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Abstract

Compressible magnetohydrodynamic simulation is carried out in order to
investigate energy relaxation process of the driven magnetic reconnection
in an open finite system through a long time calculation. It is found that
a very impulsive energy release occurs in an intermittent fashion through
magnetic reconnection for a continuous magnetic flux injection on the
boundary. In the impulsive phase, the reconnection rate is remarkably

enhanced up to more than ten times of the driving rate on the boundary.
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I. INTRODUCTION

Recently, it has been revealed through a simulation study that an open system where
a flux of free energy is continuously supplied exhibits noteworthy characteristics such as
intermittency and recurrency.l! The study was made on global scale nonlinear behavior
in a resistive magnetohydrodynamic (MHD) plasma. Here we suppose that intermittency
would arise in various classes of nonlinear responses in a complex system of plasma. In
this paper, having in mind a similar expectation, we focus on an important elementary
process in a resistive MHD plasma, that is, magnetic reconnection. With this expectation,
we revisited compressible, resistive MHD simulations of the driven magnetic reconnection.i?
Another expectation is that existence of such intermittent nature in recomnection, if any,
may be directly related with a possible mechanism of what is called ’ fast reconnection °.
Magnetic reconnection has been thought to play a fundamental role in the dynamics of
various impulsive magnetic phenomena, for instance, the fast crash in sawtooth oscillations
observed in tokamak plasmas and an impulsive energy release observed in the solar flare.
However, it has not yet been clarified how such fast reconnection occurs. In recent years
several authors, such as Drake and Kleval®l, Wesson(, and Aydemir!®, have attempted to
explain the ’ fast reconnection ’ by including various terms, such as the electron inertia
and electron pressure terms, in the generalized Ohm’s law of basic MHD equations. In this
paper, we examine whether or not the fast reconnection can occur in a ’ pure ’ resistive

MHD plasma where the Ohm’s law in its simplest form is used.

II. SIMULATION MODEL

In order to investigate thoroughly the driven magnetic reconnection process in an open
system, we carry out a very long time scale calculation. The simulation model is based on
2-D compressible resistive MHD equations. In the previous paperl?, the dynamics of the

driven magnetic reconnection was studied by employing what is called the anomalous resis-



tivity model, where the resistivity was assumed to be enhanced as a function of the plasma

current. In this paper, we adopt the simplest resistivity model, i.e., a uniform model. The

code we use has a high resolution which includes more than ten grid points across the dif-

fusion region (current layer) around the X-point. Here we note that the compressibility of

the plasma plays a crucial role in a dynamic process of the MHD driven reconnection as was

already indicated in the previous paper®, Also we note that realization of a very long time

scale calculation is essential in revealing the energy relaxation process in the MHD driven

reconnection.

The governing equations are the following compressible MHD equations ;
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The most notation is conventional; 5 is the resistivity, v is the viscosity, v is the adiabatic
constant, and pp is the permeability.

Since we bave confirmed that the main results shown in this paper are not affected by
the detailed structure of the plasma density p, we present here the results of simulation in
which p is assumed constant instead of solving (2.4). The nature of the compressibility is

expressed in the pressure equation, (2.3).

The initial condition is given by the Harris-type equilibrium,

B,(y) = Byotanh(y/L) (2.10)
P(y) = Pysech®(y/L) + P, (2.11)
J(y) = josech®(y/L) (2.12)
B,(y) = B, (2.13)
p=po (2.14)

where Bo, B.o and po, P are constant, and Py = B2, /2uq, jo = B.o/poL.

In the following we describe variables in the normalized form, where the normalization
units for several quantities are given in Table I. The calculations are confined to the x-y plane,
—60 < 2 < 60 and —6 < y < 6, on a Cartesian grid with N, x N, = 188 x 122 grid points,
which was proved to be fine enough by performing a finer resolution N, x N, = 288 x 222,
and J/8z=zero is assumed. The mirror symmetry is assumed for both x and vy axes. The
spatial derivative is approximated by a two point central difference, and the fourth order
Runge-Kutta-Gill scheme is used for time advancing. The simulation box is illustrated in

Fig.1. We assume that the driving plasma flow is injected symmetrically by imposing an
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electric field E, on the input boundaries (y = £6). E.¢ is peaked at z = 0 on the input
boundaries. On the other boundaries, z < —50 and z > 50, an artificial absorbing zone is

installed to suppress spurious reflection of physical wavesl?.

II. SIMULATION RESULT

Surprisingly and in contrast to the conventional simulations, long time scale calculations
have disclosed intermittent and very impulsive phenomena in the energy relaxation process of
the driven magnetic reconnection. Figure 2 presents the highlights of the simulation results,
where the temporal evolution of the electric field E, at the X-point is shown. Recalling
that E, at the X-point is equivalent to the rate of magnetic flux change on the X-point,
the reconnection rate is found to be impulsively and intermittently intensified. It is usually
believed that in the MHD driven reconnection the saturated level of the reconnection rate
must be as large as the external driving electric field (dashed line; Ezy = 0.06) that is
expressed as v X B on the boundary, or at most the peak rate is two times of the driving
ratel’l. Most previous simulations have not been continued far beyond the time when F,
at the X-point has first reached at a level of the driving field, partly because numerical
instabilities usually prevent continuation of long time-scale computations. By developing a
stable code in this study, it becomes possible to calculate long enough. In Fig.2, it is seen
that E, drops off soon after the saturation at T ~ 60074, but what should be noted is that
at T ~ 20007, E, increases rapidly as an impulsive fashion and the peak intensity attains
more than ten times of the driving rate on the boundary. Interestingly, such an impulsive
change is repeated intermittently. The appearance of the strong peak of E, at the X-point
in the impulsive phase indicates a very fast reconnection. It is noted that a dynamical
change of the magnetic structure happens rapidly in the impulsive phase through the fast
reconnection.

Figure 3 shows the time evolution of the maximum value of the plasma jet (Vemaz at y=0).

These peaks coincide with those of E, at the X-point, and each maximum peak exceeds ten



times of the Alfven velocity defined by the initial condition. Figure 4(a) shows the temporal
evolution of the Joule heating and the plasma acceleration integrated over the whole region,
I nj2dzdy and v - (j x B)drdy, respectively. The former is the rate of energy conversion
from the magnetic to plasma thermal energy through the ohmic heating in the system (nj?),
and the latter is the conversion rate to the kinetic energy through the work of the Ampere
force ( x B - v). It is perceived that anomalous dissipation is enhanced remarkably at the
impulsive phase in accordance with the rapid change of the magnetic structure. It is also
noteworthy that the dissipation is enhanced mainly through the plasma acceleration rather
than the ohmic heating. Figure 4(b) shows the temporal evolution of the rate of change of
the total magnetic energy stored in the system dW/dt, where W = I —‘E;—zdxdy. It appears
that the magnetic energy injected from outside is gradually accumulated in the system in the
slow reconnection phase which is followed by the impulsive phase when the stored magnetic
energy is released rapidly through conversion to the kinetic and thermal energy. A similar
process is repeated.

What does happen in the impulsive phase? Figure 5 shows the behavior in the long time
scale of the magnetic field lines. Magnetic reconnection has developed sufficiently by the
external driving plasma ﬂorw at T'= 20074. At T ~ 50074 a magnetic island happens to be
born in the center of the system region, and grows up gradually until 7’ ~ 185074. Then
at T = 19587, the crash of the island breaks out, whereby the island is divided into two
plasmoids. After that, it is found that a new magnetic island is formed again in the center
of the system region.

Next, we shall focus our attention on the detailed process near the crash. Figure 6 shows
the behavior in the impulsive phase of the magnetic field lines. Note that a significant change
occurs in the magnetic structure in a very short period. At T = 19537, the magnetic island
which has grown enough is compressed by the input flow. And at T = 19587, the plasmoids
created by the crash run away and immediately disappear by reconnection with magnetic
field lines in the front. The new island is born soon after the crash (T = 19607,4), and grows

up (T = 196574). Figure 7 shows the behavior of the plasma flow in the impulsive phase.
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It is found that a strong plasma flow is excited explosively after the crash (T = 19587,).
Shown in Figure 8 is the bird’s-eye view of the intensity of the vertical current J, m the
impulsive phase. Here the intensity of J, in the initial condition is too small to be visible in
the scale of this plot. T = 18507, is the time when the island grows to its biggest size, and
then immediately the first crash occurs. The view at T = 19587, displays J. at the instance
of the crash, and the peak with strong intensity which appears in the vicinity of the center
causes an impulsive enhancement of E, through nj. At this moment the peak intensity of J,
is grown up to 141, which is fairly large compared with the initial value, namely, 1. Shown
in the views at T = 196074 and T = 196574 are the behaviors of J, around the new island
which is created soon after the crash.

Figure 9 shows the bird’s-eye view of E, at the same moments as shown in Fig.8. It
should be noted again that the intensity of E, given on the boundary is too small to be
visible in the plots. E, at T = 195874, coincident with the crash time, is much higher in
intensity than E, at T = 183507,. It is quite surprising that E. in the outflow region with
the peak value of 11.6 significantly exceeds E, near the X-point with the value of 0.7 which
is mainly sustained by the ohmic current J, shown in Fig.8. It is found that such strong E,
in the outflow region is caused by the © x B term because a strong plasma jet is generated
as shown in Fig.7. This result again indicates that the magnetic energy is predominantly
dissipated into the form of the plasma flow energy. Such strong E, is enhanced further at
T = 196074 with the peak value of 12.8. The inversion of the sigh of E. observed in the
plots are due to the fact that the sign of B, in front of the plasmoid is opposite to that
behind. It is observed that the strong E, value remains for some time.

What causes such an impulsive nature? To answer this question, we have examined the
dependence on two parameters, namely, the size of the inflow region for the driving flow
(X,ize ; the width in x direction) on the boundary and the intensity of the driving flow.
Figure 10 shows the dependence on X,;,., where the upper is for a narrow driving region
(Xsize = 25) and the lower is for a wider one (X,,.. = 50). Other conditions are the same as

those shown in Table 2. It is seen that the maximum peak intensity of E. is much higher
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for the larger X,;,. case than the small one. In the smaller X,,,. case, the first crash of the
island occurs at T ~ 10007,, while it does at T ~ 200074 for the larger X,;,. case. Thus,
the crash time is delayed doubly as the size of the inflow region size is doubled. We plot
in Fig.11 the time profile of the width of the magnetic island, where the width is defined
as the half length of the island in x direction. This plot indicates that in the earlier phase
islands grow rapidly, but the growth is reduced to a much lower level quickly. Comparison
of Fig.10 (lower) with Fig.11 indicates that crash is always triggered as soon as the size of
island reaches to a critical value. Aiming at searching for the reason of the island crash,
we examine the behavior of £, at the edge of the island. As is seen in Figure 12, E, at
the edge of the island decreases before occurrence of the first crash, and almost vanishes
at T ~ 185074, when the size of island becomes maximum. The reconnection point at the
island edge moves outwards in the x direction as the island grows, while the driving flow
from the input boundary is limited in a certain x region. Accordingly, when the reconnection
point goes beyond the driving region, no more magnetic flux is supplied into the magnetic
island through the edge reconnection point, thus, the island growth is stopped. At this point,
compression of the island by the driving flow at the central part surpasses the swelling of
the island by the flux supply through the edge reconnection point. These considerations
conclude that the island growth is maintained by the magnetic flux supplied by the driving
flow through the edge reconnection point, not by a spontaneous instability like the tearing
instability as was concluded by Fu and Leel™. ( Biskamp!® has also observed formation of
islands in a current layer, but its impulsive nature is not explicitly discussed. ) Figure
13 shows the dependence of the peak intensity of the impulse on E,q, i.e., the intensity of
the driving plasma flow. The triangle symbol is for the case with Xaize = 50, the circle
represents the case with X,;.. = 25. The peak intensity increases in proportion to E,4 for
both cases. It should be noted, especially in E,, < 0.01, that an Impulsive nature is lost and
the saturation rate amounts nearly to the driving one. The case of E.5 <0.01 is displayed in
Figure 14 which shows temporal evolution of the E, at the X-point. E, exhibits an almost

steady behavior except for some variations in the earlier phase. Let us then examine the
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dependence of the dusation of an impulse on E,. Figure 15 shows its dependence. The
duration of an impulse is defined as the time that the condition of E, (at X-point) > E.q is
satisfied in the impulsive phase. The symbols are equivalent to those in Fig.13. It is found
that the duration decreases as E,q increases. In this regard, it should be recalled that the

intensity of impulse increases as E; increases.

IV. CONCLUSION

We have studied the relaxation process of driven magnetic reconnection by performing
a long simulation run. By making a long time scale calculation, we discovered extremely
intensive impulsive reconnection and intermittent nature of bursts in the long time behavior
of the driven magnetic reconnection. The reconnection rate reaches to an extremely large
value, say, more than ten times of the driving rate in a pure resistive MHD, without invoking
any electron inertia or electron pressure effects in the generalized Ohm’s law. Through
this impulsive reconnection, the stored magnetic energy is mainly converted to the plasma
flow energy. Examination of the dependence of the impulsive reconnection on the two
external parameters, i.e., the intensity and the inflow size of the driving plasma flow, has
disclosed that the inflow size of the driving flow determines the onset time of crash. The
peak intensity of an impulse is proportioned to the size, as well as the intensity, of the
driving flow. On the other hand, the width of an impulse is shortened as the driving flow
is increased but independent of the size of the driving flow. These behaviors conclude that
very fast reconnection can take place naturally in a driven process and that it occurs in a
very impulsive and intermittent fashion. The reconnection rate is intensified much larger

than the surrounding driving flow at its peak.
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FIGURE CAPTION

FIG. 1. Schematic illustration of the simulation box.
FIG. 2. Temporal evolution of electric field E, at X-point where E.; = 0.06, Xize = 50.
Fig. 3. Temporal evolution of the maximum velocity in the diffusion layer.

FIG. 4. Temporal evolution of the rate of energy change in the system ;
(a) Joule heating nj? (dashed line), and plasma acceleration j x B-v (straight line).

(b) The conversion rate of total magnetic energy.
FIG. 5. The behaviors of magnetic field lines in the long time scale.
FIG. 6. The behaviors of magnetic field lines in the impulsive phase.
FIG. 7. The behavior of plasma flow in the impulsive phase.
FIG. 8. The bird’s eye views of current J, in the impulsive phase.
FIG. 9. The bird’s eye views of electric field £, in the impulsive phase.

FIG. 10. Difference in temporal evolution of E, depending on the size of the inflow region
X,ize of the driving flow on the boundary. The upper is for X,;,. = 25, and the
lower is for X,;,. = 50, where E,; = 0.06.

FIG. 11. Temporal evolution of the half width of magnetic island in x direction where
E.o=0.06, X.. = 50.

FIG. 12. The behavior of the X-point electric field at the edge of magnetic island is zoomed

up before the occurence of the first crash where E,y = 0.06, X, = 50.
FIG. 13. The maximum peak intensity of impulse versus driving electric field £,
FIG. 14. Temporal evolution of electric field E, at X-point where E,q = 0.01, X,;;c = 25
FIG. 15. The duration of impulse versus driving electric field E.,
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TABLE CAPTION

TABLE 1. The normalization unit for several variables.

TABLE 2. The parameters for the typical calculation.
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Vartable Normalization unit

Magnetic field By
Plasma density py
Spatial length L

Velocity Vs = Bao/(ptepo)*?
Time LiVy
Current Bo/poL
Fiectric field B.oVa
Pressure B2,/2pg
Resistivity oLV,
Viscosity poLVy
Table 1
Ey 1 v v Ba B
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