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Plasma is a typical example of complex systems where the state becomes easily far from
"equilibrium and highly nonlinear, namely, a medium of complexity. Sato and his colleagues
have been studying “Self-Organization” in plasmas by means of computer simulation from
a viewpoint of “Science of Complexity”. They have clarified various examples of self-
organization, from micro-scale(on a particle scale) to macro-scale(on a fluid scale), and
proposed a general scenario of self-organization.

In this-scenario, the free energy which is deposited, instantaneously or continuously,
in a system drives a structural instability. As the structural deformation develops due to
the structural instabiliﬁy, the energy exchange occurs between the magnetic energy, kinetic
energy, and thermal energy, and simultaneously the enhanced entropy production is made
through the nonlinear process, forming an ordered structure in the system. Finally, the
ordered structure is maintained by expulsion of the unnecessary entropy. When the excess
free energy is stored in the system, or the free energy is injected continuously into the
system, the structural instability is again triggered to form the other ordered structure.

There are three key elements which play important roles in this scenario of the self-
organization:

i) Nonlinearity of the system,
ii) Information (energy) input into the system,
iii) Entropy expulsion from the system.

The previous simulation studies have discussed that when a system is instantaneously
pumped up to a higher energy state (instantaneous energy input), the system relaxes
stepwise toward a minimum energy state and stays in that state for a long time, unless
any additional energy supply is provided. In contrast, when it is continuously and directly
fed from an energy source (continuous energy input), the system exhibits an intermittent
or recurrsive excursion over local maxima and minima of energy state.

As for the example of the former case (instantaneous energy input case), Horiuchi et al.
showed the relaxation and resultant self-organization of the magnetohydrodynamic (MHD)
plasma. In this study, the magnetic field whose configuration is initially set in an unstable
equilibrium state ( in a high energy state ) drives a kink instability and is relaxing stepwise
towards a simpler configuration in the minimum energy state, making a nonlinear driven
reconnection with each other. The resultant ordered structure of the magnetic field in a
force-free equilibrium state is maintained.

Regarding the latter case, Amo et al. made the simulation study of the twisted magnetic
flux tubes. They showed that when continuously twisted, a magnetic flux tube suffers a knot-
of-tension instability, and undergoes rapid reconnection with untwisted field lines, whereby
a burst energy release takes place intermittently. The twisted flux tubes reconnect with one
another again to return to the original structure, and the whole process is repeated.

The purpose of this work is, as an extension of the self-organization study, to construct
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a nonlinear simulation model in which the energy input time and the dynamic response
time of the system are changeable, and to examine the general scenario of self-organization
proposed by Sato et al., specifically from a view point of the relationship between the energy
input into the system and the nonlinearity of the system. |

To satisfy this purpose, developed has been a nonlinear simulation model in which a
viscous membrane is devised between a steady energy source and an unstable feedback
system, and both the time-scales of the energy input to the system and the dynamic response
of the system are controllable. Using this model, it is examined how the stability and
structure formation of the nonlinear system are controlled by the membrane that is able to
adjust the inflow and outflow between the energy source and the feedback unstable system.

As for the feedback system a dissipation-free magnetohydrodynamic plasma coupled
with a resistive weakly-ionized plasma is employed, which is based on the ionosphere-
magnetosphere coupling model for the quiet auroral arc formation. That is, the Alfven
wave driven by the convection energy in the magnetospheric equatorial plane propagates to
the ionosphere, accompanying the field-aligned current. The Alfven wave excites the density
wave in the ionosphere and propagate back to the magnetosphere. Thus, the feedback system
is established through the coupling of the Alfven wave of the magnetosphere and the density
wave of the ionosphere, and a feedback instability is realized.

The simulation model consists of three regioﬁs. The upper one is a thin viscous region
(membrane) that converts the external convection flow energy into the system. The energy
input rate to the system can be controlled by changing the viscosity. In the limit of the
infinite viscosity, the viscous membrane acts as a fixed energy input source.

The bottom region is a thin dissipative layer where the energy converted into the
system is dissipated as the Joule loss. The intermediate region is filled with an ideal
magnetohydrodynamic plasma where a uniform magnetic field is immersed perpendicularly
to both the viscous membrane and the dissipative region. Thus, Alfven waves carry information
along the field lines between the viscous membrane and the dissipative layer. The dynamic
response time of the system may thus be represented by the Alfven transit time.

The viscous membrane dynamics is described by the viscous MHD equations, where the
plasma mass density and plasma temperature are assumed to be constant in time and discard
the contribution of compressional modes. For the non-dissipative region, MHD equations
without viscosity are solved.

In the dissipative region (thin layer), the current consists of only the collisional currents
that flow perpendicularly to the magnetic field, namely, Pedersen and Hall currents. The
field-aligned current carried by the Alfven wave is converted into these collisional currents
in the dissipative layer to satisfy the current closure condition. The blasma density in the
dissipative region is determined by the density continuity equation in which the effects due
to the field-aligned current and recombination are taken into account.

At the outer boundary of the viscous membrane, a steady twin-vortex flow is imposed as a

driving source. Then, the twin-vortex flow excites an Alfven perturbation which propagates
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through the non-dissipative region towards the dissipative slab along the field lines. When
the Alfven perturbation arrives at the dissipative slab, the field-aligned current carried by
the Alfven perturbation excites a closure perpendicular current and an electric field. The
boundary electric field reflects back to the viscous membrane through the non-dissipative
region. The reflection rate is determined by the ratio of the resistance of the dissipative
region to the characteristic impedance of the non-dissipative region.

The simulation results show that there are two time-scales for the energy input, i.e., the
time-scales for the dc and ac energy input. The dc energy input time-scale is determined by
the thickness of the viscous plasma region and balances with the energy dissipation in the
dissipative plasma region. The ac energy input time-scale, on the other hand, is determined
by the wave length of the Alfven wave propagating through the non-dissipative region. Since
the wave length of the Alfven wave is much larger than the thickness of the viscous region,
the ac time-scale is much longer than the dc one.

Because of this character of the membrane, the thin viscous boundary layer (membrane)
acts as a high-pass filter that can play a role of a fixed boundary for the dc component but
a free boundary for the ac component. As a result, when the ac energy input rate becomes
relatively small, the membrane acts to release the fluctuation energy (ac) from the system.
In other words, the positive feedback effect for the fluctuation is weakened and the structure
formation is prevented as the ratio of the dynamic response time to the ac energy input
time becomes below a certain critical value, while an ordered structure formation is realized
when the ratio becomes greater than or comparable to the critical value. Thus, branching
for the structure formation is essentially determined by the ratio of those time-scales.

It is also found that the viscous membrane plays another important role in self-organization,
namely, that as the structure formation is highly progressed, the dc energy input rate is
autonomously adjusted so as to keep the developed structure in a steady form. This feature
makes a marked difference from that of the previous studies on self-organization where the
structure formation occurs intermittently. In the previous work of Amo et. al., for example,
they treated the case where the external twisting force of the magnetic field lines is directly
imposed on the system, hence, the twisting rate is constant in time and independent of
the state of the system. Because of this constant twisting, the deposited free energy in the
highly nonlinear system is released intermittently and the structure is also intermittently
changed. In contrast, the simulation model shown here demonstrates that the existence
of an adjustable membrane can control the energy input autonomously so as to keep the
obtained structure in a steady state. Namely, the existence of the viscous membrane for
the energy input, which is quite natural in the actual plasmas, play a crucial role in the

structure formation and its maintenance in the system.
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