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ABSTRACT

Numerical simulations of a two-dimensional section of a coronal loop subject to random magnetic forcing are
presented. The forcing models the link between photospheric motions and energy injection in the corona. The results
show the highly intermittent spatial distribution of current concentrations generated by the coupling between internal
dynamics and external forcing. The total power dissipation is a rapidly varying function of time, with sizable jumps even
at low Reynolds numbers, and is caused by the superposition of magnetic dissipation in a number of localized current
sheets. Both spatial and temporal intermittency increase with the Reynolds number, suggesting that the turbulent
nature of the corona can physically motivate statistical theories of solar activity.

Subject headings: MHD — Sun: flares — turbulence

1. INTRODUCTION

Solar coronal activity is powered by photospheric motions.
There is more than enough energy to supply total coronal
losses, the main questions being how the energy is deposited
and why there are such drastically different signatures of its
dissipation (reflected in the large variety of activity manifes-
tations of different energetical importance ranging from heat-
ing to large flares). To sustain a large active region, we need a
power W ~ 10% ergs s'. A large flare occurring in the same
region gives off ~10* ergs on a typical timescale of a few
minutes, profoundly affecting the energetics. The measured
distribution of flare numbers as a function of energy and
duration might be considered as evidence of the highly inter-
mittent nature of coronal magnetohydrodynamic (MHD) tur-
bulence, both in time and in space, which any realistic theory
concerning active regions must take into account.

The properties of coronal turbulence, i.e., the way the
energy can be stored in the magnetic field and then dissipated,
are very difficult to model. In an active region modeled as a
cube of side L = 10" cm, the large-scale magnetic Reynolds
number for a field of 50 G, density ~10° cm >, and tempera-
ture ~2 X 10® K is S ~ 10", Assuming a homogeneous and
stationary coronal turbulence, the Taylor microscale, defined
as the energetically weighted average length over the entire
inertial range, is A ~ S"?L ~ 3 X 10* cm and is independent
of the precise power-law spectrum provided the energy de-
creases with scale (Einaudi & Velli 1994). The dissipative
scale, at which the dissipation timescale equals the nonlinear
time (i.e., the timescale for the cascade toward small scales to
occur), depends on the spectrum, I ~ S~**L ~ 20 cm, adopting
the Kraichnan (1965) description of MHD turbulence. These
numbers are indicative and represent orders of magnitude, but
there is no doubt that in order to explain solar activity in terms
of dissipation of magnetic energy on timescales of seconds or
less, the field contributing to the free energy must be struc-
tured over spatial scales of the order of 1 m or less, where the
local Reynolds number is of order unity. As a result, the local
release of magnetic energy occurs on the dynamical timescale
and is concentrated inside current sheets which are continu-
ously formed and dissipated throughout the system. Numerical
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simulations (in two-dimensions) appear to demonstrate that
current sheets typically form with a thickness of the order of
the dissipative scale /, and width of the order of the Taylor
microscale A (Biskamp & Welter 1989; Diamond & Biskamp
1990). The three-dimensional simulations performed by Mikic,
Schnack, & Van Hoven (1989), Strauss (1993), and Longcope
& Sudan (1994) show that when a mean large-scale field is
assumed in the third direction, it dominates the dynamics in
this direction and the perpendicular dynamics is very similar to
the two-dimensional case. Such simulations, however, have too
low resolution and have been performed for too short times to
give reliable information about the long-term response of the
corona to the stresses induced by the photospheric motions,
whereas the two-dimensional case is obviously less costly.

Here we present some preliminary results of a number of
numerical simulations of a two-dimensional section of a
coronal loop, subject to random magnetic forcing. The forcing
models the link between photospheric motions and energy
injection in the corona. Because of the two-dimensional nature
of the simulations, it is possible to study the time behavior of
the total dissipated power as a function of the dissipative
coefficients for times that are long compared to the typical
dynamical times of the system and to verify how long it takes
for a statistically stationary state to be achieved.

2. A MODEL SIMULATION

Consider a section of a coronal loop threaded by a strong
and nowhere vanishing axial magnetic field B, whose feet are
subject to photospheric random motions. Boundary distur-
bances propagate along the mean field B, with the associated
Alfvén velocity and give rise to perpendicular magnetic and
velocity fields b, and v,. In the limit of a large loop aspect
ratio, one may follow the evolution by using the reduced MHD
equations (Strauss 1976):

d 1
p( ;’tl +vl-VvL)=—Vl<p+§b2l>

b
+b,-Vb, +B, a—; +oViv, (1)

b,
ot

9
"; +0V2h,. (2)

=b,-Vvo, —v, -Vb, +B, 5

© American Astronomical Society « Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1996ApJ...457L.113E

L114 EINAUDI ET AL.

These equations are valid for a plasma with small ratio of
kinetic to magnetic pressures, in the limit of a small ratio of
poloidal to axial field b, /B, = I/L, where L/l >> 1 is the loop
aspect ratio; consequently, the typical velocities are also
sub-Alfvénic. The fields v, and b, depend on the axial
z-coordinate, though their nonlinear interaction proceeds in-
dependently on different constant z surfaces across the loop.
Communication across planes is provided by long-wavelength
A =~ L Alfvén waves, which ultimately represent the propaga-
tion of energy by photospheric boundary motions. To perform
moderate- to high-resolution simulations of the system, we
focus on dynamics in a given plane. The terms involving the
large-scale axial field thus become unknown random forcing
functions, which we must choose in a way consistent with our
present understanding of boundary photospheric motions.
Thus, we write By(dv,/0z) = F,.(x, y, t), By(db,/0z) = F,(x, y,
t), where F,, and F, are our external forcing functions. In the
three-dimensional case, on the other hand, one only imposes
v, (i.e., F,), on the two photospheric boundary planes. As
three-dimensional simulations show that the rms velocity fields
remain consistently much smaller than the magnetic fields
(i.e., the free energy in the corona is essentially magnetic), we
choose to put F, = 0 in our two-dimensional version.

By introducing the vector potential and the stream function,
we can transform the two-dimensional MHD equations in two
equations for the vector potential and the Laplacian of the
stream function (or —w, where o is the vorticity). In such
equations, the forcing term can be written in the form
V X f.e, = F,. The function f,, has a spatial structure which is
confined to fairly large scales, so as not to force small-scale
dynamics and at the same time to leave some freedom at the
larger scales for coherent magnetic structures to emerge via
inverse cascade (see, e.g., Politano, Pouquet, & Sulem 1989).
In the temporal structure, an “eddy” turnover time ¢* appears
as follows:

fm = Ai(x, y) sin? (mt/2t*) + A,(x, y) sin® (mt/2t* + 7/2),
where

Ai = Ea'nm Sin (knx + kmy + (#nm)‘

nm

The k values are chosen in such a way that 3 < (k2 + k2)"* < 4.
Every t*, the a.,,, and the ¢}, are randomly changed alternately
for eddy 1 and eddy 2. The nondimensional spatial rms value of
fm is ~1; this fixes our physical units in terms of the large-scale
field B, (in velocity units), the typical photospheric velocity vy,
the loop length and the aspect ratio. Calling by, /,, and T our
magnetic field, length, and time units, respectively, we have
1~ <fm > ~B0/b0 vphT/L, or

lJ_Uph 1/2 B lJ_
b() BO(LBO , T _BO .

For an aspect ratio of 10 and ratio of photospheric velocity to
coronal Alfvén speed of about 1/1000, we obtain b,/B, =~ 0.01
and 72100 s. We have performed simulations with varying
resolutions of 64 X 64, 128 X 128, and 256 X 256 for times
from 0 to 550 (i.e., slightly more than 15 hr of real coronal
time). The values of resistivity and viscosity are adapted to the
grid, so that dissipation coefficients are decreased with increas-
ing resolution. Figure 1 shows the behavior of the spatial
average of the current dissipation (nJ?) as a function of time
for the three different runs. In Table 1 the relevant parameters
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of each run are summarized along with the corresponding
results as average dissipated energy, average magnetic and
kinetic energy, and ratio of vorticity to current. In Figure 2
(Plate L6) the vector potential contour lines (above) and the
current as a function of position (below) for the high-resolu-
tion run at time 496 are shown.

The main results of the simulations can be summarized as
follows:

1. The average as well as the maximum dissipation in-
creases with resolution. In passing from a resolution of 64 to
128, there is both a qualitative and a quantitative change in the
power dissipation profiles, while in going from 128 to 256 the
change is only quantitative: the peaks are similar, though the
average at 256 is slightly greater.

2. The ratio of peak to average dissipation also increases
with resolution.

3. Input power variations are of the same order of magni-
tude as the dissipation and occur on the same timescale.

4. The dissipation is concentrated in very localized current
sheets separating large-scale magnetic loops (islands in two
dimensions).

5. The lifetime of a single current sheet is of the order of
the dynamical timescale, and the Reynolds number calculated
on the length scale of the current sheets is of the order of 1.

6. The kinetic energy is practically negligible everywhere
except in the vicinity of the current sheets, from which
quadrupole velocity jets emerge. These jets become locally
super-Alfvénic in the higher resolution runs.

7. The global field structure is dominated by an inverse
cascade of the vector potential so that, although the forcing
contains three to four randomly oriented eddies, the magnetic
structures align coherently along any one axis of the numerical
domain.

8. Only one timescale appears in the evolution, namely, the
dynamical Alfvén time which is faster than our time unit (100
s) by a factor approximately 10, while in the coronal response
there is no trace of the forcing time *.

9. With increasing resolution, time stationarity is harder to
achieve: at resolution of 256, the “flare” at ¢t ~ 500 still has a
significant impact on the average power dissipated.

3. CONCLUSION

We now discuss the implications of these results on the
physics of solar active regions. We have given strong argu-
ments in favor of the fact that the coronal magnetic field
subject to smooth, random photospheric flows has the ten-
dency to organize itself in a relatively few large scale tubes
separated by narrow current sheets. The idea that photo-
spheric motions induce the formation of current sheets in the
corona by displacing the magnetic field line footpoints has
been proposed and studied in several ways in the past (Gold
1964; Parker 1972, 1983, 1988, 1991; Sturrock & Uchida 1981;
Van Ballegooijen 1986; Mikic et al. 1989; Berger 1991; Chiu-
deri 1993; Einaudi & Velli 1994; Longcope & Sudan 1994).

We believe that our simulations can contribute toward
clarifying a number of points which are unclear or controver-
sial. The ratio of the rms b, produced by photospheric
motions to the strong axial field B, is much less than 1 and is
also smaller than the aspect ratio, so that the approximations
leading to our model seem valid. We can evaluate the angle
between the rms b, and the axial field by using the data
reported in Table 1. It results that the angle increases with
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FiG. 2.—Spatial current distribution and vector potential contour lines (i.e., magnetic field lines) for n = 256 and time ¢ = 496.
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FI1G. 1.—Magnetic power dissipation as a function of time for the three runs. Top, n = 256; middle, n = 128; bottom, n = 64.

resolution and is 6 = 4274 at 256 X 256, well below the angle
hypothesized by Parker.

The fact that the input power produced by the forcing is
extremely variable in time is due to the fact that
P,=b,-V X f,e,. This means that although the forcing
varies on a timescale much longer than the coronal dynamical
time, the study of the reactions of the corona to photospheric
stresses through the stationary MHD ideal equations implies
an average over many coronal dynamical times. As a result, all
the details are lost; in particular, the rise and disruption of

TABLE 1

SIMULATION PARAMETERS

Resolution n, v E, E, P, PP,
64X 64 oottt 0.025 435 105 2.65 0.52
128 X 128.ciiiiiiiiiiiiieeanaens 0.01 125 1.05 3.16 0.33

256 X 256, . ciiiiiiiiiiiiiiias 0.004 344 095 3.54 0.26

many current sheets are “collapsed” in a single current sheet,
the one hypothesized by Parker. The fact that the rms angle
defined above is found to be smaller than in the case of Parker
is a consequence of the differences between the two models.
Here, in contrast to Parker, there is no straightforward
relation between the average angle and the dissipation (the
rate at which stress develops is an additional dynamical
parameter and depends both on the forcing and on the
instantaneous field configuration); what really matters in our
model is the maximum 6 in the region. The maximum value at
a given time is reached around the strongest current sheet. For
the “flare” occurring at ¢ =500 in the highest resolution
simulation, its value is about 20°, while during more quiescent
periods it is about 9°. These maximum values are not much
greater than those observed at a resolution of 128 X 128
(which are 20% smaller) and are presumably not far from their
“asymptotic” values, since they are quite different from the
ones observed at a resolution 64 X 64: resolution of 64 X 64 in
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the perpendicular plane is not sufficient to describe the
features of a high Reynolds number system such as the corona,
since the dynamics at that resolution is dominated by resistivity
and viscosity, while at 256 X 256 we begin to be in a more
appropriate regime. Hence, all the scalings obtained at lower
perpendicular resolution should be taken with some skepti-
cism.

We have tried to investigate a possible link between our
results and self-organized criticality or avalanche models. In
these models (Lu & Hamilton 1991; Lu et al. 1993; Vlahos et
al. 1995). The fundamental ingredient is the non-Gaussianity
of the response to a Gaussian forcing which results from the
locality of the instability criterion and of the relaxation pro-
cess. A statistical analysis of the data resulting from our
simulations at 256 X 256 resolution shows evidence of inter-
mittent behavior both in time and space, which means the
existence of a non-Gaussian tail in the distribution of the
current around its mean (spatial or temporal) value. A de-
tailed discussion of such analysis will be presented in a
subsequent paper, because in the present data sets only one
“flare” occurs, and therefore we need to integrate our equa-
tions for several (real time) days to be able to produce a
reliable distribution of event energy release. On the other
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hand, the time history of the local current sheet can be affected
by some explosive phenomenon, such as reconnective instabil-
ities which are known to occur in decaying MHD turbulence,
and by waves propagating from other dissipating regions in the
system. It is impossible at this stage to define simple rules for
this behavior that are amenable to the discrete avalanche
models discussed above and to give a physical meaning to an
elementary event.

It must also be noted that if, as probable, local electric fields
inside current sheets are bigger than the Dreicer field, leading
to runaway distribution functions, the MHD approximation
fails and the study of the final stage of the build up of the
current sheets and their disruption must be performed within
the framework of kinetic theory. From a large-scale point of
view, the “effective” Reynolds number in the corona due to
such kinetic effects could be much smaller than the one
derived using classical Spitzer resistivity.

Computations reported in this paper were performed on the
Cray of IDRIS (France). This work has received partial
financial support from EEC contract ERBCHRXCT930410
and from GdR THEMIS (CNRS).
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