic field near the "holes”). Thus, the total magnetic energy is approximately
constant, in the relative sense, during the rearrangement of the m.f.1.. However, there oc-

curs considerable, even in the relative sense, burst-like magnetic energy exchange between

different parts of the system (see curves 2 and 3 in Fig.6). An interesting feature of this
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burst-like event is that the magnetic energy is redistributed from outer into inner part
of magnetic configuration, what is just opposite to the ”ordinary” interaction between
twisted and untwisted m.f1l. in the model "A”.

In our simulation, we also observe a new feature of magnetic reconnection associ-
ated with a double-layer fine structure of reconnecting electric current. Typical spatial
distribution of an electric current density during the most active phase of magnetic recon-

nection (namely, for the time moment 7 =19.2) is shown in Fig.7. Here the yellow and

red isosurfaces of | J |=| rotB |= constant correspond to negative and positive values
i ) ) J-B i .
of the longitudinal component of electric current density, (I B ) , respectively. It is

clearly seen in Fig.7 that, besides the cylindrical column of the regular (negative) current
induced by the prescribed twisting motion of the m.f.1. footpoints, there also exists a dou-
ble current layer (red-and-yellow helical double stripe) with oppositely directed ”singular”
reconnecting currents. While all the m.f1. in the system are twisted, no positive (red)
regular current is induced directly. So, the observed reconnecting current (red stripe),
which is opposite to the regular one, is generated only as a result of plasma motions dur-
ing the evolution of kink instability. This current is accompanied by its ”singular”, i.e.,
strongly concentrated, oppositely directed counterpart (yellow stripe), and both the ”sin-
gular” currents are approximately counter- and co-directed with respect to surrounding
magnetic field. The magnetic field lines in the narrow space between current layers are
near parallel but structurally divergent. This is seen in Fig.7, where the green object is
the bunch of m.f1. started in the lower part of the double layer interior. If, at the starting
point, the bunch of m.f.1. is taken a little bit wider, then it becomes of very complicated
form, like the m.fl. in Fig.4.b.. So, with high probability, the reconnection activity is

mostly concentrated inside this double layer structure.
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This is also in agreement with Fig.8 where, in addition to the spatial distribution of
electric current density, the same as in Fig.7, the distribution of plasma flow velocity
is presented (green object is an isosurface of | V |= constant = 0.5). An important
feature of the flow is the existence of two intensive oppositely directed ”flat” jets which
dash out from the double current layer everywhere along the layer’s side boundary. As the
generation of intensive plasma jets in the vicinity of reconnection region is a generic feature
of driven magnetic reconnection, we may conclude that the observed double current layer
is really the region where the reconnection activity is concentrated.

Both the ”singular” compoﬁents of the double current layer have approximately the
same absolute value and arise in the same time instant (see Fig.9), i.e., they are really

the counterparts of the same compound structure.
4. CONCLUSIONS. .

We have studied, by a three-dimensional MHD simulation, temporal evolution of iso-
lated straight magnetic flux tube with all the m.fl. continuously twisted. As the initial
magnetic field, a current-free potential field emerging from two convection ”holes” in the
top and bottom superconducting boundary planes is given.

It is shown that in the case of ”straight” geometry the twist causes kink instability with
consequent generation of singular current layers and significant thermal energy release
even in the absence of an ambient untwisted magnetic field. In this respect, physically
important difference between the "straight” and "loop” (?0”) geometries, both without
an ambient untwisted magnetic field, is, probably, related with an upward expansion and
stretching of the loop when all the singularities in plasma dynamics are essentially washed
away.

Concerning the topological transformations in reconnecting kink, three qualitatively
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distinct phases of magnetic reconnection are found: i) rapid split of the only initial flux
tube into two wel-bundled tubes; ii) fast ”turning inside out” of the magnetic configuration
followed by the origin of incipient knottedness; and 1ii) the development and kicking off
the knots with further recovering of the splitted well-bundled flux tubes. The topological
transformations are accompanied by drastic changes in the system’s enexgetics, especially
at the second phase of reconnection. A new interesting feature of this process is that the
significant ”inverse” magnetic energy exchange between outer and inner parts of magnetic
configuration occurs in a fast time scale while the total magnetic energy is approximately
constant. Namely, the magnetic energy is considerably redistributed from outer into inner
part of magnetic configuration, what is just opposite to the "ordinary” interaction between
twisted and untwisted m.1.l..

Another interesting and new feature of magnetic reconnection, which is found in our
simulation, concerns the double layer structure of reconnecting electric current. 1t is found
that both the ”singular” components of this structure (oppositely directed thin current
stripes) have the same magnitude and arise at the same time moment, i.e., are really the
counterparts of the same compound. The double current layer ejects two intensive ”flat”
jets which dash out everywhere along the layer’s side boundary. As the generation of
intensive plasma jets in the vicinity of reconnection region is a generic feature of driven
magnetic reconnection, we may conclude that the observed double current layer is really

the region where the reconnection activity is concentrated.
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Figure Captions

Fig.1- Geometry of the problem. Magnetic field emerges only inside the ”holes”

(shaded). Green object represents the bunch of m.f1. (simulation result).

Fig.2.- Initial current-free magnetic field.
(a) - magnetic field lines in the (2 — z) plane (radial position of k-th footpoint in the
“hole”, ry , is chosen as to represent the equidistant magnetic flux surfaces, ie.,

Ti41
dtp = 2%/ B.o(r) r dr = constant = 0.1¢ );

Tk

(b) - the z-component of B at the planes z =0 (plate), z = % (marked), z = —;;
1
and z= 7"

Fig.3.- Temporal evolution of the ”magnetic” mapping which gives point-to-point
correspondence between the top and bottom footpoints of 10* m.fl.. Three phases of
magnetic reconnection:

(a) - soft split;

(b) - turning inside out;

(¢) - topological shock and recurrence.

Fig.4.- Temporal evolution of the bunches of m.f1.:
(a) - appearance of an incipient knottedness;

(b) - topological shock.

Fig.5.- Temporal evolution of the Poynting flux (curve 1) and the rate of Joule
dissipation (curve 2). The time intervals I, II and III correspond respectively to the

phases (a), (b) and {c) in Fig.3.
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Fig.6.- Burst-like spatial redistribution of magnetic energy during the reconnection:
curve 1 - the total magnetic energy; curve 2 - magnetic energy inside twisting zone

{ r < Pewist ); curve 3 - magnetic energy outside twisting zone.

Fig.7.- Thin double layer structure of reconnecting electric current at the time moment
7 =19.2 (yellow and red objects are the isosurfaces of negative and positive
longitudinal current density value; green object is the bunch of m.fl. traced from a

small circle inside the double layer).

Fig.8.- Intensive "flat” jets dashed out from the same double current layer as in Fig.7
(green object is the isosurface of plasma flow velocity which is about a half of local

Alfven velocity and 5 times higher the maximal twisting velocity).

Fig.9.- Temporal evolution of the maximal and minimal current density values {actually,
they correspond to electric current density values in the counterparts of the double

carrent layer).
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