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INTERACTIONS OF CONVECTING MAGNETIC
LOOPS AND ARCADES
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Interactions of magnetic loops and arcades that are convecting at their photo-
spheric footpoints are investigated by means of a three-dimensional magnetohy-
drodynamic simulation. The initial magnetic field is given by solving the bipolar
potential field emerging from paired conevection holes on the photospheric plane
under which magnetic fluxes are supplied. Simulations are performed for sin-
gle bipolar flux tubes and twin bipolar flux tubes with loop-like and arcade-like
shapes. It is found that a prominent energy release can coccur only when two
flux tubes collide and reconnect with each other. The releasing feature becomes
more intensive and narrowly peaked as resistivity becomes smaller, which reflects
a nature of driven reconnection. A single loop or arcade does not exhibit any

significant energy release, even though it is highly twisted and expanded.
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1. INTRODUCTION

Self-organization is a generic concept common to many attractive dynamic
phenomena which exhibit ordered behaviors in complex systems (Sato 1996). In
a magnetohydrodynamic {(MHD) plasma, it is well known that a well-organized
magnetic field structure is formed as a result of a kink instability whereby free
magnetic energy is released to kinetic and thermal energies in a fast time scale
(Horiuchi & Sato 1985). Since the time scale of the normal resistive diffusion,
caused by particle collisions, in a high-temperature rarefied plasma such as the
coronal plasma is much larger than the MHD time scale, the mechanism of ex-
plosive energy release cannot be attributed to the simple resistive diffusion. The
most likely mechanism resposible for the rapid energy release is the driven mag-
netic reconnection process (Sato & Hayashi 1979). The energy source of the solar
flare, i.e., the explosive energy release in a coronal magnetized plasma, is com-
monly believed to be the magnetic field and the primary way of accomplishing
its release is magnetic reconnection (Priest 1982). Therefore, it is meaningful to
study the solar flare as a typical self-organization phenomenon associated with
magnetic reconnection.

Developments of radioc and X-ray astronomy have revealed that the solar
corona is a high-temperature {(~ 10° K) rarefied plasma highly-related with a
magnetic loop/arcade over sunspots. It is usually accepted that a sunspot results
from magnetic buoyancy acting on a solitary magnetic flux tube which i1s gener-
ated by the dynamo action in the solar convective zone (Parker 1955). The solar

flare is generally considered to result from energy release of twisted or sheared



magnetic fields (Kurokawa 1988). The coronal magnetic field lines are anchored
at the photosphere. Subphotospheric convection, which is induced by heat trans-
fer in the convection zone, can twist coronal magnetic field lines. Since the inertia
of the photospheric plasma is much larger than that of the coronal plasma, the
photospheric flows drag the coronal field lines. This implies that the coronal
magnetic field lines strongly suffer from deformation due to photospheric flows,
hence, the photospheric convection is very likely to be a primary energy activation
source of various phenomena in the coronal region.

It is known that magnetic flux tubes become unstable to kink modes if they
become sufficiently twisted. In a magnetically confined fusion plasma device such
as the pinch and tokamak discharges, MHD kink modes become destabilized if
the plasma current, which is proportional to the twist of the field, exceeds a
threshold value, the Kruskal-Shaflanov limit (Kruskal et al. 1958; Shafranov
1958). Although many authors have studied the stability of twisted magnetic
flux tubes which are “line-tying” at the ends of the tubes, they have modelled a
coronal magnetic loop as a straight geometry (Einaudi & Van Hoven 1983; Craig
& Sneyd 1990; Foote & Craig 1990; Micki¢, Schnack, & Van Hoven 1990; Velli,
Einaudi, & Hood 1990). Besides the study on the three dimensional force-free
MHD equibrium of the twisted flux tubes (Finn, Guzdar, & Usikov 1994), evolu-
tion of coronal magnetic fields caused by footpoint motions have been studied by
many authors (Biskamp & Welter 1989; Wu, Song, & Martens 1991; Rickard &
Priest 1994; Wang & Bhattacharjee 1994; Mikié, Barnes, & Schnack 1988; Mikié

1990). However, some of them are two-dimensional studies, which are models of



coronal arcades (Biskamp & Welter 1989; Wu et al. 1991; Rickard & Priest 1994;
Wang & Bhattacharjee 1994); the others are done under the periodic boundary
condition, where magnetic reconnection can take place artificially at the boundary
(Mikié et al. 1988; Miki¢ 1990).

Recently, Kusano et al. (1994) have studied the detailed energy relaxation
process of twisted flux tubes by means of a three-dimensional MHD simulation,
paying particular attention to the relationship with the Taylor hypothesis {Taylor
1974, 1986). They, however, assumed a peridoc boundary condition which stim-
ulates artificial reconnection at the boundary. In this respect, Van Hoven, Mok,
and Miki¢ (1995) executed a three dimensional MHD simulation, in which the
magnetic field is not straight and the periodic boundary condition is not adopted.
However, their results were a bit premature to provide sufficient information on
solar flare phenomena. In contrast, a recent work of Amo et al. (1995) has shown
an interesting intermittent behavior in energy release and topological change for
a continnously twisted straight magnetic flux tube surrounded by untwisted uni-
form field lines.

In this paper we wish to investigate a three-dimensional dynamical evolution
of twisted magnetic flux loops and sheared arcades without invoking a periodic
boundary condition which allows an involvement of infinite energy, but with a
more realistic geometrical condition where the magnetic flux is supplied from
isolated photospheric regions.

In section 2 we describe the present simulation model. In section 3 the evolu-

tion of magnetic fields is studied for a single convecting magnetic loop and arcade.



In section 4 the interaction of paired convecting magnetic loops and arcades is

studied. Conclusion is given in section 5.



2. SIMULATION MODEL

The basic equations to be solved are the incompressible, dissipative MHD

equations:
p%:i =J x B + vV, (1)
%?— = —rotF (2)
tod = rotB, (3)
E = —-vxB+nd, (4)

where p is the mass density, v is the flow velocity, B is the magnetic field, J is
the electric current density, F is the electric field, 5 is the electrical resistivity, v
is the coefficient of viscosity, and 4 is the magnetic permeability in vacuum.

We assume that the mass density p is constant pg. The thermal energy con-
verted from the magnetic and flow energies is assuined to be immediately released
outside by radiation or some other processes.

We use a three-dimensional Cartesian coordinate system. The simulation do-
main is given by a rectangular box which is bounded by the perfectly conducting
walls located at z = +L,/2, y = £L,/2, and 2 =0, L,.

The evolutions of the magnetic and kinetic energies in the system are described

by the following equations which are derived from the equations (1)-(4),

oW,
5 —FP-Vi-R (5)
oW,
TtK— =V, -V (6)
where
— 1 2
Wws = [ 3 B4V, (7)
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1
Wy = / Spe0tdV., (8)

1
P=-— [ExB-ds, (9)
Ho
R= / nJ2dV. (10)
Vi= [JxB-way, (11)
Vo= - / Vv - V?odV. (12)

Here, Wy 1s the total magnetic energy, Wi 1s the total kinetic energy, P is the
Poynting vector flux through the boundary, R is the resistive energy dissipation
rate, Vi is the conversion rate between the kinetic and magnetic energies, and
V5 1s the viscous energy dissipation rate, The Poynting vector flux P represents
the energy flow by the convection at the photospheric footpoint of the emerging
magnetic field lines.

The initial magnetic field is a current-free (potential) bipolar field whose nor-
mal component at the photospheric base (z = 0) is specified. We perform sim-
ulations for two types of initial magnetic field configuration, namely, a bipolar
configuration and a paired bipolar configuration. The shape of the footpoint
convection hole from which magnetic flux is supplied is changed from round to
elliptic as indicated in Fig. I. The normal component of the magnetic field at the

footpoint (base) is given by

Bz = :tB{}

=0 > 1, (13)

where r; = \/ (2 — 2:)2/72 + (¥ — yus)? /'rf, which is a coordinate designating a
concentric ellipse, the index : running from 1 to 2 or 4, depending on whether
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the magnetic configuration is a single bipolar {ype or a paired bipolar type. The
center of the positive (B, > 0) or the negative (B, < 0) polarity region is located
at (€., Yei,0), and 7, and r, designate the shape of the convection zone.

In a photospheric hole region we impose a plasma convection by which the
footpoint of a magnetic field line is driven to circulate. The convection motion
imposed at the base is derived by the stream function ¥(r;) which is constant at

the convection boundary,

W(r;)
Vg 4 Vo 4
= e " R e < 7
87'107'2 + 4119 & Ti > To
= %(Ti - ’J"l(})4 — %(Ti - T10)3 -+ 'U()(Ti — T]_()) - g'UOTlO Tio < T; S T30,
5
_ Ezgh + gvgrm - > T20’ (14)

where b = r99—719. The stream function is determined by satisfying the following
condition for the circular (round) motion. Taking a cylindrical coordinate system

(r,8, z) around the center of rotation, the velocity at the base is expressed as,

ve(r) = g(r) 7 <1y,
= h(r) ro<r <7,

=0 T > 7o, (15)

where g(r) is a monotonically increasing polynomial of degree three which satisfies

g(0) =0, % = 0, g(rwe) = v,

dg(r)
dr

=0, (16)

T=r1p
and h{r) is a monotonically decreasing polynomial of degree three which satisfies

dh(r)
dr

dh(r)
dr

= 0, h(?’zo) = O,

- 0. (17)

h(TIO) = %o,

F=T10 T=Tz0



Note that vg is the maximum speed in the convection hole. The flow velocity at

the base is then given by

o
Vy = —"5:-1; (t), (18)
ov

The function f(t) is a smooth increasing function,

1—cosX

f(t) = —T t<T5:

=1 t>T,, (20)

which is introduced to avoid a numerical artifact due to the sudden start of the
rotation at £ = 0. The convection motion of plasma naturally acts to induce a
twisting or shearing of the magnetic field lines.

In the actual calculations all variables are normalized by the following three
characteristic quantities and their combinations; the magnetic field By, Alfvén
speed V4 = Bo/\/pops, and the length L. The time, the electric current, the
electric field, the resistivity, and the viscosity coefficient are normalized by L/V},
Bo/poL, VaBo, uoLlVa, poLVa, respectively. The normalized energy Uy is defined
by BEZ/ - Hereafter we use the normalized quantities without noticing.

In the present study we consider three different configurations for the pho-
tospheric hole pair from which the bipolar magnetic flux emerges, as shown in
Fig. 1. The choice is done to know the difference in the evolution depending on
whether the shape of the flux tube is loop-like or arcade-like. Namely, run la
corresponds to a loop-like flux tube and run 1c is an arcade-like one. Run 1b is

an intermediate case. Run la, run Ib and run lc correspond to single bipolar



flux tubes, while run 2a, run 2b and run 2¢ to paired bipolar flux tubes. The
size parameters are given in Table 1. As for the size of the whole simulation
box, the value of L, = L, = L, = 2 is chosen after having carried out several
test runs for different box sizes. Resultantly, we have found that the choice of
L, =L, = L, = 2 is large enough to dismiss the boundary effect. In other
words, by choosing this size we have been able to conclude that the observed
results are free from the presence of the artificial simulation boundary which can-
not be avoided. The resistivity n and the viscosity coefficient v are uniform and
constant n = 107 and » = 1073, unless otherwise specified.

We use the explicit method to solve the MHD equations numerically. The
spatial derivative is approximated by the second order central difference scheme.
The forward and backward differences are used to compute the derivative of fields
at the boundaries.

The temporal integration is performed by the forth order Runge-Kutta-Gill
method. The simulation domain (L, x L, x L.) is devided into 101 x 101 x 101

grids.
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3. EVOLUTIONS OF SINGLE BIPOLAR LOOP AND
ARCADE

We start with representing how a single bipolar flux tube behaves in response
to three different convection motions of the footpoint, namely, run la (circu-
lar motion}), run 1b (elliptic motion) and run 1c (highly elongated elliptic mo-
tion). Run la corresponds to a loop-like magnetic configuration, while run lc to
an arcade-like configuration. The parameters designating convection motions of
these simulation runs are shown in Table 1(a).

The time development of the magnetic field lines for a bipolar flux loop (run
1a) is shown in Fig. 2. Plotted in this figure are twelve representative field lines
which start from the points located on the left side circle (red) designated by
r1 = 0.1 and the right side one (green) designated by v, = 0.1. The square
box drawn at the base does not represent the whole base domain, but a part
of the base domain (z = —0.5,0.5; y = —0.5,0.5) of the whole simulation box
{(r=-1,1y=-1,1; 2= 0,2).

As one sees in Fig. 2, at ¢ = 2 74, the representative magnetic field lines are
only slightly twisted, but the kink distortion starts at about { = 5 74 when the
winding angle of the field line exceeds roughly 4.57. We note here that the critical
winding angle for the kink instability to be excited is 4.87 for the equilibrium
with straight magnetic field configuration (Micki¢ et al. 1990). As time elapses,
the twisted flux loop suffers a large kink distortion (see t = 8 74). The loop
expands vertically and horizontally about as three times large as the initial one

because of the hoop (J x B) force. At t = 11 7,4, the loop has grown to a huge
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size and the twirling of the magnetic field lines is distinctly seen. Nonetheless,
no topological change in the magnetic field lines is observed. This indicates that
no flare-like energy release due to reconnection has occurred.

Let us see what happens when the shape of the flux tube is different. Figure
3 shows the time development of the magnetic field lines for an arcade-like flux
tube (runs 1c). The upper and lower panels are the magnetic field lines projected
on the z — y and = — z planes, respectively. At ¢ = 17 74, the size of the arcade
becomes about as nine times vertically and thirteen times horizontally large as
the the initial one. At t = 27 74 the arcade becomes huge but it appears that no
distinct kink-like deformation has been seen as was observed in the previous run
(run la, Fig. 2).

The evolution of magnetic field lines for the intermediate case (run 1b) is a
little bit faster than that for the arcade-like case because of its relatively large
shear motion, but the overall evolution is gentle and similar to that of run lc.

Summarizing the results for runs la-lc, one can conclude that no drastic
topological change of the magnetic field hnes would occur in the case of single
magnetic loop or arcade. This conclusion is in agreement with the results by
Biskamp and Welter (1989) and Dahlburg, Antiochos, and Zang (1991). They
have found that a single arcade remains stable while the footpoint is sheared.
One new point we have obtained in the present study is that a kink-like twisted
deformation takes place when the flux shape becomes more loop-like. It is said
that an arcade-like structure is more gentle than a loop-like structure when the

convection speed is the same.
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4. EVOLUTIONS OF PAIRED BIPOLAR LOOPS
AND ARCADES

Since it turns out that an isolated single loop or arcade does not exhibit
any drastic energy release, we shall investigate evolutions of paired convecting
magnetic loops and arcades. The central positions of the convection zones are lo-
cated at (Za,¥er) = (—L2/8,0), (Ze2, ¥e2) = (—Lz/16,0), (23, ¥ea) = (L./16,0),
(Zea, Yea) = (Lz/8,0). The other parameters are shown in Table 1(b).

Figures 4 and 5 exhibit the time developments of the magnetic field lines for
the loop-like and arcade-like cases (runs 2a and 2¢, respectively) in the same
format as Fig. 2. In these figures plotted are a pair of twelve representative field
lines starting from the right hand side of the two pairs of convection ellipses
designated by r; = r4 = 0.1. As is seen in Fig. 4, in the early phase, e.g. at
t = 3 T4, each loop evolves independently. At £ = 5 74 it is seen that each loop
suffers a kink distortion in a similar way to that observed for the single loop (run
la). Then, the distorted magnetic loops start reconnecting and the magnetic
field lines originating from one loop are interchanged with those of the other
loop. At { = 7 74 magnetic reconnection is actively progressing and is completed
at about £ = 8 74. The magnetic field line structure is drastically changed; a
large outer loop overlies a small inner one. As time elapses, the larger outer loop
keeps expanding vertically and horizontally (see ¢ = 15 74), while the smaller
inner loop does not change much. During the evolution the reconnection region
remains almost in the same place.

Let us move on to the arcade-like configuration. As is shown in Fig. 5, re-
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connection starts between the two arcades at about ¢ = 5 74 and continues until
about t = 6.5 74. Then, the original parallel arcades are topologically changed
into a pair of upper and lower arcades. As tume elapses, the upper arcade expands
vertically and horizontally while the smaller one remains almost the same. On
comparing with the previous loop-like case, the overall behaviors are similar but
the field line structure of the loop-like case becomes more complicated because
of the superposition of kink-like deformation. This 1s because the twisting of a
field line is larger for the loop-like case. The overall behavior for the intermediate
case (run 2b) is similar to the other cases except that the field line twisting is in
between.

Since an attractive force acts between the currents flowing along paired loops
and arcades (Bhattacharjee, Brunel, & Tajima 1983; Longcope & Strauss 1994),
reconnection has occured at the encounter point of them in the above cases. With
intent to see what happens when a repulsive force works between two arcades, we
have done another simulation run in which the direction of footpoint motion of the
right hand side arcade is reversed (run 2¢’). Figure 6 shows the time development
of the magnetic field lines for this case. As the two arcades hoop, a repulsive force
works between them. Thus, no global topological change of magnetic field lines
has taken place. Grossly speaking, their behaviors look a superposition of two
independent arcades {cf. Fig. 3).

In order to examine the dependence on the speed of footpoint motion, we have
executed a run in which the speed is doubled (run 2¢”). In this case reconnection

starts at about ¢ = 3.5 74 and completes at about { = 4.5 74. However, the
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evolution pattern is very similar to run 2c where the speed was half of this case.
Therefore, 1t can be said that as the footpoint speed becomes larger, the overall
ternporal evolution 1s hastened, but the evolution pattern is similar.

We also have performed a run (run 2¢”’) with 7 = 1073, in which the resistivity
is as ten times large as that of run 2c with the other parameters the same. In this
case reconnection starts at about ¢t = 6.574 and completes at about £ = 11.574.
This result indicates that as the resistivity is increased in the resistivity range
(p = 107* ~ 1073}, the reconnection process becomes more diffusive and sloppy.

We shall see the plasma motion associated with reconnection. Figure 7 shows
the plasma flow velocity on the £ — z plane at £ = 674 for run 2¢. It is clearly seen
that the overall flow consists of two patterns, i.e., hooping flow and reconnecting
flow. The reconnecting flow, as a matter of course, is concentrated along the
vertical axis (z = 0). More specifically, the attracting flows of two arcades, which
are converging toward the central plane from the lower left- and the lower right-
hand sides, collide at a reconnection point on the central plane and diverge out
upwards and downwards. This flow pattern is a typical signature of the driven
reconnection process. On the other hand, the hooping flow appears in the whole
structure and acts to expand the (upper) arcade perpendicularly to its surface.

Figures 8(a) shows the temporal evolution of the heating rate (ohmic, viscous,
and total heating) for run 2c¢ in a local region bounded by z = £0.02, y = £0.3,
and 0.057 < z < 0.37. The region is chosen in such a way that the peaked
current layer in the reconnection region can be sufficiently covered. The heating

rate (Fig. 8(a)) has a sharp peak around ¢ = 7 74 when reconnection is actively
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taking place. The maximum value of the total heating rate is about three times as
large as that for run 2¢” (Fig. 8(b)) where no reconnection takes place because of
the repulsive force. This assures that when two flux loops or arcades collide and
reconnection takes place, the magnetic energy is abruptly released into the plasma
energy. The difference of the magnetic energy between these two cases may give
us an estimate of the available energy for accelerating and/or heating the plasma.
Thus, we have plotted the difference between the total magnetic energy for run
2¢ and that for run 2¢’ in Fig. 9 (a solid ]ine), AWiag = Winag oo — Winag,2e, and
also plotted its temporal rate (a dashed line), A(AW,,,,)/At. From t ~ 574 to
t ~ 1074, the energy difference rapidly increases. Especially noted is a sharp peak
of A(AW,e4)/ At at t ~ 7.57,4, which is roughly consistent with the duration of
active magnetic reconnection. The energy release rate is about 8 x 10747 1.

In order to see the role of resistivity on the evolution, we have done a simula-
tion run in which the resistivity is changed. The heating rate for the case where
the resistivity is increased from 107* to 107 (run 2¢”’) is shown in Fig. 10(b).
The peak is not so sharp as that for run 2c where the resistivity is 107* {com-
pare (a) and (b) of Fig. 10). The comparison of two cases gives us an important
conclusion for the energy release due to the collision of two flux tubes, namely,
that the energy release 1s more violent and squeezed as the resistivity becomes
smaller. This conclusion is favorable for solar flares because the resistivity is
so small. This important feature of inverse proportionality to resistivity can be

easily explained by the driven reconnection process {Sato & Hayashi 1979; Sato,

Horiuchi, & Kusano 1989). The hooping and attracting speed of the two arcades
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{loops} may well be assumed to be the same for both cases. Then, the current at

the encounter layer may roughly be given by

where E,/B is the equivalent hooping/attracting speed (B is the representative
magnetic field of the arcades which is reasonably assumed to be the same for hoth
cases), which is considered to be the same for both cases. Thus, the current inten-
sity is inversely proportional to the resistivity. The heating rate is proportional
to #J?, hence, J. Thus the heating rate is inversely proportinal to resistivity. In
other words, the energy release occurs more violently as the resistivity becomes
smaller. In the central solar corona the resistivity is quite small, so that it is
expected that when two coronal magnetic arcades collide, magnetic energy can

be released impulsively and intensively.
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5. CONCLUSION

We have studied temporal evolutions of isolated covecting magnetic loops and
arcades by a three-dimensional MHD simulation. As the initial magnetic field, a
current-free (potential) bipolar field emerging from photospheric convection holes
is given. Simulations are performed for a single bipolar flux tube and twin bipolar
flux tubes.

In the case of a single magnetic loop or arcade, no drastic topological change
of the magnetic field lines is observed. This result agrees with the previous ones
(Biskamp & Welter 1989; Dahlburg et al. 1991}. Namely, a single magnetic loop
or arcade model may not be able to be a potential candidate for the topological
change of magnetic field and the distinct energy release mechanism. In order
to explain large energy release and drastic reconnection associated with a single
magnetic loop or arcade, one may take overlying flux (ambient field) into account
like an emerging flux model (Priest 1982; see also Amo et al. 1995). Specifically,
a single twisting loop or shearing arcade can release magnetic energy only when
the twisted field lines reconnect with ambient field lines.

In contrast, when two magnetic loops or arcades collide with each other,
sailent magnetic reconnection is triggered because of the attractive force acting
between the loop or arcade currents. Their evolution and resulting reconnection
produce a larger overlying expanding loop (arcade) and a smaller lower one. En-
ergy release becomes more intensive and impulsive as resistivity becomes smaller.
These features can well be explained by driven reconnection and appear to be

consistent with some important observational features of solar flares (converging
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flux model: Priest, E. R., Parnell, C. E., & Martin, S. F. 1994; Parnell, C. E.,

Priest, E. R., & Golub, L. 1994).

19



ACKNOWLEDGMENTS

This work was supported by the Ministry of Education, Science and Culture

Grants-in-Aid No. 07832024 and No. 08226104.

20



REFERENCES

Amo, H., Kageyama, A., Sato, T, & the Complexity Simulation Group 1995,
Phys. Rev. E, 51, 3838

Bhattaccharjee, A., Brunel, F., & Tajima, T. 1983, Phys. Fluids, 26, 3332
Biskamp, D., & Welter, H. 1989, Solar Phys., 120, 49

Craig, J. D. & Sneyd, A. D. 1990, ApJ, 357, 653

Dahlburg, R. B., Antiochos, S. K., & Zang, T. A. 1991, ApJ, 383, 420

Einaudi, G., & Van Hoven, G. 1983, Solar Phys., 88, 163

Finn, J. M.,, Guzdar, P. N., & Usikov, D. 1994, ApJ, 427, 475

Foote, B. J., & Craig, [. J. D. 1990, ApJ, 350, 437

Horiuchi, R., & Sato, T. 1985, Phys. Rev. Lett., 55, 211

Kruskal, M. D., Johnson, J. L., Gottlieb, M. B., & Goldman, L. M. 1958, Phys.
Fluids, 1, 421

Kurokawa, H. 1988, Space Sci. Rev., 51, 49

Kusano, K., Suzuki, Y., Kubo, H., Miyoshi, T., & Nishikawa, K. 1994, ApJ, 433,
361

Longcope, D. W., & Strauss, H. R. 1994, AplJ., 426, 742

Miki¢, Z., Barnes, D. C., & Schnack, D. D. 1988, ApJ, 328, 830

Miki¢, Z. 1990, Phys. Fluids, B2, 1450

Miki¢, Z., Schnack, D. D., & Van Hoven, G. 1990, ApJ, 361, 690

Parker, E. N. 1955, ApJ, 122, 203

Parnell, C. E., Priest, E. R., & Golub, L. 1994, Solar Phys., 151, 57

Priest, E. R. 1982, Solar Magnetohydrodynamics {Dordrecht: Reidel)

21



Priest, E. R., Parnell, C. E., & Martin, S. . 1994, ApJ, 427, 459
Rickard, G. J., & Priest, E. R. 1994, Solar Phys., 151, 107

Sato, T., Horiuch, R., & Kusano, K. 1989, Phys. Fluids, B1, 255
Sato, T., & Hayashi, H. 1979, Phys. Fluids, 22,1189

Sato, T. 1996, Phys. Plasmas, 3, 2135

Shafranov, V. D. 1958, Sov. Phys. JETP, 6, 545

Taylor, J. B. 1974, Phys. Rev. Lett., 33, 1139

Taylor, J. B. 1986, Rev. Mod. Phys., 58, 741

Van Hoven, G., Mok, Y., & Miki¢, Z. 1995, Apl, 440, L105
Velli, M., Einaudi, G., & Hood, A. W. 1990, ApJ, 350, 428
Wang, X., & Bhattacharjee, A. 1994, ApJ, 420, 415

Wu, S. T., Song, M. T., & Martens, P. C. 1991, Solar Phys., 134, 353

22



Figure Captions

Fig. 1: Six different shapes of the photospheric convection zones considered in
this study. The upper panels represent the cases with a single magnetic flux tube
and the lower the cases with a paired flux tube.

Fig. 2: Temporal evolution of the magnetic field lines for a single loop-like mag-
netic configuration (run la). The dashed lines at ¢t = 0 designate the convection
zone. The square box drawn at the base 1s a part of the base domain and not the
whole base domain.

Fig. 3: Temporal evolution of the magnetic field lines for a single arcade-like
magnetic configuration (run lc). Upper panels show the projection on the z — y
plane (photospheric surface), and lower panels the projection on x — z plane. The
dashed lines at { = 0 designate the convection zone.

Fig. 4: Temporal evolution of the magnetic field lines for a paired loop-like mag-
netic configuration with attracting force (run 2a). The dashed lines at ¢ = 0
designate the convection zone. The square box drawn at the base is a part of the
base domain and not the whole base domain.

Fig. 5: Temporal evolution of the magnetic field lines for a paired arcade-like
magnetic configuration with attracting force (run 2c). The dashed lines at t =0
designate the convection zone. The square box drawn at the base is a part of the
base domain and not the whole base domain.

Fig. 6: Temporal evolution of the magnetic field lines for a paired arcade-like

magnetic configuration with repulsive force (run 2¢’). The dashed lines at ¢ =0
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designate the convection zone.

Fig. 7: Plasma flows on the x — z plane at ¢ = 67,4 for the case of paired arcade-
like magnetic configuration {run 2c).

Fig. 8: Comparison of the evolutions of the ohmic, viscous and total heating rates
with the attractive (a) and repulsive (b) forces for a paired arcade-like configu-
ration.

Fig. 9: The dashed line represents the temporal evolution of the difference be-
tween the magnetic energies with the repulsive and attractive forces for a paired
arcade-like configuration. The solid line represents the temporal evolution of its
time derivative.

Fig. 10: Comparison of the evolutions of the ohmic, viscous and total heating

rates for the low resistivity (a: 7 = 107*) and high resistivity (b: 7 = 1073) cases.
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Table 1(a): Parameters of simulation runs for a single loop/arcade

case T2 Ty vo T, 7Tio T
ta L./32 L./32 01 2 2/3 1
b L,/32 5L./32 01 2 2/3 1
lce L,/32 15L./32 01 2 2/3 1

Table 1(b): Parameters of simulation runs for a paired loop/arcade

case Tz Ty vg Ty 710 7T polarity of By direction of rotation
2a L./32 L;/32 01 2 2/3 1 S T
%b  5L./32 IL,/32 01 2 2/3 1 — b= Gy
2 15L,/32 L./32 01 2 2/3 1 bt F ot e
%3¢ 15L,/32 L./32 01 2 2/3 1 — bt FR
2" 15L,/32 L./32 02 2 2/3 1 —+—+ ++——

where +(-) indicates counterclockwise(clockwise) motion in the top view in the

item of direction of motion.
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