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Abstract

A self-organization process of a magnetohydrodynamic(MHD) plasma with a

finite thermal conductivity is investigated by means of a three-dimensional MHD

simulation. With no thermal conduction an MHD system self-organizes to a non-

Taylor's state in which the electric current perpendicular to the magnetic field re-

mains comparable to the parallel electric current. In the presence of thermal con-

ductivity the perpendicular component of electric current and the nonuniformity of

thermal pressure generated by driven reconnection tend to be smoothened. Thus,

the self-organized state approaches to a force-free minimum energy state under

the influence of thermal conduction. Detailed energy conversion processes are also

studied to find that the rapid decay of magnetic energy during the self-organization

process is caused not only through the ohmic heating, but also through the work

done by the j x B force.
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In our recent paperfl], it is disclosed that the Taylor's force-free minimum energy

stat<?[2-4] is only approximately realized in energy relaxation process of a magnetohydro-

dynamic (MHD) plasma. In general, an MHD plasma relaxes towards a force-balanced

minimum energy state where the thermal energy (pressure) distribution exhibits a struc-

ture similar to the Taylor's magnetic structure. The process is as follows. The driven

magnetic reconnection process produces an extremely heated plasma in the vicinity of a

reconnection point. The locally heated plasma modifies the magnetic field through the

pressure gradient force. Consequently, the perpendicular electric current is generated so as

to balance with the pressure gradient force. The new self-organized state of a finite pres-

sure MHD plasma is an MHD equilibrium j x B = Vp, instead of the Taylor's force-free

minimum energy state.

The thermal conduction, especially perpendicular to the magnetic field, smoothes out

the peaked pressure profile produced by driven magnetic reconnection. Therefore, the

self-organized state is expected to approach to a force-free profile in accordance with

increase of thermal conductivity. In the present paper, we carry out a three-dimensional

simulation for a resistive MHD plasma with a finite thermal conductivity but with no

viscosity and clarify the effect of thermal conduction on the self-organization process by

comparing with the simulation results for a zero thermal conductivity case. We also touch
' i

on the details of the energy conversion processes in the self-organization process.

The simulation model is the same as the one used in the previous paper[l], expect for

addition of a thermal conduction term for the pressure equation, i.e., K,V2p. The initial

condition and the boundary condition are also the same as the previous case ( Lt/Lp = 5

)[1, 5].

Three simulation runs with different thermal conductivities are carried out. The sim-

ulation parameters are listed in Table 1. In the following discussion, we examine the

simulation result for Case A in Table 1 unless otherwise stated.



Iii our previous paperfl], two important characteristics of the self-organization of an

MHD plasma have been clarified by a three-dimensional MHD simulation study, namely,

(1) selective decay of magnetic energy, and (2) critical slowing-down of the dissipation of

magnetic helicity. Figure 1 shows the temporal evolutions of the total magnetic energy

W, the total magnetic helicity A" and their ratio W/K, where W and A* are normalized by

their initial values and the time is normalized by the Alfven transit time i^. The behavior

of the ratio W/K illustrates that there exist two relaxation phases in the temporal evo-

lution, i.e., the first relaxation phase ( 18i^ < t < 2 5 ^ ) and the second relaxation phase

( 36£..i < t < 44^ )• The magnetic energy decays rapidly in the relaxation phases in the

time scale comparable to the Alfven transit time. In contrast to the stepwise relaxation

of magnetic energy, the magnetic helicity exhibits explicitly the stepwise slowing-down in

liiG dissipation rate in accordance with the stepwise drop of magnetic energy.

As we have already explained in the previous paper[l], the critical slowing-down of the

dissipation of magnetic helicity is due to the formation of a negatively peaked profile of

j • B at a reconnection point as a result of driven magnetic reconnection. (Note that the

relation j • B > 0 holds everywhere in the initial profile.) On the other hand, the peaked

reconnection current causes rapid decay of magnetic energy. Figure 2 shows the temporal
t

evolutions of the total energy decay DMW + DOH and the helicity dissipation DK, where

DMW = / v • (j x B)d3x, DOH = r?/j • jd3x and DK = rjj (j • B)d3x. The rapid.increase

of Dmv + DOH and the stepwise decrease of DK are obviously explainable of the stepwise

decrease of magnetic energy and the slowing-down of magnetic helicity decay rate.

We shall now investigate the detailed processes of the conversion rates of magnetic

energy. Fig.3 shows the temporal changes of DOH and DMW. In the initial phase (

0 < t < 18tA ) , DOH decreases linealy, but DM\v is negligibly small because the helical

kink mode is much smaller than the initial equilibrium field and hence the force-free

relation approximately holds. However, The energy conversion rates, Don and DM



increase drastically as soon as the first and second relaxations set in. These drastic

phenomena correspond to the rapid decays of magnetic energy in the first and second

relaxation phases(see Fig.l). It is worthy to note in Fig.3 that the work done by magnetic

force becomes comparable to the ohmic heating in the first relaxation phase. Interestingly,

it is observed that the backward conversion from the kinetic energy to the magnetic energy

takes place in the subsequent phase of the fast decay(JDJv/vv < 0), i.e., the dynamo action.

These observations indicate that the rapid decay of magnetic energy in the relaxation

phases is a combination of the fast ohmic heating and the work done by the magnetic

force j x B , In Fig.3 we also plot the conversion rate from the kinetic to thermal energy

DTW, where DTW = / v • Vpd?x. It is seen that this conversion is not so dominant as

DMW and DOH-

Then, we shall investigate the effect of thermal conductivity on the self-organization

process. It is likely that a self-organized state approaches to a Taylor's force-free state

in the presence of a large thermal conductivity, because the thermal conductivity acts to

remove the pressure nonuniformity. Figure 4 shows the temporal evolutions of the total

magnetic energy and helicity for three different thermal conductivities, namely, for Cases

A, B and C (see Table 1). The onset time of magnetic reconnection becomes shorter as the

thermal conductivity increases. This is because thermal conductivity acts to smoothen

the pressure profile and break the balance between the thermal and magnetic forces, thus

the growth of the helical kink mode is quickened.

Figure 5 shows the temporal evolutions of the nonunifomity index of the pressure

distribution, which is defined by

1/2

p I <p>2 J (1)

for the cases of three different thermal conductivities, where < / (x) > stands for the

average of /(x) over the whole volume. The pressure nonuniformity 6p in the initial phase

becomes smaller as the thermal conductivity increases. As soon as the first relaxation
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ence of thermal conduction by means of a three-dimensional simulation. For the case

of zero thermal conductivity, the system relaxes to a self-organized state in which the

diamagnetic component remains comparable to the force-free component in the electric

current. It is found that the diamagnetic component or equivalently the pressure gradient

disappears gradually in accordance with the increase of thermal conductivity, namely, the

self-organized state of an MHD plasma approches to a Taylor's force-free state under the

influence of thermal conduction.

It is also found that the role of kinetic energy is important in considering the dy-

namical process of self-organization, although it is much smaller than the magnetic and

thermal energy. The plasma flow created by the helical kink instability modifes the equi-

librium profile and leads to the formation of peaked reconnection current. The enhanced

reconnection current plays an important role in the rapid conversion of magnetic energy

through two physical processes. The first one is the conversion process of magnetic energy

to thermal energy through the enhanced ohmic heating and the second is the conversion

process of magnetic energy to kinetic energy through the work done by the magnetic

force, namely, plasma acceleration. The present study has demonstrated that the energy

conversion through the work done by the magnetic force is imporatant to explain the fast

decay of magnetic energy. It is observed that the kinetic energy generated in the relax-

ation phase is partly returned to magnetic energy(dynamo process) and partly converted

into thermal energy by compressional heating. Thus, the kinetic energy decreases to a

negligibly low level at the self-organized state.

In the present study we have ignored the effect of viscosity. This process is under

investigation.



sets in, dp suddenly increases. The peak value of the pressure nonuniformity is inversely

proportional to the thermal conductivity. The system relaxes into a self-organized state

after the second relaxation phase. The pressure nonuniformity at the self-organized state

remains finite but its value becomes smaller as the thermal conductivity increases. The

beta value of the nonuniformity of the thermal pressure A/? at the self-organized state

is listed in Table 2, where A/3 is defined by A/3 = 2^< {p- <p>)2>/ < B 2 >. It is

clear in Table 2 that the beta value of the pressure nonuniformity disappears gradually as

the thermal conductivity increases. It should be noted that a visible spatial structure of

the thermal pressure, shown in Fig.6, remains at the self-organized state even for a large

thermal conductivity case, although the nonuniformity of thermal pressure is much smaller

than the magnetic pressure(A/? = 0.057 <C 1). It should be noted that the structure of

thermal pressure is very similar to that of magnetic field.

According to the self-organization theory of pressureless plasma, the self-organized

state is force-free. This implies that the perpendicular electric current vanishes at the

self-organized state. We plot the temporal evolutions of the force-free (parallel) and

diamagnetic (perpendicular) currents in Fig.7 for three different thermal conductivities,

where /„ = < |j|,|/jj| >, JL = < | jx | / | j | >, j|i = (j • B)B/(B • B), and j x = j - j , , . From

this figure one can evidently see that the perpendicular component increases rapidly in

accordance with the growth of the ideal kink instability in the first relaxation phase. It

increases again in the second relaxation phase and reaches a maximum value. We can see

from Fig.7 that the perpendicular electric current at self-organized state is comparable to

the parallel component for the zero thermal conductivity case (Case A) and it decreases as

the thermal conductivity increases. These results lead us to the conclusion that the system

relaxes to a self-organization state close to a Taylor's force-free state in the presence of

large thermal conductivity.

We have investigated the self-organization process of an MHD plasma in the pres-
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Table 1. Simulation parameters

Case

A

B

C

a

58.3

58.3

58.3

LL
Lp

5

5

5

0

0.6

0.6

0.6

i]

2 x 10~4

2 x 10~4

2 x iO"4

K

0.0

10~3

5 x 10~3

Table 2. Beta values at self-organized state

Case

A

B

C

K

0.0

lO"3

5 x 10"3

A/?

0.12

0.08

0.057



Figure Captions

Figure. 1 Temporal evolutions of the total magnetic energy W ( dot-dashed line ), the

total magnetic helicity K (solid line ) and Wf /^(dotted line) for case A, where both the

energy and the helicity are normalized by their initial values.

Figure.2 Temporal evolutions of the energy decay, DMW + Do#(solid line) and the

helicity dissipation, DK(dot-dashed line) for case A, where both DMW + DOH and DK

are normalized by their initial values.

Figure.3 Temporal evolutions of the ohmic heating DOH (solid line), the work done by

magnetic force DMw (dashed line ) and the work done by thermal force DTw (dot-dashed

line) for the same case as Fig.l.

Figure.4 Temporal evolutions of magnetic energy and helicity for Cases A (solid line),

Case B (dotted line) and Case C (dot-dashed line).

Figure.5 Temporal evolutions of the pressure nonuniformity 6p for the same cases as

Fig.5.

Figure.6 A three-dimensional display of the isosurfaces of the toroidal magnetic field

and the pressure at t = 70.55£A for Case C.

Figure.7 Temporal envolutions of the normalized parallel component J\\ and the nor-

malized perpendicular component J± of the electric current for the same cases as Fig.5,

where J\\ =< | j | , | / | j | > and JL = < | j x | / | j | >.
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