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Abstract. In this paper we present results from 3D MHD numerical simulations based on the flux tube
tectonics method of coronal heating proposed by Priest, Heyvaerts, and Title (2002). They suggested
that individual coronal loops connect to the photosphere in many different magnetic flux fragments
and that separatrix surfaces exist between the fingers connecting a loop to the photosphere and between
individual loops. Simple lateral motions of the flux fragments could then cause currents to concentrate
along the separatrices which may then drive reconnection contributing to coronal heating. Here we
have taken a simple configuration with four flux patches on the top and bottom of the numerical domain
and a small background axial field. Then we move two of the flux patches on the base between the
other two using periodic boundary conditions such that when they leave the box they re-enter it at the
other end. This simple motion soon causes current sheets to build up along the quasi-separatrix layers
and subsequently magnetic diffusion/reconnection occurs.

1. Introduction

The coronal heating problem is one of the major unsolved problems of solar physics.
While the photosphere is at a temperature of approximately 6000 K, the temper-
ature in the corona increases to approximately 1 x 10°-2 x 10® K. The heating
mechanisms which have been suggested to explain this phenomenon can usually
be classified as heating due to magnetic waves or heating due to magnetic recon-
nection. Wave heating mechanisms include resonant absorption, first suggested as
a means of heating the solar corona by Ionson (1978), and phase mixing, suggested
by Heyvaerts and Priest (1983). Magnetic reconnection heating mechanisms in-
clude nanoflares (Parker, 1988), footpoint braiding (Parker, 1979; Galsgaard and
Nordlund, 1996), and reconnection at separators (Longcope, 1996; Galsgaard et al.,
2000; Parnell and Galsgaard, 2004). It is likely that a combination of heating mech-
anisms is responsible for heating the corona, with different mechanisms working
in, for example, coronal loops and coronal holes.

In this paper we have carried out numerical simulations to investigate a recently
proposed magnetic reconnection heating mechanism. In this “flux tube tectonics”
model described by Priest, Heyvaerts, and Title (2002), the movement of magnetic
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Figure 1. The movement of flux within granules — it rises in the centre, makes its way to the edges
of the granules, then along the edges to the vertices. From Priest Heyvaerts, and Title (2002).

separatrix
sheets

Figure 2. A loop, connecting to the surface in different flux elements. From Priest, Heyvaerts, and
Title (2002).

flux fragments in the photosphere drives the formation and dissipation of currents
along myriads of separatrix surfaces in the corona.

The photosphere is covered in a “magnetic carpet” of magnetic flux fragments
which emerge, fragment, merge and cancel (see e.g. Parnell, 2001, 2002; Simon,
Title, and Weiss, 2001). This flux emerges in the centre of granules, makes its way
to the edges of the granules and then along the edges to the vertices (see Figure 1).
The corona, meanwhile, consists of a multitude of loops of varying sizes. These
loops have their footpoints in the photosphere and, therefore, Priest, Heyvaerts, and
Title (2002) suggest that each loop connects to the surface in many different flux
elements (see Figure 2) and that each flux element will be linked by coronal loops
to other flux elements. Separatrix surfaces exist between the fingers connecting a
loop to the surface and between loops (see Figure 3). The lateral motions of the
magnetic flux fragments in the magnetic carpet will then stress the magnetic field
on either side of the separatrix surfaces which is expected to provide strong current
concentrations that can then drive reconnection at the separatrix surfaces. Recently
it has been shown (Titov et al., 2003; Galsgaard et al., 2003) that in the general
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Figure 3. Separatrix surfaces exist between loops and between the fingers connecting a loop to the
photosphere. From Priest, Heyvaerts, and Title (2002).

case of hyberbolic flux tubes, defined as the intersection of two quasi-separatrix
layers, their presence is not a sufficient condition for fast current growth since the
way that the system is stressed determines whether or not the current will grow.

Priest, Heyvaerts, and Title (2002) show, using 2D and 3D models of this sce-
nario, that independent motions of discrete flux elements can generate current
concentrations at the separatrix surfaces.

This tectonics model differs from the footpoint braiding since from the start
quasi-separatrix layers are present in the magnetic field line topology, while in
the braiding experiments these are created by the successive braiding pattern. In
addition, the braiding motions are complex whereas the tectonics model considers
simple, lateral motions.

In this paper, we will further investigate the proposed tectonics heating mecha-
nism by carrying out 3D magnetohydrodynamic (MHD) simulations based on the
“flux tube tectonics” model. In Section 2 we describe the numerical code used, the
initial set-up and the boundary driving. In Section 3 we present the results of the
numerical runs and compare them with a simple analytical theory and in Section 4
we discuss the results and draw conclusions.

2. Numerical Details, Initial Set-Up and Velocity Profile
The simulations described in this paper were carried out using the 3D MHD code

described by Nordlund and Galsgaard (1995). The code solves the non-dimensional
MHD equations in the form:

2_/; —_V.u (1)
9E:—VxE, (2)
ot

E=—(uxB)+nl, (3)

J=VxB, (4)
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dpu

W:_v-(puu+£)—VP+JxB, %)
de
5 =—V.(eu)— PV -u+ Qvisc + Qjoulea (6)

where p is the density, u is the velocity, B is the magnetic field, E is the electric
field, n is the electric resistivity, J is the electric current, T is the viscous stress
tensor, e is the internal energy, P = (y — 1)e is the gas pressure, T = P/p is the
temperature, Qyis 18 the viscous dissipation and Qjoule 18 the joule dissipation. We
use hyper resistivity and viscosity for most of the experiments described in this
paper. The hyper algorithms are described by Nordlund and Galsgaard (1995). The
viscosity included in the experiments addresses shock type situations and is of no
significant interest to the dynamical evolution. The most important contribution to
the resistivity is related to a compression perpendicular to the magnetic field, while
there is no common background value of 5. Essentially the resistivity is highly
localised.

The code is sixth order accurate in space and third order in time. In this paper
we use periodic boundary conditions in y and z, to simulate a much larger array of
sources, and driven boundary conditions in x (the exact form of the driving will be
described below). There are no conditions imposed directly on p and e which are
updated through the continuity and energy equations respectively. The solenoidal
condition is imposed through the use of the staggered grid. The initial value of V- B
is maintained throughout the calculations and we choose the initial field such that
V-B=0.

The initial configuration consists of four equal flux patches and a small back-
ground axial field on the top (x = 1) and bottom (x = 0) boundaries of the numerical
box. The x-component of the field on the top and bottom boundaries is described
by

B(x =0,1) = 0.1 4 exp(—=350((y — 0.5)> + (z — 0.2)>)) +
+ exp(—350((y — 0.5)> + (z — 0.8)%)) +
+ exp(—350((y — 0.2)*> + (z — 0.5)%)) +
+ exp(—350((y — 0.8)*> + (z — 0.5)%)). (7)

We have a small axial background field (given by the 0.1 in Equation (7)) which
removes the presence of real 3D null points in the domain, and also reduces the
steep magnetic gradients near the top and bottom boundaries that would occur if
the four sources alone contributed to the flux. As such there are no null points or
separatrices, but there are quasi-separatrix layers (QSLs) which separate the regions
of different connectivity (Priest and Demoulin, 1995). A potential magnetic field
was constructed in the rest of the domain using Equation (7) as the boundary
condition. Figure 4 shows B, on the top and bottom boundaries and Figure 5 shows
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Figure 5. The initial By (left-hand side) and B, (right-hand side) on the top and bottom boundaries.

B, and B; on the top and bottom boundaries (note that in this paper the x-direction
is the axial direction).

In order to model simple photospheric motions, we drive two of the flux patches
on the bottom boundary in a straight line between the other two. The driving speed
is —0.03 units which is approximately one fifth of the mean Alfvén speed in the
numerical box. The driving profile is taken to be a smooth top-hat function, which
advects two of the sources without changing their spatial shape, while not interfering
with the two other sources, Figure 6. The photospheric driving function is almost
discontinuous. However, the results do not depend on this property. A smooth
velocity with a discontinuous photospheric normal field distribution is equivalent
to a discontinuous velocity and continuous normal field. This is discussed in more
detail in Section 3.2. The other two velocity components (v, and v,) are taken to
be zero on the base. All velocity components are zero on the upper boundary.
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Figure 6. The driving velocity on the bottom boundary.

3. Results

The experiment was run for grid resolutions of 643, 1283 and 256°. We define 74 = 1
as the time to travel a distance of 1 (the box length) at a speed of 1 (the average
Alfvén speed in the box is approximately 0.15 initially and an Alfvén speed of 1
would occur near the peak of any of the flux patches). Each resolution was run for
15.7 Alfvén times (¢5), meaning that the flux patches were driven a total distance
of 0.47, the periodic boundary conditions ensuring that when a footpoint left one
side of the box, another entered through the opposite side. During this time, the
Alfvén waves travelling along the field lines had gone from the bottom of the box
to the top, and reflected back to the bottom, and were approximately halfway up
to the top again, allowing free and rapid propagation of information in the box. A
further simulation was run on a 1283 grid, but with the driving speed of —0.01. This
allows us to compare what happens when the number of travel times is increased,
allowing information to propagate further for the same footpoint displacement.

3.1. CURRENT SHEET FORMATION

During the simulation, two sheets of current are seen to build up in the centre of
the numerical box. These correspond to rapid changes in B, in the x direction.
The sheets of current were checked for scaling to see whether they represented a
current sheet (theoretically an infinitesimally thin region of infinite current, which
is significant because even the small coronal values of resistivity will trigger recon-
nection under this condition) or a current concentration which saturates at a finite
value and only triggers reconnection for a finite value of the resistivity. If they are
current sheets, the maximum value of the current will scale linearly with resolution,
and so will double with each higher grid size in this experiment. Table I shows the
maximum values of | j| within the sheets of current throughout the simulation and
compares them with the values we expect if we scale the observed 64° value with
the grid resolution.

Table I implies that the maximum currents do scale with grid resolution, which
points in favour of current sheet formation. As will be shown later, the steepness of
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TABLE 1

Comparing the scaling of | jmax| for the different grid resolutions.

Grid resolution ~ Expected value of | jmax| Observed value of | jmax|

643 2919 2919
1283 5.838 4.996
2563 11.676 10.970

the driving profile will have implications for the growth of the current for a given
shear distance. The top-hat driving profile is designed such that the width remains
constant in space, implying that higher numerical resolution gives a better resolved
profile. It may then be expected that for even higher resolutions runs than we
have been able to do, the current magnitude may saturate. The numerical diffusion
algorithms allow structures to collapse to a minimum grid resolution and will for
increasing resolution allow a current sheet to collapse to the same grid resolution
— hence the 1/dx growth of the current.

We compare the current sheets formed for these runs with those formed for the
1283 run where the footpoints were driven at one third of the speed of the previous
runs. This allows information to propagate up and down the numerical box three
times as often before the footpoints are driven to the same locations, thus allowing
the magnetic field more opportunity to relax.

Figure 7 shows a plot of | jnmax| in the plane x = 0.5 for the 1283 runs with a
driving speed of —0.03 (solid line) and —0.01 (dashed line). The current jumps
in value initially as the information propagates through this middle plane. As the
footpoint displacement increases, the middle plane is being affected from above
and below, so the current grows more smoothly. This can be explained in terms of a
simple damped Alfvén wave. We carry out a simple analytical investigation of this.
Assume the footpoint motion, v, generates a perturbed magnetic field component
B,. The maximum current will be related to the “discontinuities” in B in the x
direction and, therefore, will behave similarly to B, in time. Solving the linearised

00 01 02 03 04 05
Footpoint Displacement

Figure 7. A plot of jmax in the plane x = 0.5 for the 1283 runs with a driven speed of —0.03 (solid
line) and —0.01 (dashed line).
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momentum and induction equations,

dvy 0B,
- 8
ot 0x ®
and
0B ov, 9%B,
Y= ©)

ot ox x2 "’
subject to v,(0,1) = —1, vy(1, 1) = 0, vy(x,0) = 0, 2(x,0) = 0, By(x,0) =0

ar
%(0, t) = 0 gives

and o

X
vy=—1+x+ Z sin(m'rx)e’””z”%/2 X
1

2 n
- — n272n2 B — n27g2n2
X(n cos(nm+/1 — n*m*n*t)+ g sin(n/1 — n*m*n t)),

(10)

and B, can be calculated from (8). Figure 8 shows a plot of B, against time for
x =0.5 and n = 0.01 and demonstrates that B, has the same behaviour as the

10

By

0 2 4 6 8 10
t

Figure 8. Aplotof By inthe plane x = 0.5 against time assuming a damped Alfvén wave propagation
showing good agreement with Figure 7.
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Figure 9. Plots of the current isosurface |j| = 2 for the two different driving speeds at a footpoint
displacement of 0.47. The quicker speed —0.03 is shown on the left and the slower speed —0.01 on
the right. Both runs have 1283 gridpoints.

current in Figure 7. It starts as a series of steps corresponding to propagating
Alfvén waves reflecting off the boundaries. Diffusion smoothes out these steps in
time leaving a linear increase in By, with respect to time. Thus, the footpoint velocity
results in a linear increase in B, and we can assume that the field is evolving through
a sequence of equilibria.

Figure 9 shows isosurfaces of |j| = 2 for the same two driving speeds and a
footpoint displacement of 0.47, the quicker driving speed being on the left. In the
case of the faster driving, there is slightly more current build-up near the boundaries,
but the two main sheets of current are the same.

The current in both cases is growing at approximately the same rate for a given
displacement and the isosurfaces of current look very similar so it would appear
that for footpoint displacements up to the values we have investigated here, the
speed at which the footpoints are driven does not affect the evolution of the field.

The 129° simulation with driving speed of —0.03 was run longer, up to a time of
43.02¢4 (equivalent to a footpoint displacement of 1.29). Figure 10 shows contours
of [j| = 3.6inthe middle (x = 0.5) plane att = 37.2¢,. This is half of the maximum
current in the plane and gives a good idea as to how thick the sheets of current are.

w20f ] 30
100 f {1 2°
80 . - 2~O
60 F 1 1.5
sof - i 10
20 E 0.5
0 . . . N N N 0.0 N " . 2 :
0 20 40 60 80 100 120 0 5 10 15 20 25

Figure 10. Contours of |j| = 3.6 showing that the current sheet is thin. Left: the whole of the x = 0.5
plane. Right: a close-up of the upper contour, showing it to be fewer than three grid points wide (1283
experiment).
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Figure 11. A plot of By and B, against z (in gridpoints) at t = 5.08 and # = 14.32¢4 in the plane
x = 0.5, y = 0.5. The unbroken line is By att = 14.32, the dashed line is By at the same time, the
dotted line is By att = 5.08 and the dot-dashed line is By att = 5.08 (1283 experiment).

The second plot is a close-up of the top contour in the first plot, showing the sheet
to be fewer than three grid points thick. A thin, localised current is indicative of
current sheet formation.

Figure 11 shows B, and B, plotted against z in the plane x = 0.5, y = 0.5. The
current layer can clearly be seen by the jumps in B, and B, as would be expected.
Both components are plotted at two times, t = 5.08 and t = 14.32¢5. Att = 5.0874
the current layers are at z = 0.61 and z = 0.39 but by ¢ = 14.32¢4 they have moved
outwards to z = 0.66 and z = 0.34. This figure illustrates that the components of
the magnetic field behave as would be expected in a current sheet, jumping in value
through the current layer. The rapid change in B, and B is a result of the imposed
photospheric flux distribution and the shearing velocity profile. Figure 12 shows
Jx and j, at t = 14.32¢5. The peaks in j, and j, correspond to the jumps in B,
and B,. Integrating j, from z = 0.5 to 1.0 gives the total positive current in the x
direction as 0.072. This is in good agreement with the jump in B, of 0.070 given by
the simulations. Similarly integrating j, gives 0.012 which is in good agreement
with the jump in B, of 0.014. Figure 11 also indicates that the current layers are
moving away from the centre of the driving profile as the simulation continues.
Notice that the jump in B, is negative and corresponds to a positive value of j,.
The jump in B, is positive as is the sign of j,. Figure 13 shows the position of one
of the current layers against time and the outward movement can now clearly be
seen. If this current layer is at z*, the other is at (1 — z*). In the next subsection
we will show that this outwards drift of the current concentrations can be predicted
using a simple analytical model.
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Figure 12. A plot of ji (left-hand side) and jy, (right-hand side) against z (in gridpoints) at
t = 14.32tp showing the peaks which correspond to the jumps in By and B, respectively (1283

experiment).
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Figure 13. A plot of the position, in gridpoints, of one of the current layers against time showing the
outward drift of the current layer over the course of the simulation (128> experiment).
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3.2. 1D ANALYTICAL MODEL

We can model the current sheet formation using a 1D analytical model. We assume
a flux function of the form

A = (0, A(x, 2), 0) (11)

and, with the shearing motions introducing a y-component, the magnetic field can
be expressed as

dA d0A
B — (_a_z, By(A), E) (12)

Now, the footpoint displacement is given by

_ _ x=H By(A)
vy(A)t =45(A) = | A=const dx, (13)

x=0 Bx

and since By(A) is independent of x this can be written as

x=H 1
6(14) = By(A)/ _a—A|A=COHSIdx' (14)
x=0 o

(52)

To approximate the integral in (14), we make the following assumption. The
magnetic field rapidly expands from a single flux concentration until it meets the
field from the neighbouring flux sources. The expansion ceases at a height that
is related to the separation distance on the photosphere. Then the field becomes
uniform in the x direction until it approaches the other footpoint, where the reverse
process occurs. The uniform region means that the flux function can be replaced
by a function of z alone. Thus, A = A(z), B, = —dA/dz and B, = 0. Notice that
B, is now independent of x (and is actually a function of A) and so the integral
can be approximated by —H /(dA/0dz). Thus, the footpoint displacement can be
expressed as a function of A. This is similar to the approach used by Lothian and
Hood (1989) and Browning and Hood (1989) for the cylindrical case. Thus, the
footpoint displacement can be expressed as

_HB(4)

A =—"Ta/az

(15)

So the footpoint displacement is a fixed property of the field lines and is a known
function of the flux function, A. All that is necessary is to take the imposed footpoint
displacement, which is a function of z at the photosphere, and the flux function,
which is also a function of z, and express § as a function of A. Then,

3(A)dA
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Tolal pressure

Figure 14. A plot of P 4+ B%/2 as a function of z (in the direction across the current sheet) and
time for the simulation. This shows that the total pressure increases with time, while a near pressure
balance is maintained in the z direction for all times, just as predicted by the theory.

Since the field is straight, there is no magnetic tension and the equilibrium
reduces to constant magnetic pressure. Hence,

da\*
— | + B:(A) = constant. (17)
dz Y

Figure 14 shows a surface plot of P + B?/2 against z and time demonstrating
that the total pressure is indeed constant across the numerical domain. Since the
plasma B is small we can neglect the gas pressure and take B> constant (equal to
k?). The constant does increase with time as indicated in Figure 14.

Using the footpoint displacement calculated in (16) then (17) can be written as

2 2
(i—?) 1+(%> = k2. (18)

(18) is solved subject to the boundary conditions, consistent with the numerical
simulations,
A(L/2) =0, (19)
A(L) = ByoL/2. (20)
Note that the total flux is A(L) — A(0) = B,oL.
Figure 15 shows the footpoint displacement as a function of A. Since this is the

form of a step function we need to consider two regions of the domain, A < Bypa/2
and A > Bypa/2.
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Figure 15. The photospheric footpoint displacement as a function of A.

For A < B,pa/2 we have

dA\’
(_) (422 = &2, @21)
dz
where 6/H = v,t/H = A. Thus,
k
A= ———(z—L/)2). (22)
V14 A2 /
For A > B,a,
dA\?
— ) =i 23
() 3)
which gives
A=k(z—L/2)+ M, (24)

and since A(z = L) = B,oL/2 (the total flux) we have, M = B,gL/2 — kL /2.
Finally, continuity of A at the interface, i.e., at A = B,pa/2 where

Boav'1 4+ A2
i=Lpp4 202 T8 (25)
2k
gives
M = Bya(l — 1 +22))2 (26)
and
k = B+ on%(m T2 1) 27)

Hence, the total magnetic pressure is k>/2 and so,

2 2 2
li:%(w%(\/u”\z—l)) : (28)

2
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Finally this gives us

on(l n %(\/1 22— 1)(z —1/2)

A= Wiy , A < Bya)/2, (29)
A= Bx0<1 + %(\/1 +A2— 1)>(z —L/2)+ ong(l —V14212),
A > B,oa/2. (30)

We can now use this expression for the flux function to make predictions about
the simulation results.

We can predict that the current sheets are likely to occur in the region where
A = Byoa/2,ie., at

L/2tav1+ A2
Z: ,
2(1+4(1+22 - 1)

and will, therefore, move outwards as the shear increases in agreement with the
simulations. This shows that this simplified analytical model can reproduce some
of the physical behaviour demonstrated in the numerical simulation.

Furthermore, we can use the 1D model to predict how the magnetic field strength
should vary with time. The total field strength is given by k, and so by substituting
a=0.125,L =1, H =1, = Hvyt = 0.03¢ into k we can obtain an expression
for the field strength. In Figure 16 we have plotted the mean of B2 from the numerical
simulation at x = 0, y = 0 against time and have over-plotted k. It can be seen
that the two show good agreement. Thus, the 1D model gives a good prediction of
the behaviour of the magnetic field in time.

In the discussion above we assumed a uniform field and discontinuous velocity
which makes the velocity a discontinuous function of A (this is equivalent to taking
a discontinuous flux distribution and applying a continuous velocity which is how
the flux tube tectonics model is usually expressed). We have seen that this analytical
model is in good agreement with the numerical results. However, due to numerical
constraints we had to add a background axial field to the numerical simulations,
so we now consider the effect of a weak uniform background field to the initial
discrete flux sources. This gives a continuous flux distribution and removes the
photospheric null point. Consider a simple analytical model with the photospheric
velocity and flux function profiles given by

vy(0,0,2) =v,(2), A(0,0,z2) = A(),

(D

where Z stands for the distance in the z-direction at the photospheric surface.
Rearranging, these allows us to write

vy, = v,(A).
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Figure 16. A plot of the mean of B2 (solid curve) at x = 0, y = 0, for a driving velocity of —0.03,
against time with the analytical B2 from (27) (dashed curve) demonstrating the good agreement
between theory and numerics, note that a time r = 40 is equivalent to a displacement of 1.2.

As above, this velocity allows us to calculate the footpoint displacement and the
functional form of B,(A). Thus, the flux function, in the region where the field has
expanded and become independent in x, can be expressed as a function of z as

dA k

&z T+ GA/H?

Note that z is used to describe the distance at the coronal level and 7 the distance at
the photospheric surface. The flux function can be formally obtained by integrating
to give

(32)

L A
k@—5)=/\h+wmvmam
0
= / 1 V14 (5(2)/H)2dd—Azle,
L2

where A = A(Z;). To calculate the current in the corona, differentiate (32) with
respect to z to obtain

d’A k8(A) y ds y dA
dz2 ~ (1+8(A)/H)»3¥2H? ~ dA =~ dz’
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We use (32) to express dA /dz in terms of A. Now since § is known as a function
of Z, it is possible to rewrite
ds dé/dz
dA  dA/dz’

so that the coronal current is expressible as

’A k%8(A) ds 1

42 (1 + GA/HPRH?  dz " dAJdz

(33)

There are two possibilities for forming a current sheet in the corona, given by
the two terms d§/dZ and dA/dZ. Thus, either d§/dZ is infinite, corresponding to
a discontinuous photospheric velocity profile, or dA/dZ = 0, in which case the
photospheric magnetic field distribution is discontinuous. When neither of these
conditions is satisfied, the coronal current will reach a maximum value but will not
initially form a current sheet.

The value of the maximum coronal current depends on the flux and velocity
profiles chosen. As a simple illustration, consider

A(Z) = BoZ + g(erf(a(z —0.5)) + erf(a(Z — 0.2)) + erf(x(Z — 0.8))),
and
8(2) = A(tanh(d(z — 0.375)) — tanh(d(Z — 0.625))). (34)

a and d can be chosen to adjust the sharpness of both the flux and velocity profiles.
To compare with the results of our numerical simulation, we take o> = 350 and
d = 100. By is the strength of the uniform background field. Using the above
analysis, the maximum current is shown in Figure 17. Note that the maximum
current tends to infinity as By tends to zero.
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Figure 17. The maximum current from (33) is shown as a function of By, the background magnetic
field strength with d = 100 in (34) (left-hand side) and the maximum current is plotted against d for
By = 0.1 (right-hand side).
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3.3. RECONNECTION OR DIFFUSION?

As shown in Section 3.1 there is evidence in the numerical results of current sheet
formation along the QSLs. This suggests that with resistivity included in the exper-
iments some kind of energy release process, e.g., reconnection or diffusion, may
occur. We investigate this using two further experiments. The 256 simulation is
continued up to ¢t = 50¢4 (this is equivalent to a footpoint displacement of 1.5) using
the hyper-resistivity described in Nordlund and Galsgaard (1995). Also a second
experiment is carried out using a constant resistivity, 7 = 0.0005, again on a 256
grid. This allows us to investigate the effect of the form of the resistivity on the
results.

The first difference between the hyper-resistivity experiment and constant resis-
tivity experiment is that in the former the width of the current concentration is much
smaller — close to the grid resolution — than in the latter which contains many grid
points. In addition, the current grows more slowly and saturates at a much lower
value for the constant resistivity experiment as shown in Figure 18. In both cases
the magnetic field lines, in the central region of the advection flow, are advected
ideally with the imposed driving flow. In the hyper-resistivity case this behaviour is
followed almost out to the transition region between the two flow regions. This hap-
pens because the current concentration is kept to a minimum grid point resolution
all the time — allowing the current to grow nearly linearly with time as indicated by
the dashed line in Figure 18. In contrast to this, the constant resistivity case differs
in that it distributes the current over an increasing number of grid points with time
allowing only a near constant current value after a given shear distance to buildup.
Given enough time this process would saturate and a steady state due to a balance
between Joule dissipation and Poynting flux would be reached.

There is no sign of significant dynamic behaviour linked to fast magnetic re-
connection in the constant resistivity experiment, i.e., there is no indication of
super-Alfvénic flows, rapid changes in field line connectivity or fast energy
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Figure 18. Left: plot of maximum current against time for the hyper-resistivity experiment. Right:
plot of maximum current against time for the constant resistivity experiment. These show that the
current grows more slowly and saturates at a much lower value for the constant resistivity experiment.
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release. There is simple dissipation and smoothing of the current throughout the
experiment.

Initially in the hyper-resistivity experiment there is no sign of reconnection
taking place. For most of the experiment, the magnetic structures around the
current sheets evolve smoothly without any sign of rapid disruptions capable
of producing fast flow velocities. This changes at the very end of the experi-
ment when there are signs of fast dynamic evolution with indications of changes
in field line mapping and of disruption of the current sheets. This more “ex-
plosive” behaviour suggests that fast reconnection does occur at the end of the
hyper-resistivity experiment. It also raises the question of what triggered the re-
connection in the hyper-resistivity experiment. One possibility is the non-linear
development of the tearing mode instability. A simple estimate suggests that
the tearing mode may be triggered if L/a > 2w where L is the loop length
and a the thickness of the current concentration. Assuming that the loop has a
length given by the length of the box, 1.0, and since the current concentration
is a few gridpoints across (say 6—8) we would obtain a ratio of L/a = 32—
42 which is clearly above the threshold of 2w. However, this may be an over-
estimate. Therefore, a second estimate assumes that the effective length of the
sheet is between 1/3 and 1/4 of the domain size. This gives a value of 8—
10 that is close to the limit of 2m. These rough calculations suggest that the
tearing mode is a possible candidate for triggering reconnection for the hyper-
resistivity experiment. Since the current concentration is much wider in the con-
stant resistivity experiment, it suggests that L /a < 27 and, therefore, the tearing
mode would not be triggered for that form of resistivity within the experimental
run-time.

These results suggest that, in the case of constant resistivity at the present spa-
tial resolution and for the present run-time, there is only diffusion contributing to
the heating of the plasma. Only in the case where the constant resistivity is sig-
nificantly decreased, can the current buildup be fast enough to trigger a tearing
mode, with an associated fast dynamical evolution phase. For the hyper-resistivity
case both reconnection and diffusion occur although the reconnection only oc-
curs at the end of the experiment where the structure of the current sheet has
reached a state that initiates a tearing mode instability. This suggests that the na-
ture of the heating is dependent on the form of the resistivity (Roussev, Galsgaard,
and Judge, 2002) but in both cases some of the free magnetic energy, injected
through the boundary Poynting flux, is released in the coronal part of the loop.
This is verified by looking at the difference in the growth of the magnetic en-
ergy and the related Joule dissipation for the two experiments. It is found that
the constant resistivity case releases more magnetic energy through magnetic dis-
sipation than the hyper-resistive case. The form and amplitude of the magnetic
diffusion will therefore be of significant importance for both the plasma heat-
ing and the structure of the local magnetic field in which the diffusion takes
place.
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4. Conclusions

In this paper we have presented results for simple 3D numerical simulations based
on the recently proposed flux tube tectonics model for coronal heating. Priest,
Heyvaerts, and Title (2002) suggested that simple lateral motions of magnetic
flux fragments in the photosphere drive the formation and dissipation of currents
along the separatrix surfaces in the corona. Each coronal loop will connect to the
photosphere in different flux elements and separatrix surfaces will form between
the fingers connecting a loop to the surface and between individual loops. Simple
motions of the flux fragments will then drive the formation of current sheets at these
separatrix surfaces and will drive reconnection.

We have used a 3D MHD code (Nordlund and Galsgaard, 1995) which is 6th
order accurate in space and 3rd order accurate in time to investigate this heating
mechanism. We have placed 4 equal flux patches on the top and bottom of the
numerical domain and constructed the potential field connecting them. In addition
we have included a small background axial field throughout the domain. Due to this
background field there are no separatrices but instead there are quasi-separatrix lay-
ers which separate the regions of connectivity. We drive two of the flux patches on
the base between the other two and since we are using periodic boundary conditions
when they pass out of one end of the numerical box they enter at the other allowing
us to simulate a much larger array of sources. We run the code on three different
resolutions up to t = 15.7¢4 and one run with slower driving velocity for compari-
son. Finally two high resolution runs are made to investigate the dependence of the
results on the from of magnetic resistivity. We also compare the numerical results
to some analytical predictions.

We find that concentrations of current build up as the configuration evolves.
If we test the scaling of the current with grid resolution for the hyper-resistivity
setup we find that it scales almost linearly which suggests current sheet formation.
Driving at a slower speed has no significant effect on the current sheet formation.
We find that the current is very thin and localised which is another indication of
current sheet formation. Finally B, and B, can be seen to jump in value through
the current sheet as would be expected. A close investigation of the current sheets
reveals that they move outwards as the simulation progresses. This can, in fact, be
predicted using a 1.5D model, as can that fact that the configuration remains in near
pressure balance.

Since we obtain current sheets and we include resistivity we would expect
some type of magnetic energy release to take place and we do find indications
that it does so. To investigate this we carry out two experiments, one with hy-
per resistivity and one with constant resistivity. We find evidence of reconnection
at the end of the hyper-resistivity experiment: dynamic evolution, disruption of
the current sheet, significant changes in field line connectivity. However, there is
no indication of such “explosive” energy release for the constant resistivity ex-
periment. This suggests that the form of the resistivity affects the nature of the
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energy release (Roussev, Galsgaard and Judge, 2002): diffusion and reconnection
occur for the hyper-resistivity experiment, diffusion alone releases the energy in
the constant resistivity experiment. One possible trigger for the reconnection in the
hyper-resistivity experiment is the tearing mode instability.

However, whether the energy is released due to reconnection or diffusion it
will heat the plasma. How much heating is produced in this scenario and how it
compares with observations will be investigated in detail in the future.

To summarise the conclusions:

— It appears that simple lateral motions applied to a non-uniform magnetic field
configuration can lead to a build-up of current.

— The current concentrations have features which are indicative of current sheet
formation.

— The location of the current concentrations moves outwards in the course of
the simulation as predicted by 1.5D analytical theory to maintain a pressure
balance in the system.

— In the hyper-resistivity experiment both diffusion and reconnection (possibly
triggered by the tearing mode instability) occur. For the constant resistivity
experiment only diffusion occurs. This suggests that the flux tube tectonics
model can lead to heating of the plasma, but that the form of the heating
may depend on the structure of the resistivity (Roussev, Galsgaard and Judge,
2002).

— It seems, from these simple numerical simulations, that some amount of heat-
ing can be produced by this model.
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