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Extended Abstract

In this thesis, we study solar flares by comparing the theoretical results obtained by
means of the MHD numerical simulation with the observational results to understand their
driving mechanism and physical structure. Detailed accounts of the organization of thisthesis
are given below.

Chapter 1.  General Introduction

In this chapter, we show a brief lead-in toward this thesis, that is, we mention both the
background and the aim of our studiesin thisthesis.

Chapter 2. Physical Structure and Evolution of The Postflare L oops

In this chapter, on the basis of the Masuda's discovery of a hard X-ray loop-top
source (see Masuda 1994; Masuda et a. 1994), we consider the physical structure of the
postflare loops, which are those closed loops observed after the occurrence of flares (see
Figure 1. 1). Masuda discovered that there existed a hard X-ray source above the soft X-ray
postflare loops, which implies that a sufficient amount of energy is released outside these
loops. In order to explain this observational fact, we use a flare model based on the magnetic
reconnection and investigate the process of how such loop-top source is formed.

Chapter 3.  Plasmoid Dynamicsin Eruptive Flares

In this chapter, we cast our attention to gected plasma blobs (plasmoids) observed
frequently in solar flares (see Figure 1. 1). By referring to the observational results presented
by Ohyama & Shibata (1997) who analyzed several Yohkoh soft X-ray images and showed
the evolution of plasmoids, we study the dynamics of plasmoids in detail.

Chapter 4. 3-Dimensionality of Solar Phenomena

In this chapter, we consider some 3-dimensional solar phenomena. To do researches
on that topic, we develop a numerical code for the 3-dimensional MHD numerical simulation.
We explain this code briefly as well as show some interesting results obtained by means of
the 3-dimensional MHD numerical simulation.



Appendix A. Summary of The Important Physical Processesin Solar Flares

In this appendix, we summarize several important physical processes relevant to solar
flares, such as the magnetic reconnection, the tearing instability, and the anomalous resistivity.

Appendix B. Specification of A Numerical Code

In this appendix, we explain a numerical code used in this thesis. A family of the
MHD partial-differential equations are converted into a set of difference equations, which are
solved on the basis of the modified Lax-Wendroff scheme.

Most of the studiesin this thesis (except for Chap. 4) are done by using a code for the
2.5-dimensiona numerical simulation developed originally by Dr. Shibataand Dr. Y okoyama
(see Shibata et al. 1989; Y okoyama 1995) with some modifications. The author is responsible
for such modifications and the analyses of numerical data, while the interpretations of results
and the discussions have been made cooperatively among the author, Dr. Shibata, and Dr.
Y okoyama. Also the author has developed a code for the 3-dimensional MHD numerical
simulation which is shown in Chap. 4. Some of the results in this thesis have been already
reported in Magara et al. (1996a, b), Magara & Shibata (1997), and Magara, Shibata, &
Y okoyama (1997).



Chapter 1. General Introduction

As is well known to us, the sun is the nearest and the most familiar star in the
universe. Many interesting phenomena on the sun, therefore, have attracted people widely
and deeply for a long time. Also, many efforts to try to understand the physical processes
running behind these phenomena have been made continuously. Out of such interesting solar
phenomena, | take up solar flares as a subject of my thesis and study their physical aspects by
comparing the theoretical results with the observational one.

Solar flares are one of the most prominent phenomena observed in the outer atmosphere
of the sun. Before the occurrence of flares, some area in an active region slowly enhances
severa kinds of radiation. This is called the preflare phase, which is followed by an violent
phase when all sorts of electromagnetic wave are strongly emitted, plasma blobs are g ected,
and highly energetic particles are generated. This violent phase is often called the impulsive
phase, continuing in a fairly short time (typically 10107 s). After that violent phase, the
radiation gradually decreases to its normal level. This phase is called the gradua phase (see
Figure 1. 2).

Since they were first observed in the photosphere by Carrington in 1859, solar flares
have been one of the most important topics in the solar physics. However, it had been quite
difficult to understand their whole image as long as only the photospheric information was
usable, because solar flares are the events observed mainly in the upper atmosphere of the
sun, such as the chromosphere and the corona, and its behavior could not be understood well
by means of the white light observation.

A turning point of the study of solar flares came when one spacecraft, called Skylab,
succeeded to take many beautiful pictures of the coronathrough 1973 to 1974. This operation
has been memorized as a milestone which taught solar physicists the important role that the
magnetic field plays in various coronal activities, and solar flare is not exception. Before this
operation, several primitive flare models including the effect of the magnetic field were
proposed (Carmichael 1964, Sturrock 1966). After the operation, not only these magnetic-
filed-based flare models were widely accepted but also it began to be believed that various
coronal activities had a direct relationship to the release of the magnetic energy stored by the
coronal magnetic field. From this viewpoint, Hirayama (1974) and Kopp & Pneuman (1976)
presented a flare model based on the magnetic reconnection. This model, called CSHKP
model by including the results of Carmichael and Sturrock, suggested that the magnetic
reconnection occurs in a current sheet formed in the corona so that the magnetic energy was
converted into both the thermal and the kinetic energy, associated with the formation of
closed loops and the eruption of plasma blobs (plasmoids) (see Figure 1. 1).



In addition to that qualitative study of solar flares, more fundamental researches
started, that is, solar physicists began to investigate the possible equilibrium configuration of
the coronal magnetic field and its stabilities. Zweibel & Hundhausen (1982) found several
2-dimensiona magnetohydrostatic solutionsanalytically. Thiswork was extended by Melville,
Hood, & Priest (1984) and Su (1985, 1990). Cargill, Hood, & Migliuolo (1986), Velli &
Hood (1986), and Hood & Anzer (1987) studied the MHD stability of the cylindrically
symmetric magnetic arcade. The effect of the viscosity on that kind of arcade was discussed
by van der Linden, Goossens, & Hood (1988) and Bogaert & Goossens (1991). Recently,
Neukirch (1997) succeeded to find out a family of 3-dimensional analytic solutions of the
magnetohydrostatic equations.

Researches on the evolution of the coronal magnetic field causing eruptive phenomena
have also become an important subject in terms of studying the onset condition of solar
flares. Historically, this kind of work started when we regarded the preflare evolution as the
transition process in a series of force-free equilibria. Barnes & Sturrock (1972) studied the
behavior of the cylindrically symmetric force-free field subject to a particular photospheric
twist motion. Low (1977) introduced the generating-function method and obtained a family
of force-free equilibria characterized by a certain parameter, which was later reconsidered by
Jockers (1978) and Klimchuk & Sturrock (1989). Zwingmann (1987) showed a series of
magnetohydrostatic solutions of the coronal magnetic field and explained the onset condition
of eruptive phenomena, which was reconsidered by Platt & Neukirch (1994). Recently, Aly
(1995) showed the possibility that an axisymmetric force-free magnetic field subject to a
shearing motion reached an open-field state in afinite time.

In this respect, the recent development of computers enabled us to trace the temporal
evolution of the coronal magnetic field by means of numerical ssimulations. These studies are
found in Mikic, Barnes, & Schnack (1988), Biskamp & Welter (1989), Finn, Guzdar, & Chen
(1992), Inhester, Birn, & Hesse (1992), Kusano, Suzuki, & Nishikawa (1995), Choe & Lee
(1996), and so on. All of these successfully confirmed the formation of a current sheet within
amagnetic arcade, though there has been one controversy about the topological configuration
causing the formation of a current sheet, that is, in order to form a current sheet within a
magnetic arcade, it was suggested that at least two neighboring arcades were needed (Biskamp
& Welter 1989) or a converging motion toward the neutral line had to be added to a shearing
motion (Inhester et al. 1992). Lately Amari et al. (1996) obtained an interesting result on this
problem, in which they showed that a current sheet could be formed within a single magnetic
arcade by imposing a long-lasting shearing motion alone.

Turning to the solar observation, the surprising development of observational tools
has greatly contributed to our understanding of the magnetic and gaseous fine structures of
solar flares. For example, Kurokawa (1987, 1989) made high-resolution Ha observations and
concluded that the twisted flux tube emerging from the subphotosphere played a crucial role



in the occurrence of flares. Tanaka (1991) studied the complex-subsurface magnetic-rope
structure of avery flare-active isolated d group by means of high-resolution evolutionary data
from BBSO magnetic & velocity data. Wiik et al. (1996) used M SDP (Multichannel Subtractive
Double-Pass Spectrograph) and derived the bulk-flow velocity field along a postflare loop.
Asfor the X-ray observation, several space operations such as SMM (Solar Maximum Mission,
starting in 1980) and Hinotori (starting in 1981) took over the role of Skylab and presented
many interesting results. Sakurai (1985) used some hard X-ray images obtained by Hinotori
and studied the magnetic structures causing flares.

After the launch of solar-A satellite, called Yohkoh, in 1991, the researches in solar
flares entered on the next stage (Ogawara et al. 1991). Since the spacial and time resolutions
of this spacecraft are both high, it becomes possible to make a detailed comparison between
the Yohkoh X-ray images and other data. For examples, Schmieder et al. (1995, 1996) and
van Driel-Gesztelyi (1997) studied the features of the postflare loops by comparing Ha data
with soft X-ray data. Yoshimura et al. (1996) studied severa emerging flux regions by using
soft X-ray dataand Ha data. Aschwanden & Benz (1997) used both radio data and soft X-ray
data to estimate the gas density inside the postflare loops and at a region where the particle
acceleration occurs.

Not only the comparison among several kinds of observational data but also the
comparison of theoretically predicted results with fine observational results makes a large
contribution to our understanding of the real image of solar flares. Since solar flares are fairly
complicated and nonlinear phenomena, it is appropriate to use the method of numerical
simulations for the direct comparison between theory and observation. Thisiswhy we perform
the MHD numerical simulation and compare the results to some observational results in this
thesis.



Chapter 2. Physical Structure and Evolution of The Postflare L oops

Abstract

In this chapter, we investigate the physical structure and evolution of the postflare
loops by performing the 2-dimensional MHD numerical simulation with a particular attention
paid to the observational results brought by Yohkoh. By using a flare model based on the
magnetic reconnection, we confirm that a hot and dense region appears behind a fast MHD
shock which is formed through the interaction between the reconnection jets and the postflare
loops. That dense and hot region is maintained by the magnetic pressure walls, that is, the
enhanced magnetic pressure confines a mass of energetic gases into a small region. Since
such energetic region exists above the soft X-ray closed loops in the impulsive flares, we
conclude that it corresponds to the so-called Masuda source (see Masuda et al. 1994).

As for the evolution of the postflare loops, we plot the time variation of the height of
the reconnected magnetic-field line and confirm its decrease tendency with time, which is
consistent with observational results. Moreover, the overall expansion behavior of the postflare
loops is also reproduced in our simulation.

2.1. Introduction

There are severa different ways to classify solar flares (see Table 2. 1). Here, we
distinguish between the LDE (long duration event) flares and the impulsive flares. Morpho-
logically, the former has a cusp-shaped loop structure, while the latter does not, having only a
simple loop structure. Since these two types of flares are different in appearance, it has been
long thought that a different mechanism may operate for each of them. For example, the LDE
flares (hereafter referred to as cusp-type flares) has been understood by the classical model
for two-ribbon flares, that is, it was long suspected that the magnetic reconnection occurred
above a cusp-shaped loop and the stored energy was almost released outside this loop (see
Carmichael 1964, Sturrock 1966, Hirayama 1974, and Kopp & Pneuman 1976). Yohkoh
actually confirmed this hypothesis by discovering a cusp-shaped loop in the LDE flares (see
Figure2. 1and aso Tsunetaet al. 1992). Impulsive flares (hereafter referred to asnon-cusp-type
flares), on the other hand, have been explained by a loop flare model in which the main
energy release occurs inside the loop and the magnetic reconnection does not take place
outside this loop (Alfvén & Carlqvist 1967, Spicer 1977, Uchida and Shibata 1988). To sum
up, it has been thought that there was a clear distinction between cusp-type and non-cusp-type
flares.



A doubt has been cast on this interpretation, however, when an intense hard X-ray
emission was observed from above the soft X-ray closed loops in some impulsive limb flares
(see Figure 2. 2 and also Masuda et a. 1994). Previoudly, this type of flares was classified as
non-cusp-type flares, because only closed loops could be seen in soft X-ray. The presence of
a hard X-ray source above the closed loops has now established that an impulsive energy
release occurs not inside but outside the loops in at least some of non-cusp-type flares.
Moreover, in the same impulsive limb flares as Masuda studied, Shibata et al. (1995) found
the soft X-ray signature of plasmoids moving upward at about 50400 km / s, which is about
10 % of the coronal Alfvén velocity, v,, because v, ~ 3000 (B / 100 G) (n/ 10° cm™3)~*'? km
/ sin atypical active region in the corona. Since the plasmoid eruption is one of the key
features associated with cusp-type flares, Shibata's discovery aso supports the idea that at
least part of non-cusp-type flares may have a close similarity with cusp-type flares (see
Shibata 1995).

Now a guestion arises as to the relationship between non-cusp-type and cusp-type
flares. To answer this question, we apply aflare model based on the fast magnetic reconnection
originally developed by Uga (1986) to solar flares and study the physical structure and
evolution of the postflare loops. In this study, we perform the 2-dimensional MHD numerical
simulation and investigate some key characteristics of cusp-type flares, keeping in mind the
application of them tonon-cusp-type flares. We give our physical assumptions, basic equations,
and method of calculation in § 2. 2. The results are presented in 8§ 2. 3. We then introduce
some observational results relevant to our study in 8 2. 4. In § 2. 5, we discuss the relationship
between the impulsive flares and the LDE flares, trying to generalize the cusp-type flare
model based on the fast magnetic reconnection. The final section is devoted to a summary.

2.2 Basic Formulations

2. 2. 1. Basic Equations

In this study, we use the standard set of the MHD equations except that the effects of
gravity and viscosity are both neglected. These equations are
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Additionally, we use N xB =0 as the initial condition for equation (2. 4). Here al the
symbols, suchasP, r, T, v, and B have their usual meanings, gisthe adiabatic index, Risthe
gas constant, mis the mean molecular weight, and h is the electrical resistivity. On the basis
of these equations, we perform the 2-dimensional MHD numerical simulation in the Cartesian
coordinate. All thephysical variabl esaredependent on both thex-coordinateand thez-coordinate
but independent of the y-coordinate. In practice, all the calculations are carried out in the
nondimensional form derived by some particular units. These units are summarized in Table
2.2.

2. 2. 2. Initial Configuration & Boundary Conditions

Figure 2. 3 shows the initial configuration of the present numerical ssimulation in the
(x, 2-plane. Initialy, the magnetic field is set to be antiparallel with respect to the zaxis. A
hatched area represents the region where the artificial resistivity is turned on as the initia
perturbation (during 0 <t < 0.6), while a gray area represents the region where the initial
density is enhanced for modeling on the lower dense atmosphere of the sun. In the actua
calculations, we solve the basic equations only over a half domain of the calculation region (x
> 0), assuming a symmetry with respect to the z-axis.

The physical variables are initially set to be in equilibrium and described as

v=0, 2.6)
B(x,%:—Botanh(gpx)ﬁ, (2.7
P(x,2 =P 1 +1], 2.8
(9=Po bcoshz(%px) ] &9
T(2=T, {0.45 tanh [100 (z- 0.1)] +o.55}, 2.9)
r(x,2= gP(X' 2 (2. 10)

T(x2)

wherewe setb=0.2,g=5/3,P,=1/g=0.6,B,=[8p/ gb]"'?=8.68, and T,= 1 in this
calculations. Since theinitial magnetic field is antiparallel, a current sheet is formed along the
zaxis, where the gas pressure is enhanced to obtain the balance of forces. As we mentioned,



for modeling on the massive layers such as the chromosphere and the photosphere, we put a
dense region between z = 0 and z = 0.1. This region plays an important role in line-tying the
magnetic field at the base.

To carry out our calculations, we have to set four boundary conditions around the
calculation region. At the top boundary (at z= 24), we set afree boundary condition:
1Bz vy _Tvy TP _91r _ & _
W_W_ﬂ_z_ﬂ_z_Tz_o’andNXB_o' (2.11)
Along the zaxis (at x = 0), at the side boundary (at x = 8), and at the bottom boundary (at z =
0), we set

_p v, _TB_TP _Tr _
VX_BZ_W_T[_XX_W_W_O’ (2.12)

e M _1B,_TP _Tr _
VX_BX__X__X_W_W_O’ (2.13)

and
V=B = X = e = T = 0, (2. 14)

respectively. We perform the present numerical ssimulation on the basis of the modified
Lax-Wendr off scheme Thenumber of grid pointsis(N,” N,) =(100" 100) for thelow-resolution
caseand (137" 400) for the high-resolution case. In the former case, grid points are distributed
uniformly along both the x-coordinate and the zcoordinate, and hence the mesh size is (Dx,
Dz) = (0.08, 0.24), while, in the latter case, grid points are distributed uniformly along the
zcoordinate but nonuniformly along the x-coordinate with fine meshes assigned to the region
of a current sheet (0 < x < 0.2). Accordingly, the mesh size is (Dx, D2 = (0.02, 0.06) inside
the sheet and (Dx, Dz) = (0.1, 0.06) in the distant region from the sheet.

2. 2. 3. Initial Perturbation

Initialy, the electrical resistivity is set to be zero everywhere except in asmall region
1/ 2

of [x2 +(z—4.0) 2] £ 0.8 (gray areain Figure 2. 3) whereh =1/ 30 isassigned in afinite
time, 0 <t < 0.6. Owing to this resistivity, the magnetic field can begin to dissipate, which
causes inflows toward this resistive region. These flows drag the magnetic field, making a
X-type neutral point. Consequently, the current density increases and turns on the anomalous
resistivity (see below).



2. 2. 4. Anomalous Resistivity

We may safely assume that the fast magnetic reconnection is responsible for the
violent energy release observed in solar flares. Among several physical processes capable of
causing the fast magnetic reconnection, the anomalous resistivity is probably one of the most
important processes. We, therefore, give a brief explanation of this process in Appendix. A.
3. Theanomal ousresistivity isknown to have acloserel ationship with plasmamicroturbulences
(see Parker 1979; Treumann & Baumjohann 1997). Suppose that the ion-electron drift velocity
exceeds its sound velocity, the mean flow of electrons excites the plasma microturbulences,
which provides a seed for the anomalous resistivity. It is important to note that the anomal ous
resistivity can make the diffusion region localized into a fairly small area and thereby the
Petschek-like configuration is formed around the diffusion region. That configuration is
actually favored in terms of causing the fast magnetic reconnection (see Y okoyama and
Shibata 1994). Ugai pointed out the essence of the fast magnetic reconnection by using a
spontaneous fast-magnetic-reconnection model. He described a new-type nonlinear instability
that grows by the self-consistent interaction (or feedback) between the microscopic anomalous
resistivity and the macroscopic global reconnection flows (Ugai 1996). The anomalous resis-
tivity is aso used to understand other active phenomena in the universe. For example,
Borovsky (1986) explained the extragal actic jet by a hybrid double-layer/anomalous resistivity
model.

In the present study, we assume the following form for the anomalous resistivity
except that h isover 1. In that case h is constantly set to be 1.

j
h= Ils(\vlgI ‘1)’ for [va| ° | 7] * |vd| (2. 15)
0, for | vg| < |vd,

where j =N~ B, v, represents the ion-electron drift velocity, and v, is a threshold velocity
(see Ugai 1986). In the present study, we takev, = 12.

2.3. Structure and Evolution of The Postflare L oops
2.3. 1. Overview

Figure 2. 4 shows how the magnetic reconnection proceeds in this simulation. Here,
contour lines and arrows represent the magnetic field lines and velocity field, respectively.

Elapsed times are t = O (top-l€eft), 6 (top-right), 12 (bottom-left), and 18 (bottom-right). Note
that part of the calculation region, (— 4, 0) £ (X, 2) £ (4, 20), isdisplayed here.



The fast magnetic reconnection sets in at t = 6 (see the top-right panel) and then a
plasmoid begins to be formed. As the magnetic reconnection still proceeds, the plasmoid
moves upward, getting larger in size. The reconnected field lines flow downward and form
closed loops in the range of 0 £ z £ 2 (see the bottom-left panel). At t = 18 (the bottom-right
panel), a cusp-like structure is formed near z = 3. Basically, these evolutionary features are
consistent with the results of previous works (e.g., Forbes & Priest 1983). In the following,
we study the physical structure of such closed loops in detail, while the investigation of the
dynamics of plasmoidsis left to Chap. 3.

2. 3. 2. Physical Structure of The Postflare Loops

We use the results of the high-resolution case to clarify the physical structure around
the loop-top region. Figure 2. 5ais composed of four color maps, each of which shows the
temperature (top-left), gas density (top-right), gas pressure (bottom-left), and current density
(bottom-right), respectively. An elapsed time ist = 10. Solid lines and arrows represent the
magnetic field lines and velocity field, respectively. Figures 2. 5b-5c show the spacial
distributions around the loop-top region of such physical variables as the fast-mode Mach
number (M,), temperature (T), y-component of the current density (j,), gas pressure (P,),
magnetic pressure (P,), gas density (r ), and the absolute value of the x-component of the
magnetic field (|B,]). Figure 2. 5bis avertical distribution along the zaxis and Figure 2. 5¢ is
a horizontal distribution along a particular horizontal line (z= 1.6). An elapsed timeist = 10.

The region of the maximum temperature appears around a neutral point, where the
temperature is about 8 times higher than in the surrounding region. There is little matter
around this point, because a lot of plasma has been flowed away along the z-axis due to the
strong reconnection outflows generated by the magnetic reconnection. Casting eyes to the
loop-top region, we find that afast MHD shock isformed at z~ 2 in Figure 2. 5b. Behind this
shock, a region which is hotter and denser than the ambient region appears at z ~ 1.6.
Moreover, the horizontal distribution given in Figure 2. 5¢ gives us other information about
this region. The profile of the current density implies the existence of a pair of sow MHD
shocks by which the surrounded gases are heated. In addition, when we look at the profile of
the magnetic pressure, it is found that such hot and dense gases are effectively confined by
the enhanced magnetic pressure, which we call the magnetic pressurewall. Consequently, it
is clearly understood that a hot and dense loop-top source is formed and survives by the help
of the fast MHD shock and a pair of slow MHD shocks.

Figure 2. 6 is a picture showing the structure of the loop-top source schematically. If
the ssow MHD shock is assumed to be the so-called switch-off shock with the upstream
magnetic field nearly tangential to the shock surface, the enhancement of the gas density and
temperature by this shock is expressed as
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-2
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where subscripts | and |1 means the value measured in the region | and 11, respectively. Here
we take g = 5/ 3 (see Forbes, Malherbe, & Priest 1989). Similarly, the enhancement of the
gas density and temperature by the fast MHD shock is expressed as

rIII _U +[U2+V]l/2
Lgvi 4[2—9] (2.18)
and
T -] +2(1- '“+g 2b,+1)-1
:I'l_m:rIb ( )(r) ( 9 ( ) 41 # 2. 19)
I I g(l_rt’_lllll)+l+r_lllll i
where
U= 2b,,+(g_1)(92”+2) IVli‘+2 g, (2. 20)
and
V=8[2-d[g+1][gb, +2|M? (2.21)

(see, for example, Priest 1982 or Shu 1992). Here subscript 111 means the value measured in
theregion Il1. In the present simulation, we haveg=5/3,b,=0.2, b,, = 143, and M_ = 1.25
so that we obtainr , /r, =137 and T,, / T, = 1.24, which is consistent with the results
shown in Figure 2. 5b. Actually, an active region in the solar corona has such a plasma beta
as is much lower than the present numerical simulation so that those enhancements described
above become stronger in the real circumstances of the corona. For example, when we takeb,
= 0.01, equations (2. 16) and (2. 17) giver, /r, =25and T, / T, = 40. Then if we assume M,
=1.25and b, = 100, we finally obtainr ,/ r, =3.43and T,,/ T, = 50 by using equations (2.
18) and (2. 19). These results imply that the temperature of the loop-top source is about one
hundred million degrees because T, isabout 2 © 10° K. Observationally, Masuda et al. (1994)
and recently Sato (J. Sato 1997, private communication) found out that the temperature of



this source was about one hundred million degrees by assuming that the source has a thermal
emission. Hence our estimation isin good accordance with their result.

Turning our eyes to the inside of the postflare loops in Figure 2. 5a, there remains hot
regions because the present numerical simulation does not include the radiative cooling
effect. However, in the rea circumstances of the postflare loops, this effect does play an
important rolein reducing the temperature inside the postflare |oops, which causesthe so-called
Ha postflare loops (see 8 2. 5 and Figure 2. 9). Forbes & Malherbe (1985, 1991) considered
that effect and studied the structure of the postflare loops.

2. 3. 3. Evolution of The Postflare Loops

Next, we turn our attention to the evolution of the postflare loops. In Figure 2. 7, each
dotted line represents the time variation of the height of the reconnected magnetic-field line
measured along the z-axis. Asterisks show the inflection points of dotted lines. These points
are considered to indicate the loop-top region which can made through the collision between
the downflow of the reconnected magnetic-field line and the pre-existed closed loops. A thick
curve line is drawn on the basis of the power-law fitting applied to such inflection points and
this line is considered to represent an evolutionary line of the postflare loops. From this
figure, we find that all the reconnected magnetic-field lines have a downward movement with
time. On the other hand, as to the overall behavior of the postflare loops, they rise rapidly at
first and then their rising speed gradually decreases.

2.4. Observational Resultsof The Postflare L oops
2.4. 1. Loop-top Source

In this section, we show two types of loop-top source observed by Yohkoh. One of
them is observed in the impulsive flares. This is known as the Masuda's source and an
example of thisis shown in Figure 2. 2. The character of this sourceisthat it exists above the
soft X-ray closed loops and can be observed in such a high-energy electromagnetic wave as
hard X-ray. Another type is observed in the LDE flares and an example of this can be seenin
Figure 2. 1. Compared with the Masuda's source, this source is formed inside the soft X-ray
closed loops and can be observed in soft X-ray.

2. 4. 2. Evolution of The Postflare Loops
Recently, Hiei & Hundhausan (1996) reported the shrinking behavior of the postflare

loops observed by Yohkoh. They showed that one loop appeared at a certain height and
shrank with time, then another loop appeared at the greater height than the previous one (see



Figure 2. 8). From Figure 2. 8, it is found that the downward velocity of each loop is about 3
km / s and the overall expansion speed is about 2 km / s. Such shrinking behaviors of the
postflare loops are also discussed by Forbes & Acton (1996), who compared the potential
magnetic field with the postflare loops observed by Yohkoh.

2.5. Discussion

2. 5. 1. Physical Structure of The Postflare Loops

In this section, we discuss the physical structure of the postflare loops in both the
impulsive flares and the LDE flares. According to Figure 2. 5a, the temperature around a
neutral point and a pair of sow MHD shocks is so high that the thermal conduction can
efficiently transport a sufficient amount of energy to the lower atmosphere along magnetic
field lines. This is followed by heating of the chromospheric gases and then these heated
gases begin to evaporate into the corona. In this way, such evaporated gases eventualy fill
the coronal loops in the postflare phase, which are observed as the soft X-ray closed loops.
On the basis of this consideration, we then consider why there are two types of loop-top
source. Here we pay attention to the efficiency of the magnetic reconnection in the impulsive
flares and the LDE flares. As to the impulsive flares, the magnetic reconnection proceeds so
rapidly that many closed loops can be formed. The evaporated gases try to fill these loops,
though they do not have enough time to fill the outermost closed loop because of the
quickness of the magnetic reconnection. As is mentioned in § 2. 3. 2, the loop-top source is
formed just behind the fast MHD shock which is located at the top of the outermost closed
loop, so that the loop-top source in the impulsive flares exists above the soft X-ray closed
loops. On the other hand, the rate of the magnetic reconnection in the LDE flares is so slow
that the evaporated gases can aways fill even the outermost closed loop, which makes the
loop-top source surrounded by the soft X-ray flaring gases.

Followed by the above discussion, we summarize our flare model based on the magnetic
reconnection which can be applied to not only the LDE flares but aso the impulsive flares.
Figure 2. 9 isa schematic illustration of this model.

In the impulsive flares, there occur the downward flow of energetic electrons and the
thermal conduction, each of which originates from a neutral point and a pair of sow MHD
shocks. The electron flow and the thermal conduction direct toward the chromosphere along
magnetic field lines, while the latter forms the conduction front, whereby the neighboring
plasmas are heated (see Forbes & Malherbe 1985). The chromospheric gases are heated by
such electron flow and the thermal conduction so that the hard X-ray footpoint sources and
the Ha bright ribbons are generated (see Sakao 1994). The heated gases evaporate into the
corona, forming the dense soft X-ray closed loops. In this respect, it must be taken in mind



that a hot but low-density region cannot always be observed in soft X-ray because the
emissivity is more sensitive to the gas density than the temperature. The reconnection jets
collide with the outermost closed loop to form a fast MHD shock, which makes a hot and
dense core in cooperation with a pair of slow MHD shocks (see § 2. 3. 2). Since the
evaporated gases cannot reach this energetic core, it is observed that there is a hard X-ray
source above the soft X-ray closed loops.

In the LDE flares, the closed loops under a neutral point completely fill with the
evaporated gases. In this case, the evaporated gases contact with the conduction front so that
they are sufficiently heated up, forming a soft X-ray cusp-like structure, which gives the
reason to classify these flares into cusp-type flares (see Figure 2. 1). The loop-top source is
observed to be embedded by the evaporated gases. Inside the closed loops, heating by the
conduction front is no longer effective so that the plasma in the closed loops can cool viathe
radiative cooling process, whereby the postflare loops can be observed in Ha. Van Driel-
Gesztelyi et al. (1997) investigated the formation process of the postflare loops in detail and
Heinzel (1994) studied the physical structure of the cool component of the postflare loops.

We have said that the difference between the impulsive flares and the LDE flares
comes from the difference in the rate of the magnetic reconnection, which can also give
appropriate explanations on other aspects of such two types of flares. First, when the rate of
the magnetic reconnection is high, the released energy per unit time is so large as to make
very energetic sources, such as hard X-ray loop-top and footpoint sources observed in the
impulsive flares. Second, if we assume that the total released energy is equal, the smaller the
rate of the magnetic reconnection is, the longer the duration of flares is, which supports the
long lifetime of the LDE flares. Finally, the topological aspect of flares is also influenced by
the rate of the magnetic reconnection. Since the impulsive flares are usually small in size, a
small diffusion region is expected in this type of flares, which implies that the fast magnetic
reconnection occurs in that configuration because the fast magnetic reconnection favors a
small diffusion region, known as the Petschek-type reconnection (see Appendix. A. 1). On
the other hand, when a diffusion region is long, the magnetic reconnection is not very
effective, which can be applied to the case of large-scale flares such as the LDE flares.

Those physical aspects seen in the impulsive flares and the LDE flares also can be
seen in the impulsive phase and the gradual phase of atypical flare In the impulsive phase,
the energy-release rate dramatically increases, which means that the magnetic reconnection
proceeds rapidly. After that, the reconnected magnetic-field lines pile up and the size of the
postflare loops becomes large. Moreover, an gected plasmoid makes a diffusion region
extended long, which decreases the rate of the magnetic reconnection. In this way, the
evolution enters on anot so energetic but long-lived stage, which is called the gradual phase.



2. 5. 2. Evolution of The Postflare Loops

Comparing Figure 2. 7 with Figure 2. 8, it is found that the height of a particular
postflareloop isaways decreasing with timein both the theoretical resultsand the observational
results. Here, our attention is paid to the evolution after the inflection points in Figure 2. 7,
because a reconnected magnetic-field line can be recognized as a new postflare loop after it
collideswith the pre-existed closed loops. By looking at Figure 2. 8, wefind that the observation
suggests avery slow downward velocity of apostflare loop (about 3 km/ s). Thisis consistent
with the theoretical results in Figure 2. 7, because the evolution after the inflection points
shows a very gradual descent.

The overall expansion of the postflare loops shown in Figure 2. 7 indicates that the
rate of expansion is high at first and then gradually decreases, which is consistent with the
time variation of the height of the postflare loops in cusp-type flares presented in Figure 7. 6
of Pneuman (1981).

2.6. Summary of Chapter 2

Finally, we summarize main results of this chapter as follows:

1. By using a flare model based on the fast magnetic reconnection, we have studied the
physical structure of cusp-type flares in detail. We find that a hot and dense region is formed
and survives by the help of both afast MHD shock and a pair of sow MHD shocks.

2. Taking into consideration the rate of the magnetic reconnection, we conclude that a
hot and dense region can be formed above the soft X-ray closed loops in the impulsive flares
and inside these loops in the LDE flares. This implies that at least some of non-cusp-type
flares can aso be explained by the model developed for cusp-type flares. The validity of this
model is also considered in Aschwanden & Benz (1997) from observational viewpoints.

3. We find that each of the reconnected magnetic-field lines has a tendency of downward
motions, which is consistent with observational results. The downward velocity is quite
small.

4, As for the overall expansion of the postflare loops, we succeed to reproduce it by
using a flare model based on the fast magnetic reconnection. This model suggests that the
expansion is caused by the successive piles of the reconnected magnetic-field lines rather
than the rising motion of every reconnected magnetic-field line.



Chapter 3. Plasmoid Dynamicsin Eruptive Flares

Abstract

In this chapter, we investigate the plasmoid dynamics in eruptive flares by performing
the 2.5-dimensional MHD numerical simulation. We start with a linear force-free magnetic
arcade and impose the localized resistive perturbation on the axis of symmetry of the arcade.
Owing to the resistivity, the magnetic field begins to dissipate, producing inflows toward the
region where the resistivity is imposed. These inflows make the magnetic field convex to the
axis of symmetry and hence a X-type neutral point is formed on that axis and a magnetic
island appears. We find that the evolution of the magnetic island consists of three stages. In
thefirst stage, it isslowly lifted by those upflows produced by theinitial resistive perturbation.
Then once the anomalous resistivity sets in, it begins to be accelerated. This acceleration
stops after afast MHD shock is formed at the bottom of the magnetic island, which implies
that the upflows around the center part of the magnetic island are no longer strong. These
three stages are al'so confirmed to exist in observationa results (Ohyama & Shibata 1997).
Moreover, we find that there is a time-lag between the start time of the acceleration of a
magnetic island and the peak time of the electric field at a neutral point. This fact can be
understood by considering that the component of the magnetic field which is perpendicular to
a current sheet (perpendicular magnetic field) inhibits the efficient magnetic reconnection.
Such time-lag is aso found in the observational results which Ohyama & Shibata (1997)
presented. In addition, we compare the initial rise velocity of a magnetic island in our
simulation to the initial rise velocity of a plasmoid in their observational results, whereby we
derive a conclusion that in the actual situations, the initial resistive perturbation proceeds
very weakly and at many positions within a magnetic arcade.

3.1. Introduction

Solar flares are highly energetic and complicated phenomenain which mass eruptions
occur, energetic particles are generated, and high energy radiations are emitted. In this chapter,
we study the mass eruption in solar flares, which is sometimes called the plasmoid eruption.

Theoretically, these eruptive phenomena have been considered from a viewpoint of
instabilities or aloss of equilibrium of the coronal magnetic field. Since the magnetic forceis
much stronger than other forces in the corona, any coronal structure is mainly controlled by
the magnetic field. Therefore, unless magnetically driven events occur, corona structures
evolvein aseries of quasi-static states. However, once such events occur, the coronal structures
no longer stay in a static state but begin to make a dynamical evolution. This scenario has



made it important to study the equilibria and stabilities of the coronal magnetic field. Zweibel
(1981, 1982) investigated the stabilities of 2-dimensional magnetohydrostatic equilibria. Priest
(1988) and Steele et al. (1989) discussed the problem of a loss of equilibrium in terms of
CMEs (coronal mass gjections). Forbes, Priest, & Isenberg (1994) estimated the amount of
energy that is released when a loss of equilibrium occurs. Priest & Forbes (1990), Forbes
(1990) used the method of complex analyses and studied the prominence eruption.

Recently, the rapid devel opment of computersenabled usto trace the temporal evolution
of the coronal magnetic field directly by means of numerical ssmulations. Such studies are
found in Mikic, Barnes, & Schnack (1988), Biskamp & Welter (1989), Finn, Guzdar, & Chen
(1992), Inhester, Birn, & Hesse (1992), Kusano, Suzuki, & Nishikawa (1995), Choe & Lee
(1996), and so on. These authors investigate how the coronal magnetic field evolves when a
particular photospheric motion isimposed.

Turning to the observation, the satellite Yohkoh has brought us many excellent data of
the corona since its launch in 1991, which have contributed to our understanding of the
coronal phenomena (see Masuda 1994; Sakao 1994; Hara 1996; Shimizu 1997). Owing to
these data, some pre-proposed problems of solar phenomenawere solved, such asthereliability
of the magnetic reconnection in solar flares (Tsuneta et al. 1992; Magara et al. 1996b), while
some new predictions have been proposed (Shibata et al. 1994, 1995). As for the plasmoid
eruption, Ohyama & Shibata (1997) analyzed the evolution of plasmoids in detail and show
their dynamical properties. The aim of this chapter is to clarify the basic physical processes
involved in the plasmoid eruption on the basis of those new observational results presented
by Ohyama & Shibata (1997). For this purpose, we perform the 2.5-dimensiona MHD
numerical simulation and compare the simulation results with the observational one.

An organization of this chapter is as follows. We show basic formulations in the next
section. Mainresultsare presented in 8 3. 3, while 8 3. 4 isused to introduce some observational
results relevant to the plasmoid eruption. In 8§ 3. 5, after discussing our results and making
comments on several problems of the present study, we give our conclusion. The final section
is devoted to a summary.

3.2. Basic Formulations
3. 2. 1. Basic Equations

Basic equations are the same one as are used in Chap. 2; namely, equations (2. 1)—(2.
5). Onthe basis of these equations, we perform the 2.5-dimensional MHD numerical simulation

in the Cartesian coordinate. All the physical variables are dependent on both the x-coordinate
and the z-coordinate but independent of the y-coordinate, while the y-components of the



velocity and magnetic field are included in our calculations, which means the 2.5-dimensional
numerical simulation.

3. 2. 2. Initial Configuration

Initially we assume a linear force-free field described as

B, :—pzh Bo cos(fl: x) & A, (3.1)
By =—y/ 1—(%[) Bocos(,zEE x) &R, 3.2)
B,= Bosin(zptx)e_lél, 3.3

where L is a horizontal scale length and is used as a normalization length unit (L = 1). H
means a vertical scale height of the magnetic field. For the present study, H ranges from
2L/p to ¥, where H = 2L/ p corresponds to the case of the potentia field and H = ¥
corresponds to the case of the open field. Usually, alinear force-free field is characterized by
aparameter a, which relates the magnetic field to its rotation in the following way.

N~ B=aB. (3. 4)

In our present formulation, this value is described asa = [(p/ 2 L) 2 —(1 / H) 2] " . Therefore,
a ranges from zero (potential field) to p/ 2L (open field). A linear force-free field is the
lowest energy state for given boundary conditions with a prescribed helicity (see Heyvaerts &
Priest 1984; Biskamp 1993), but the coronal magnetic field does not always lie in this state
(Schmieder et al. 1996). This is because the relaxation time to this state is not so short as the
dynamical evolution time (see Browning & Priest 1986). However, in the present study, we
start with this state for smplicity.

The gas pressure P is uniform (P = P and the ratio of this to the magnetic pressure is
defined asb® 8p P,/ B2 (plasma beta). The gas density r is uniform (r = r,) except in the
bottom region where it is 10 times higher than elsewhere. This dense region is modeled on

the massive layers of the solar atmosphere, such as the chromosphere and the photosphere.
Therefore, the gas pressure and density are expressed as

P =Py, (3.5)

and

=45 [tanh [— 50 (z- 0.1)] 4 1] 41, (3.6)



respectively. The plasmabetais also expressed as

BZ = (3.7)

In the present study, we set b, =02, 9g=5/3, P,=1/9g=06,r,=1, and By =
[8p Po/Db o]ﬂ 2= [8p / gbo]ll 2= 8.68. From now on, all the physical variables presented in
this chapter are normalized by the unitsin Table 2. 2.

Finally, the temperature is defined as
T=9r. (3.8)
3. 2. 3. Boundary Conditions

Figure 3. 1 illustrates the domain of the present numerical simulation. Thisfigure also
shows the initial configuration of the magnetic-field lines projected onto the (x, 2)-plane. We
set afree boundary condition at the top boundary (at z = 40):

m, By v vy v, P Ir .
T;-W‘T;‘E‘TZ‘TZ‘TZ‘O’NXB‘O' (3.9)

We set antisymmetric boundary conditions both along the z-axis (at x = 0) and along the side
boundary (atx = 8):

V=V =B,= = X = == =0. (3.10)

We set arigid boundary condition at the bottom boundary (at z = 0):
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In the actual calculations, we use the modified Lax-Wendroff scheme and solve the equations
only over a half domain (0 £ x £ 8), assuming a symmetry with respect to the z-axis. The
number of grid pointsis (N, © N,) = (160~ 200), where grid points are distributed uniformly
along both the x-coordinate and the z-coordinate. Accordingly, the mesh size is (Dx, D2) =
(0.05, 0.2).



Although many arcades exist in the calculation region (see Figure 3. 1), our attention
is concentrated on the central arcade located within the range of 0 £ x £ 1. The other arcades
are set in order to make a smooth boundary condition at x = 1, that is, if we set a free
boundary condition at x = 1, the effect of those numerical flows generated in this boundary
could not be negligible. From this point of view, we impose the initial perturbation on the
central arcade alone and investigate its evolution (see below).

3. 2. 4. Initial Perturbation

Initially the electrical resistivity is set to be zero everywhere except in a small region
of [x2 +(z—h)2]1/2 £r, where h = h, . is assigned for a finite time (0 £ t £ 2). Hereh isa
normalized value and defined as the reciprocal of the magnetic Reynolds number, R,
°©C.L/h.Herehandr are those parameters which give the height and radius of the region
where the initial perturbation is imposed. In the present study we take various models, each
of which has different values of h,,, h, and r. All the modelsin this study are summarized in
Table 3. 1. Asfar asr is concerned, this value is always less than 0.9 because we focus our
concentration on the central arcade. Models r1—r4 and models h1-h3 are different in r and
h,,, respectively. Those models are used in order to investigate the effects of the initial
perturbation on the subsequent evolution (see Section 3. 3. 3). ModelsH1-H4 are different in
a vertical scale height of the magnetic field, H. In model M, unlike those models described
above, weimposetheinitial perturbation on four different positions, all of which aredistributed

along the zaxis.

init

Since afinite value of the resistivity isinitially assigned, the magnetic field begins to
dissipate, causing the inflows toward the region subject to the initial perturbation . Such
inflows make the magnetic field convex to the axis of symmetry (z-axis) and hence a X-type
neutral point (X-point) is formed on this axis. Then, not only the current density increases but
also the gas density decreases around this point because alot of gases are gjected away by the
reconnection outflows. In this way, the anomalous resistivity eventually occurs (see 8 2. 2. 4
and Appendix A. 3). In the present study, we assume the following form for the anomalous
resistivity:

j
= I%o(\gg ‘1) for|val 7] e, (3.12)
0 for |va| <|vd

unless h exceeds 1. In that case h is fixed to 1. Here j =N~ B, v4 and v, are used as the
ion-electron drift velocity and a threshold velocity (see Ugai 1986; Yokoyama 1995). The
values of v, used in the present numerical simulation can be seenin Table 3. 1.



3.3. Main Resaults
3.3. 1. Overviews

First, we show the typical evolution of eruptive flares by using model r3. In Figures 3.
2a-2c, we display the time variations of the y-component of the magnetic field (hereafter, this
is called the perpendicular magnetic field), temperature, and gas density, respectively. Contour
lines and arrows represent the magnetic field lines and velocity field projected onto the (x,
2)-plane. Only the area of 0 £ z £ 30 is displayed in these figures, because we take into
account the limitation of neglecting the gravity effect. According to Tsuneta (1996), the
temperature of active regions in the corona is typically 2 ~ 4 MK for the background
component of the corona. If we assume 3 MK, the pressure scale height is given by about 1.5
" 10% m (see Priest 1982), which is 30 times longer than a half length between the footpoins
of a coronal loop in the present study (5000 km, see Table 2. 2). Therefore, a reasonable
vertical extent of a coronal loop isat most 0 £ z £ 30 in the present study. In addition, we can
avoid the problem of the numerical flows generated at the top free boundary (at z = 40) by
setting a tentative boundary far from this free boundary.

From these figures, we can find that a magnetic island is formed and rising upward
with time. By looking at the panel of t = 12 in Figure 3. 2b, it is found that there is a very hot
region both at the bottom of the magnetic island and at the top of the closed loops formed in
the lower part of the panel. The gas density map (Figure 3. 2¢) shows that a high density
region of V shape appears in the lower part of the magnetic island at t = 12.

Figure 3. 3 shows the time variations of the y-component of the electric field at a
neutral point (hereafter, this is called the neutral-point electric field) and the height of a
magnetic island of model r3, each of which is represented by athin solid line and crosses (+),
respectively. The height of the magnetic island is determined by measuring the position of the
O-point within the magnetic island, where the x-component of the magnetic field changesits
sign. Two thick solid lines represent the result of the line-fittings applied to the time variation
of the height of the magnetic island. The time ranges of such line-fittingsare 0 £t £ 5 for the
first oneand 15 £t £ 17 for the second one, both of which are determined on the basis of the
temporal behavior of the neutral-point electric field, that is, the time-range in the first case
corresponds to the phase when the electric field does not arise and in the second case
corresponds to the phase when it rapidly decreases.

This figure indicates that after the initial perturbation phase (0 £ t £ 2) the anomalous
resistivity is turned on at t = 5, which gives rise to the neutral-point electric field. This is
because that field is proportional to the rate of the magnetic reconnection at a neutral point
(see Forbes & Priest 1983). It reaches its maximum at t = 14 when the anomalous resistivity



is quite large, and then it rapidly decreases, because the amount of magnetic fields inflowing
toward the neutral point becomes small.

Turning to the dynamics of a magnetic island, we find that the magnetic island is at
first lowly going upward (O £t £ 5), then it isaccelerated (5 £ t £ 12), and finally it rises at
aconstant rate (12 £ t). In order to clarify what kinds of mechanism play an important rolein
such three stages, we pick up three different times (t = 3, 6, and 12) and investigate the
physical situations at such three times, each of which corresponds to the time when the
magnetic island is slowly rising, when it is accelerated, and when it rises at a constant rate,
respectively. Figures 3. 4a-4c show the spacial distributionsal ong thez-axisof the perpendicular
magnetic field (B,, dotted line), vertica velocity (v, solid line), and neutral-point electric
field (E,, broken line) at t = 3, 6, and 12, respectively. The position of an O-point is also
represented by avertical thick solid line in these figures.

Att =3 (seeFigure 3. 4a), the neutral-point electric field is zero because the anomal ous
resistivity does not arise yet. By looking at the position of the O-point, we find that the
magnetic island rises upward slowly, moving with the upflows produced by theinitial resistive
perturbation. As this process proceeds, the matter around the neutral point is gected away
and hence the gas density around this point decreases, leading to the occurrence of the
anomalous resistivity (att = 5). Owing to the anomalous resistivity, the reconnection outflows
become so strong that the magnetic island begins to be accelerated effectively. Att = 6 (see
Figure 3. 4b), we can find that the upward velocity around the O-point is about 1.5 times
higher than that at t = 3 (see Figure 3. 4a). Although the start time of the acceleration of the
magnetic island corresponds to the occurrence time of the anomalous resistivity, the electric
field at the neutral point does not take its maximum value at that time, as long as a sufficient
amount of perpendicular magnetic fields exists around this point (see Figure 3. 4b). According
to some experimental researches in the magnetic reconnection, the rate of the magnetic
reconnection coupled with the perpendicular magnetic field is lower than that without it
(Ono, Morita, & Katsurai 1993). When this field is completely lost around the neutral point,
then the rate of the magnetic reconnection becomes so high that the neutral-point electric
field also takes a large value. This process can be confirmed in Figure 3. 4c (at t = 12.0). In
this stage, the upward velocity of the reconnection outflows becomes very large (reconnection
jets) because of the efficient magnetic reconnection so that they form a fast MHD shock at
the bottom of the magnetic island. (The position of this shock is shown in Figure 3. 4c by a
vertical thick broken line.) It is found that the O-point is now behind this shock and therefore
the magnetic island is no longer accelerated effectively, rising at a constant rate. (The behavior
of the perpendicular magnetic field described above is also recognized in Figure 3. 2a.
Looking at the panel of t = 12, the region around the neutral point (at z~ 5) is colored in
white, which means that little perpendicular magnetic fields exists around this point.)

3. 3. 2. Parameter Dependences



Following the results of § 3. 3. 1 where we show some basic features of the plasmoid
eruption, we then ask whether such features are generally acceptable or not, that is, how the
change of the initial resistive perturbation affects the dynamics of plasmoids. To answer this
guestion, we use those models in which we vary the radius of the region where the initial
perturbation is imposed (models r1—+4) or the strength of the initially assigned resistivity
(modelsh1-h3) aswell aswe assign the initial resistive perturbation at four different positions
(model M) instead of only one position. Then, we make the figures similar to Figure 3. 3 for
these models and compare such figures with Figure 3. 3. As a consequence, we find that there
are some similarities among them, such as the existence of three stages in the evolution of a
magnetic island and a time-lag between the start time of the acceleration of a magnetic island
and the peak time of the neutral-point electric field. However, we find that two things are
significantly changed, one of which is the upward velocity of a magnetic island and the other
is the occurrence of the coal escence process between several magnetic islands.

Figures 3. 5a-5b indicate the variation of the upward velocity of a magnetic island
whenr and h, ,, are changed. Here the upward velocity is derived from the inclination of lines
obtained by means of the line-fittings similar to that in Figure 3. 3. In both figures asterisks
(*) and crosses (+) represent the upward velocity in the first stage (before the acceleration)
and in the third stage (after the acceleration), respectively. Thick curves are the result of such
curve-fittings as Vipwarg =ar b and ¢ hd

init?
caseof r =0 or h,, =0, we obtain Vyyaq=0, which means that no initial perturbation is
imposed.

where a, b, ¢, and d are all constant values. In the

These figures tell us that the upward velocity in both the first stage and the third stage
decreases as the initial resistive perturbation becomes weak (in asense that r and h. .. become
0). However, there is a difference between these two stages in a manner of such decreasing.
By looking at the power term in the formula of curve-fittings, it is found that the variation in
the third stage is gentler than that in the first stage. We consider that this difference reflects
the sensitivity of both stagesto theinitial resistive perturbation, that is, the upward velocity in
the first stage is directly connected with the initial perturbation, while that in the third stageis
measured under the situation where the anomalous resistivity already arises so that the effect
of theinitial perturbation on the third stage is relatively weak.

init

Figure 3. 6ashowsthe evolution of model M. Top and bottom panelsarethe temperature
and gas density maps, respectively. Contour lines and arrows represent the magnetic field
lines and the velocity field projected onto the (x, z)-plane. At t = 5.0 we can find four neutral
points (at z = 5, 10, 15, and 20), each of which corresponds to the position of the initia
perturbation. Figure 3. 6b is a similar figure to Figure 3. 3 except for model M instead of
model r3, showing thetimevariationsof theheightsof four magneticislandsand theneutral -point
electric field at the lowest neutral point (at z=5) which always has a larger value than at any
other neutral points (at z = 10, 15, or 20). Crosses, asterisks, dots, and diamonds represent the



heights of four magnetic islands, while a thin solid line shows the time variation of the
neutral-point electric field at the lowest neutral point. A line-fitting is carried out only for the
lowest magnetic island, represented by two thick solid lines.

From Figure 3. 6a, it can be seen that the lowest magnetic island continues to be
merged with other magnetic islands with time, except for the highest one. At t = 20, there
appears a well-devel oped magnetic island between z = 10 and z = 20, at the bottom of which
a hot and dense region is formed. This configuration is quite similar to that att = 12 in
Figures 3. 2b—2c. Referring to Figure 3. 6b, we can again find that the coalescence among
magnetic islands proceeds and there are some features similar to the case of model r3: the
existence of three stages in the evolution of the magnetic island and a time-lag between the
start time of the acceleration of the magnetic island and the peak time of the neutral-point
electric field.

On the basis of these results, we consider that those two features-the existence of
three stages in the evolution of the magnetic island and a time-lag between the start time of
the acceleration of the magnetic island and the peak time of the neutral-point electric field—are
important factors in understanding the dynamics of plasmoids. In 8§ 3. 5 we discuss such
features in detail, but before doing that, several important observational results related to the
present study are introduced briefly in the next section.

3.4. Observational Results

In this section, we show some observational data brought by Yohkoh, which help usto
understand the mass eruption in solar flares. In addition, we exhibit some interesting results
of the plasmoid eruption which is originally analyzed by Ohyama & Shibata (1997), and then
make some comments on them.

Figure 3. 7a shows the eruptive process running in a typical LDE (long duration
event) flare observed by Yohkoh (Tsuneta et al. 1992; Hudson 1994). White arrows indicate
the position of an gected mass (plasmoid). Figure 3. 7b shows a GOES X-ray plot of this
event. These figures clearly tell us how the mass eruption proceeds from the preflare phase to
the rise phase of solar flares. By looking at the bottom-right panel in Figure 3. 7a, we can find
that a mass of V shape is gected upward. This shape is quite similar to a hot and dense
region formed at the bottom of a magnetic island shown in Figures 3. 2b—2c, and Figure 3.
6a

Figure 3. 8 (from Ohyama & Shibata 1997) indicates the time variations of the height
of a plasmoid and the hard X-ray intensity. “Core” and “top” represent the positions of the
highest and its 1/e-fold values of the soft X-ray intensity within the plasmoid. This figure



tells us two important facts. One of them is that the plasmoid evolves through several
different stages, that is, it rises slowly from 11:04 to 11:15, then it is accelerated in a
relatively short time (from 11:15 to 11:18), and finally it rises almost at a constant rate (after
11:18). Moreover, the start time of the acceleration of the plasmoid (11:15) is certainly before
the peak time of the hard X-ray intensity (11:18). These features are consistent with the
results derived from our numerical simulation. (In this comparison, we assume that the time
variation of the neutral-point electric field in our ssimulation has a direct connection to that of
the hard X-ray intensity. That assumption stands on the ground that the observed hard X-ray
radiation is produced by the high energy electrons accelerated by the neutral-point electric
field, although the precise accel eration mechanism is still not understood compl etely.)

3.5. Discussion & Conclusion

I n this section we compare the simulation resultswith the observational one, considering
severa problems related to the present study and giving our conclusion.

3. 5. 1. Comparison between the Smulation Results and The Observational One

By comparing the simulation results with the observational one, it is found that the
evolution of a magnetic island in the former is quite similar to the evolution of a plasmoid in
the latter. Comparing Figure 3. 3 to 3. 8, we find that both the magnetic island and the
plasmoid have three different stagesin their evolutions, that is, the first stage of rising slowly,
the second stage of acceleration, and the third stage of rising at a constant rate. Having a
constant upward velocity in the third stage is also consistent with the result of Steele & Priest
(1989) who studied the prominence eruption. Precisely speaking, Figure 3. 8 indicates that
the plasmoid rises very slowly in thefirst stage, the velocity of which is 20 times smaller than
that in the third stage. On the other hand, Figure 3. 3 shows that the initial upward velocity of
the magnetic island is only a half smaller than the final one. We explain this discrepancy by
considering the effect of the initial resistive perturbation on the flare evolution. From Figures
3.5a and 3. 5b, aslong as the anomal ous resistivity occurs, weak initial resistive perturbations
reduce the initial upward velocity of the magnetic island, while it does not change the final
upward velocity so much. Therefore, one possibility is that the initial resistive perturbation
proceeds very weakly in the real circumstances. Another possibility is derived from Figure 3.
6b. In this figure there are four magnetic islands, but we think that the lowest one corresponds
to the observed plasmoid because a hot and dense region is formed only inside the lowest
magnetic island (see Figure 3. 6a). Model r3 in Figure 3. 3 and model M in Figure 3. 6 have
the common parameters characterizing the initial resistive perturbation (r = 0.7, h,,, = 1/ 15)
except for the number of the regions where the initial perturbation is imposed. However the
initial upward velocity in Figure 3. 3 is 60 % of that in Figure 3. 6. This is explained by the
fact that the lowest magnetic island of model M is prevented from rising freely by other



upper magnetic islands. This implies that the initial resistive perturbation probably occurs at
many positions within a magnetic arcade.

Next, when it comesto the final upward velocity of the magnetic island, it is about 0.4
Vaor Where vao© Bo/ [4pr 0]1/2 and in the present study this value is given by
Vao/ €s0=[2/gby Y2 _ 245 In Magara et al. (1996b), we discussed that the observed
gection velocity of a plasmoid was always quite smaller than v,,, and hence the present result
isalong this tendency.

3. 5. 2. Does the Anomalous Resistivity Really Arise?

In 8 3. 5. 1 we consider the evolution of eruptive flares, but there is one crucia point
in that consideration. The question is whether the anomalous resistivity always sets in or not.
In order to answer this question, we perform those numerical simulations in which we do not
assign the anomalous resistivity after the initial resistive perturbation finishes, and investigate
the time variation of vy (the ion-electron drift velocity). These simulations are represented by
models H1-H4, each of which has a different vertical scale height (see Table 3. 1). Figure 3.
9 shows the time variation of vy at the neutral point (Vy neytra) Of model H1. Here vy peyral 1S
always the maximum value of vy within the range of (0, 0) < (X, 2) < (1, 30).

Figure 3. 9 indicates that Vy perq 1S iNitidly increasing with time, then rapidly de-
creasing. We think that this abrupt decreasing is due to the effect of finite mesh size in our
numerical simulation. In the actual situations in the corona, we expect that Viy pe g CONtinues
to increase with time, which probably leads to the occurrence of the anomalous resistivity.
Moreover, according to Schumacher & Kliem (1996), the current density at a neutral point
takes a larger maximum value as the Lundquist number is getting larger, which is suitable to
the real circumstances of the corona. Hence their result also supports the idea that the rapid
increase of v, occursin the corona and the anomalous resistivity eventualy setsin. From this
point of view, we do such a curve-fitting as vy, €< within the range of 0 <t < 8, where vy,
and k are constant values. The result of this fitting is represented by a thick solid curve in
Figure 3. 9.

Next, we do the same curve-fittings as in Figure 3. 9 for other models (models
H2-H4). In this way the (k, H)-relation is obtained, displayed in Figure 3. 10a. This relation
is characterized by H = 5.53 €895k which means that (k, H) = (0, 5.5) is the limiting case
where it takes an infinite time for vy nq g 10 reach its rapid increase phase. In Figure 3. 10b,
we make a similar plot to that in Figure 3. 10afor other models, all of which have a different
height (h = 3) of the region where the initial perturbation is imposed, compared to models
H1-H4. As for these models, the (k, H)-relation is given by H = 4.55 %7K which shows
that (k, H) = (0, 4.55) is the limiting case. Therefore, in order to cause the anomalous
resistivity, we need those magnetic arcades whose vertical scale height is several times larger



than its horizontal extent, which is consistent with the conclusion of Kusano et al. (1995).

3. 5. 3. Boundary Effects

Aswe mention in 8 3. 1, alot of investigations of the evolution of eruptive flares by
means of numerical simulations has been made recently. This paper belongs to this kind of
work, where there has been a controversy about the effect of boundary conditions. Mikic et
al. (1988) set a symmetric boundary condition at the side boundary, which was reconsidered
to have an artificial effect on the evolution of a magnetic arcade by Biskamp & Welter
(1989), who suggested that the effect of the neighboring arcades could cause eruptive phe-
nomena. Instead of the effect of the neighboring arcades, van Ballegooijen & Martens (1989)
and Inhester et al. (1992) considered the effect of a photospheric converging flow toward the
neutral line of a magnetic arcade. Finn et al. (1992) discussed the effect of the time-varying
flow pattern imposed on a double arcade system. Asfor our present study, we set an antisym-
metric boundary at x = 8, which is far from a central arcade (0 £ x £ 1), so that we can safely
neglect the effect of this boundary. However, taking a periodic arcade system as our model is
not suitable for studying the evolution of a single arcade system in the sun. This weak point
becomes crucia in the third stage of the evolution, when a lot of magnetic fields in the
neighboring arcades beginsto flow into the region of the central arcade.

3. 5. 4. Limitation of The Present Study

As mentioned above, we start with a periodic linear force-free magnetic field in order
to study the evolution of a single arcade system. This means that we assume the distribution
of the photospheric magnetic field to be too simple, compared to its more complicated
distribution in the real circumstances. That ssimplification brings severa limitations to our
present study. First, since we take only one mode of the solution of equation (3. 4), we must
use a very tall arcade which has a tremendous amount of magnetic energy in order to
construct acurrent sheet within amagnetic arcade. Thanksto this, we cannot makeaquantitative
estimate about the released energy during the flare evolution. Second, as we mention in § 3.
5. 2, since the effect of the neighboring arcades cannot be neglected in the third stage of the
flare evolution, we do not discuss the feature of this stage in detail, that is, although it is
found that a magnetic island rises at a constant rate in this stage, it is still an open question
whether such motion continues all through this stage. As a matter of fact, taking a careful
look at Figure 3. 3 tells us that the upward velocity is gradually decreasing after t = 20, unlike
the results of our previous study (Magara et al. 1996b). In Magara et a. (1996b), we studied
the magnetic reconnection by assuming the initial magnetic field to be antiparallel, where a
magnetic island continues to rise at a constant rate. In our present study, on the other hand,
the closed structure of the overlying magnetic field exerts the downward force to the magnetic
island, which contributes to the reduction of its upward velocity. In addition, we cannot
neglect other important effects, such as the viscosity, the radiative cooling, and crossing other



magnetic fields (S. Koutchmy 1996, private communication; C. Delannee 1996, private com-
munication). The researches including these effects should be done in the future.

Another uncertainty isthe origin of the localization of the initial resistive perturbation.
Biskamp & Welter (1989) mentioned the possibility that some resistive structures develop
inside a magnetic arcade. Priest (1988) suggested that the rise of the overlying magnetic
arcade induced the resistive processes beneath it. Wiechen, Blichner, & Otto (1996) studied
the features of the resistive instability developing within a magnetic arcade. They emphasized
the importance of the localization of the resistivity. Schumacher & Kliem (1996) showed the
dynamical features of a current sheet subject to the anomalous kinetic instability.

3. 5. 5. Conclusion

Considering the results of our present simulation, now we describe how those flares
associated with mass eruptions evolve from the preflare phase to the gradual phase. We find
three different stages in the mass eruption, corresponding to the preflare phase, the impulsive
or rise phase, and the gradual phase of solar flares, and then we investigate the dynamical
features of each stage in detail. Figure 3. 11 shows a schematic illustration of the evolution of
eruptive flares. Crosses (+) and a thick curve represent the time variations of the height of a
plasmoid and the hard X-ray intensity, respectively. Inthisfiguretheinitial resistiveinstability
starts inside amagnetic arcade att =t,, forming severa small plasmoids. The lowest plasmoid
islifted lowly by the outflows from a neutral point, which is produced by the initial resistive
perturbation. As the plasmoid rises, the gas density decreases and the spacial gradient of the
magnetic field increases around the neutral point, which means that the ion-electron drift
velocity increases, leading to the occurrence of the anomalous resistivity (at t = t,). Then
those reconnection outflowsfrom the neutral point are rapidly enhanced, beginning to accelerate
the plasmoid (from t, to t;). At the same time when the anomalous resistivity sets in, the
neutral-point electric field arises, but it does not reach its maximum value as long as a
sufficient amount of perpendicular magnetic fields exists around the neutral point, because
that field inhibits the efficient magnetic reconnection. Att = t,, the neutral-point electric field
reaches its maximum, which implies that the high energy electrons can be generated and
hence the high-energy electromagnetic wave such as hard X-ray can be emitted. At thistime,
the magnetic reconnection becomes so lively that it produces the reconnection jets, which
form a fast MHD shock at the bottom of the plasmoid. After that, since an O-point (center
part of the plasmoid) is located behind this shock, the strong acceleration ends and the
plasmoid rises almost at a constant rate.

Since the role that the perpendicular magnetic field plays in this scenario of the flare
evolution is very important, we make a detailed study about this topic in the future. This kind
of study isaso seen in Birn & Hesse (1991), where they discussed the magnetic reconnection
in the Earth’s magnetotail and found the concentration of the electric field around a X-type



neutral point.

3.6. Summary of Chapter 3

Finally, we summarize main results of this chapter as follows:

1. We investigate the dynamics of plasmoids in eruptive flares. There are three different
stages in the mass eruption. In the first stage, a magnetic island is slowly lifted by the
upflows produced by the initial resistive perturbation, and then begins to be accelerated when
the anomalous resistivity setsin. This acceleration stops after a fast MHD shock is formed at
the bottom of the magnetic island, which implies that the upflows around the center part of it
are no longer strong. However, it is still an open question whether it continues to rise at a
constant rate after that.

2. We find that a time-lag between the start time of the acceleration of a magnetic island
and the peak time of the neutral-point electric field exists. This is explained by considering
the inhibition of the efficient magnetic reconnection by the perpendicular magnetic field. We
think that this time-lag reflects the observed time-lag between the start time of the acceleration
of a plasmoid and the peak time of the hard X-ray intensity, reported by Ohyama & Shibata
(1997).

3. Comparing the simulation results with the observational one, we find that the observed
initial upward velocity of a plasmoid is quite slower than that in our simulation. By studying
the effects of the initial perturbation, we conjecture that the initial resistive perturbation
occurs very weakly and at many positions within a coronal magnetic arcade.

4, The case where the vertical extent of a magnetic arcade is several times larger than its
horizontal extent is expected to lead to the occurrence of the anomalous resistivity. This is
consistent with the conclusion of Kusano et al. (1995).

5. We do not investigate how the initial localization of the resistivity proceeds, which is
discussed in our future study.



Chapter 4. 3-Dimensionality of Solar Phenomena

Abstract

In this chapter, we discuss those 3-dimensional solar phenomenawhich are enumerated
asfollows:

1. Emergence of twisted magnetic-flux tubes and the magnetic reconnection between
the emerging magnetic field and the overlying magnetic field,

2. Interchange instability and the generation of turbulences in the loop-top region of the
postflare loops,

and
3. Eruption of twisted magnetic ropes (plasmoidsin a 3-dimensional viewpoint).

In addition, we explain a numerica code developed for the 3-dimensional MHD
numerical simulation and show some interesting results obtained by using this code.

4.1. Emergence of Twisted M agnetic-Flux Tubes

So far, many workers have made a theoretical consideration to the problem of the
emerging subphotospheric magnetic field mainly from a2-dimensional viewpoint. The concept
of thisis shown in Figure 4. 1. The subphotospheric magnetic field begins to rise because of
the buoyancy effect (or Parker instability) and eventually emerges on the surface. Then,
owing to the rapid decrease of the surrounding gas pressure, it begins to expand outward and
finally interacts with the overlying coronal magnetic field. This interaction has been believed
to cause various activities observed in the corona. For example, Heyvaerts, Priest, & Rust
(1977) presented a loop flare model based on that interaction. Shibata et al. (1989, 1992)
performed the 2-dimensional MHD numerical simulation and investigated the emergence and
expansion of the emerging magnetic field. Yokoyama & Shibata (1996) also studied the
interaction between the emerging magnetic field and the overlying coronal field by means of
the 2-dimensional MHD numerical simulation. These studies fairly contributed to our under-
standing of the basic processes running in the emerging flux region (EFR) of the sun and
clarified many aspects of those active phenomena observed in these regions.

However, the real image of the emergence of magnetic fields cannot be understood



completely as long as we stand on a 2-dimensional viewpoint. This will be easily acceptable
if we look at Figure 4. 2, which shows how the emergence really proceeds in the sun (see
Kurokawa 1989). The left panels are observed in white light and the right one are in Ha.
From this figure, it is found that as the emergence proceeds, the direction of the emerging
magnetic field does not remain constant but rotates, that is, the direction of the successive
emerging magnetic field (f, — p,, f; — p,) is diverted from the initia direction (f, — p,).
Precisely speaking, as we goes to the later phase, we find that the magnetic field tends to
emerge along the neutral line of the EFR. This observational fact strongly suggests that the
emerging magnetic field has not only the poloidal component but also the toroidal one, the
latter of which causes the rotation of the direction of the emerging magnetic field. The
existence of the toroidal magnetic field causes the twisted structure of the emerging magnetic
field and the formation of a sheared magnetic arcade on the solar surface (see Figure 4. 3).

Figure 4. 3 represents the emergence of the cylinder-like flux tube having the toroidal
magnetic field as its axial component. This is an example of the emergence of twisted
magnetic-flux tubes. Supposing that such flux tube emerges from the subphotosphere, we can
expect that there appears the sheared EFR seen in Figure 4. 2. The relation between a
2-dimensional viewpoint and a 3-dimensional viewpoint is also indicated in this figure.

Itisworth saying that when wetry to do detail ed researcheson thiskind of 3-dimensional
phenomena, we need to know the information about the photospheric motion. Recently, some
workers reported those interesting results where a small but significant flow pattern on the
photosphere are clearly recognized (see November & Simon 1988; Kitai et al. 1997).

4.2. Interchange Instability in The Loop-Top Region

In Chap. 2, we discuss a hot and dense region formed at the top of the postflare loops.
This region is maintained by the magnetic pressure walls, which prevents a plasma from
draining sidewise (see Figure 2. 5¢c and 2. 9). However, rea flares have a 3-dimensional
structure so that the consideration of the third direction is needed for the full comprehension
of the loop-top region. We show the 3-dimensional structure around this region in Figure 4.
4. From a 3-dimensional viewpoint, the loop-top source is no longer regarded as a circle-like
source but a cylindrical one. Since such configuration is similar to that of a magnetically
confined plasma in laboratories, we expect that the interchange instability can occur in the
loop-top region in the same way as in the laboratory case. This instability causes the bulk
motion in the loop-top region, which is maybe detected as the turbulent component of line
broadening when we observe a particular spectral line of this region.



4.3. Eruption of Twisted Magnetic Ropes

In Chap. 3, we make a detailed investigation on the plasmoid eruption and derive
several dynamical properties of this phenomenon. Through that study, a plasmoid is identified
with amagnetic island, or the region of a bundle of closed magnetic field lines. However, this
image fails when we stand on a 3-dimensional viewpoint, in which a plasmoid is not regarded
as such a disk-like thing but as a helical rope whose footpoints are possibly fixed on the
surface of the sun. This situation is shown in Figure 4. 5, which also shows other typical
aspects of eruptive phenomena in the sun. At first, a sheared magnetic arcade having the
spacia variation along its neutral line appears on the surface, which is probably formed by
the emergence of a twisted magnetic-flux tube described in 8 4. 1. Then, a current sheet is
formed within the arcade probably through some ideal MHD processes. Later the resistive
process begins to run in the sheet, which eventually leads to the fast-magnetic-reconnection
stage, in which the violent energy release occurs. This corresponds to the impulsive phase of
solar flares (or rise phase of the LDE flares). Finally, there are formed the postflare loops on
the surface of the sun, while a plasmoid of helical structure is gected upward with its
footpoints fixed on the surface.

4.4. Numerical Codefor The 3-Dimensional MHD Numerical Simulation

In this section, we explain a numerical code for the 3-dimensiona MHD numerical

simulation based on the modified Lax-Wendroff scheme. First, we write the basic MHD
equationsin the conservational form:

1 1 1 1
ﬁW+WE(V\D+ﬂ—yF(W)+ﬂ—ZG(V\D+S(W):0. (4.1)
Here
r
rv,
rv,
W= g: L 4.2
g_fl+%r [v§+v§+v§]+81—p[B§+B§+B§]
I’Vy

o



(-

()=

rv

r V)2< + p1+ '81_p [B?Ly + B%Z_BJZ.X] +
1
+ Z|__p [BOy Bly+ BO zBlz_BOX le

rv,v,— Z_l_p [BOZ le+ BlzBOx+ Blzle

h . , (4.3
BZVX_BXVZ+.R:11y

%r [v§+v§+v§]+—fl}vx+

By Vx_BxVy_'RTng

rvy

r Vi Vi Z_I:BOX Bly+leBOy+ leB

rVVy— [BOzBly+BlzBOy+BlzB

Zl_plBV BV+R—jyl Z_plBVV B, w— E
r VyV [BOy le +BlyBOX+ Blyle
h
h \
B.v, - BV+R—jZ

BZV_B V,— Jx
T R*" . (4.4)

{%r [v§+ V2 + v§] +—Iﬁ }vy+

ﬁ) BOx le+ BO zBlz_BOy Bly]

0

// \/,Ao\

. ho
+Z—FX’) B, V. BV+R—4 Z—lBV_BV mjxl
rv2+p1 8_[52 +B,- B} |+



rv,

rv,v,— _1 [BOX Blz+ le BOZ+BIX Blz]
rVi+p + g 1 [82 +B2 —-B 4
+4_1p|:BOy Bly+ BOxle_BOzBlz

BXVZ_BZVX_ Jy

cW=| | Ri . (4.5)

{%r [v§+v§+v§] +—IE }vz+

B h .
4va -B,v, - R“l 4ple -B,v, + R—n1jxl

r Vy V,— 4_1p [BOy Blz+ Bly BOz-'-Bly Blz]

h .
Bsz_Bsz+'RTn Ix

and

-
I
[(e)(e]

X

, (4.6)

S(W) =

,
»
oQo,ooo

whereg, (i =X,Y, 2 and Q mean the rate of gravitational acceleration and the energy source
such as the radiative cooling. In this formula, X, = X —X,, where X, is the initial value of
physical variables.

Next, we transform equation (4. 1) into a set of difference equations which can be
solved by means of the 2-step modified Lax-Wendroff scheme. From now on we pick up one
component from avector equation (4. 1) asarepresentative and write thiswith plain characters.
<lst step>
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HereD't is the time spacing and D x, Dy, and D z are the mesh sizes along the x-coordinate,



y-coordinate, and z-coordinate, respectively, while n is the time-step number and i, j, and k
mean the position number of a grid point measured along the x-coordinate, y-coordinate, and
zcoordinate, respectively. Other characters are defined as follows.

Wi”+%'j+%‘k+% the value of w" at a virtual mid-mesh point, (XH%, yj+%, Z;(+%),
E?+1‘j+%’k+% thevalue of E" at avirtual mid-mesh point, (xi o yjh%, zk+£),
F?+21,j+1,k+% thevalue of F" at avirtual mid-mesh point, (XH%, Yo zk+%),
Gin+%,j+32',k+l the value of G" at avirtual mid-mesh point, (XH%, Yiep zk+l),
S{L%’j%’“% the value of S' at avirtual mid-mesh point, (xi 4 yH%, ;H%),
and so on.
<2nd step>

Owing to the 1st-step cal culation described above, we obtain the next time-step values
at every virtual mid-mesh point. Then we try to obtain the values at every real grid point.
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The code shown above is based on the case of uniformly distributed grid points. The
case of non-uniformly distributed grid pointsis explained in Appendix B in thisthesis.

By using this code, we investigate the maximum linear growth rate of the tearing
instability and compare it to the analytically predicted value. The result is that the discrepancy
between both values is quite small. For example, we assume such an antiparallel force-free
configuration as is described in the following way:

B, =0, (4.9)
B, =By cosh™ (4 px), (4. 10)
B,=-Botanh(4pX) , (4. 11)
P=P, (4.12)
r=ro, (4.13)
and
T=T, (4. 14)

wherePy=1/g, B,=[8p R, /b]" ", To=gPy/ . When g=5/3, b= 0.15, and R,, = 1000,



we obtain the growth rate of 1.56 from the numerical simulation, while the predicted one is
1.49; consequently, the discrepancy is (1.56 — 1.49) / 1.49 ~ 0.047.

4.5. Resultsof The 3-Dimensional MHD Numerical Simulation

We then show some interesting results of the 3-dimensional MHD numerical simulation
and make some comments on them. First of all, we explain the calculation configuration.
Figure 4. 6 shows the calculation region and the initial configuration of the present numerical
simulation. Initially, physical variables are set to be in the same force-free state asis given in
the previous section. Grid points are distributed uniformly along the y-coordinate (D y = 1.0)
but non-uniformly along the x-coordinate (from 0.02 to 0.1, toward the side boundary) and
zcoordinate (from 0.4 to 2.0, toward the top boundary). Although the actual calculation
region iswithin the range of (0, 0, 0) £ (x, ¥, 2) £ (5, 25, 50), we show the region of (-5, 0, 0)
£ (X,V, 2 £ (5, 25, 50) in this figure, by assuming a symmetry with respect to the (y, 2)-plane.
As the initial perturbation, we impose the locally enhanced resistivity constantly, that is, we
set R, = 1000 within the range of x* + (z—5)* £ 0.4 and 11 £ y £ 14, while setting R, = 0
elsawhere. The region of the enhanced resistivity lies in the center part of the calculation
region, displayed as a shaded areain Figure 4. 6.

Next, we refer to some results of the present numerical ssmulation. Figure 4. 7 is a
3-dimensional viewgraph displaying how the magnetic field evol ves under thelocally enhanced
resistivity described above. Red, blue, light blue, green, and yellow lines represent the magnetic
field lines at different positions; red line initialy lies far from the neutral line (y-axis) so that
its tilt against the vertical direction is weak, while light blue, green, and yellow lines initially
lie near the neutral line so that their tilts are strong. Blue line is initialy set to be just above
the neutral line so that its direction is completely horizontal. 1t should be mentioned that we
draw these field lines on the basis of the Euler description. Hence, although the colors of field
lines are common at different times, such field lines have no relation with each other. A color
map displayed at the base represents the temperature. Elapsed times aret = O (top-left), 4
(top-right), 8 (bottom-left), and 12 (bottom-right). Figure 4. 8 is a picture similar to Figure 4.
7, apart from adifferent viewing angle.

Both of Figure 4. 7 and 4. 8 clearly indicate some prominent features of this simulation.
First, as a result of the magnetic reconnection, a sheared arcade is formed near the base.
Moreover, by looking at the temperature map at the base, we find that there are formed two
hot sources near the footpoints of the arcade, which are produced by the hot plasma flows
originating from the region where the resistivity isimposed (see the panelsat t = 8, and 12 in
both figures). Such two sources devel op along the neutral linewith time, which may correspond
to Ha ribbons observed in solar flares. (Actualy, the thermal conduction probably plays a
more dominant role in the formation of Ha ribbons rather than the hot plasmaflows.) Casting



our eyes to the upper part of the panel, we find that a twisted magnetic-field line appears
(blue line), which corresponds to a helical rope, or an extended image of the magnetic island
seen in many 2-dimensional MHD numerical simulations. (In the present study, an open-field
configuration is assumed as the initial state so that the complete helical structure is not
reproduced.)

Figure 4. 9 isafigure similar to Figure 4. 7 except that another plane parallel to the (X,
2)-plane is added to Figure 4. 7. This plane lies at y = 12 and has a color map which
represents the temperature. The color map on that plane att = 12 gives similar features that
are aready seen in the 2-dimensional MHD numerical ssimulation in this thesis, that is, there
is formed a superhot region around both the reconnection region (neutral-point region) and
the loop-top region (see Figure 2. 5a).



Appendix A. Summary of The Important Physical Processes in Solar
Flares

In this appendix, we make a brief explanation on some important physical processes
in solar active phenomena. These are the magnetic reconnection, the resistive tearing process,
and the anomalous resistivity, all of which have a close relationship with our studies in this
thesis.

A.1. Magnetic Reconnection

Solar flares are those phenomena that produce a huge amount of thermal, non-thermal,
and kinetic energies, the resource of which is now believed to be the magnetic energy stored
in the quasi-static coronal magnetic field. Since the coronais a good conductive medium but
still has afinite resistivity, the magnetic energy can be released in the diffusion process. The
region where the energy release works efficiently is known as a current sheet, in which a
certain component of the magnetic field is abruptly changed across the sheet. Hence the
current density in that region is so high that the Ohmic dissipation becomes very effective.
The formation of current sheets in the corona environment is studied in many works (e.g.
Parker 1994; Karpen, Antiochos, & DeVore 1996).

The most fundamental time scale of such diffusion process in a current sheet is the
so-called diffusion timet ,, defined as

% (A.1.1)

where | is a typical thickness of the sheet. A typical velocity of the diffusion process is
expressed as

_r|1_ (A.1.2)

Vd » tl—d =
The quickness of this process is defined as the ratio of v, to another dynamical velocity, such

asthe Alfvén velocity v,,

Vi o h o
v;»m_RmT’ (A.1.3

where L is atypical length of the sheet and R, =V, L /h is the magnetic Reynolds number.
Since the corona value of the magnetic Reynolds number is so large that the diffusion
process runs very slowly, which cannot explain the violent energy release observed in real
flares typically proceeding at the rate of the Alfvén velocity.



The above simple estimation is followed by a more detailed consideration in which
the coupling between the velocity field and the magnetic field is taken into account, that is,
the behavior of the magnetic field under a particularly prescribed velocity field is studied.
This approach is classified into the kinematic treatment and Parker (1979) did that study
where he investigated the behavior of the magnetic field around a stagnation point (X-point),
finding out the necessity of the localization of the resistivity around this point.

The dynamical treatment of a current sheet in which the equation of motion is taken
into account has been also done in many works. The first model based on this treatment is the
so-called Sweet-Parker model (Sweet 1958; Parker 1963), which has arelatively long diffusion
region. In this model the energy release process is regarded as the magnetic annihilation, and
therate of it is given by

V.
-V_ZW »R-12, (A. 1. 4)

where V., represents the inflow velocity to the sheet. This rate is less dependent on the
magnetic Reynolds number than the simple diffusion rate (see equation (A. 1. 3)), though itis
still too small to satisfy the time scale of real flares.

After the Sveet-Parker model was found to be insufficient to explain the quickness of
the flare evolution, Petschek (1964) proposed a more efficient model where the rate of the
magnetic reconnection is almost independent of the magnetic Reynolds number. The feature
of this model liesin the existence of a small diffusion region and a pair of slow MHD shocks,
which enables the fast magnetic reconnection. The rate of this processis given by

UL 1 (A.1.5)

Moreover, Sonnerup added another discontinuity to the Petschek model and found out
that the magnetic reconnection could proceed at the rate of the Alfvén velocity (Sonnerup
1970). Later, Priest & Forbes (1986) tried to unite severa different models for the magnetic
reconnection and came to the conclusion that the reconnection model was dependent on the
flow pattern appearing in the system. According to their results, the Petschek model and the
Sonnerup-like model have a connection with the converging flow pattern and the diverging
flow pattern, respectively.

Those models described above are based on the assumption of steady state. The next
problem is to investigate how the system evolves to that steady state naturally, that is, what is
acrucia factor to form that particular steady state. In order to answer this question, we have
to trace the temporal evolution of the system, which needs the help of numerical smulations.



According to Biskamp (1986, 1993), it is found that the Petschek’s configuration does not
occur but the Sweet-Parker’s does under a small uniformly distributed resistivity. On the
contrary, Ugai & Tsuda (1977) and Sato & Hayashi (1979) used alocally enhanced resistivity
model and confirmed the occurrence of the Petschek’s configuration. Their results suggest
that the fast magnetic reconnection with the Petschek’s configuration should have a close
relationship to the local enhancement of the resistivity. The problem of how the localization
of the resistivity arises in the flare evolution is fairly important so that this will be studied in
our future study.

A 3-dimensional magnetic reconnection has been animportant topic recently, especially
because we must study the magnetic reconnection in such a complicated region as an active
region of the sun, where the structure of the magnetic field is purely 3-dimensional. The
fundamental researches in this field is briefly introduced in Priest (1991), Biskamp (1993),
Uga & Shimizu (1996), and so on. Démoulin et a. (1996) applied the concept of the
3-dimensiona magnetic reconnection to the coronal magnetic field and discussed the concen-
tration of currents on quasi-separatrix layers created by smooth photospheric motions.

A.2. Resistive Tearing Processin A Current Sheet

Resistive tearing process is one of the most fundamental processes occurring spontane-
oudly in a current sheet. If the length of the sheet is about ten times larger than its thickness,
such sheet becomes unstable to the tearing instability and a lot of modes begin to develop at
their own linear growth rates. Theoretical considerations of this subject began with the work
of Furth, Killen, & Rosenbluth (1963) (FKR theory), who divided the region subject to that
instability into two areas, that is, the external ideal MHD area and the internal resistive MHD
area, with matching conditions imposed on the interface of these areas. Then they derived the
dispersion relation in the linear stage. The maximum growth rate has a R~ '’ 2-dependence
and thisis the same dependence on the magnetic Reynolds number as that of the Sweet-Parker
model for the magnetic reconnection (apart from the length scale), so that the resistive tearing
process develops slowly at the linear stage when the magnetic Reynolds number is quite
large.

Although the tearing instability shows an exponential-like growth in the linear stage,
such growth gradually slows down as the evolution enters on the nonlinear stage. Thisis one
of the important features in the nonlinear tearing process, that is, an exponential growth in the
linear stage is reduced and even replaced by an algebraic one in some cases (Rutherford
1973; Steinolfson & van Hoven 1984). As a theory of this stage, we know the Rutherford
regime, which indicates that the width of a magnetic island increases with time at a constant
rate (Rutherford 1973, Biskamp 1993). The saturation level of this width is aso considered
by White (1977). For example, the saturation width becomes about twice larger than the



initial thickness of the current sheet when the wavelength of the tearing mode is about 10
times larger than the initial thickness of the sheet (see Fig. 5. 12 in Biskamp 1993).

A coalescence process also plays a dominant role in the nonlinear stage. Through the
coalescence process between magnetic islands, a sufficient amount of thermal energy is
produced by the Joule heating, leading to the formation of a large magnetic island. Those
studies of this topic are seen in Finn & Kaw (1977), Hayashi (1981), Biskamp (1982),
Bhattacharjee, Brunel, & Tajima (1983), Steinolfson & van Hoven (1983, 1984), Schumacher
& Kliem (1996), and so on. Turbulent effectsin that process are also considered in Matthaeus
and Montgomery (1981) and Matthaeus & Lamkin (1985).

A. 3. Anomalous Resistivity

Normally, the diffusive effect is based on the interaction among particles and such
effect plays an important role in a collision-dominated plasma. However, in a very hot and
dilute plasma, collisions rarely occur so that the resistivity based on the particle interaction
becomes quite small. In that case, the behavior of a plasma is usually described in the ideal
MHD regime and the solar corona belongs to this case, where any structure in the corona
makes an ideal MHD evolution. Accordingly, those transient activities observed in the corona
are considered to be caused by another type of the resistivity, which is based on the interaction
between particles and various kinds of wave. Thisisthe origin of the anomalous resistivity.

Since the anomalous resistivity is caused by the interaction between particles and
waves, the occurrence of this needs the existence of fluctuationsin aplasma. Such fluctuations
are mainly generated by various plasma instabilities. Usually, the anomalous resistivity is
characterized by the effective collision frequency, defined as the ratio of fluctuation energy
density to thermal energy density. For example, the effective collision frequency caused by
the ion-acoustic instability is given by

\/\/i
N an PW e kT (A.3.1)

wherew,,

electron temperature, and ion-acoustic fluctuation energy density, respectively. Thisis called

Ny ks, T, and W, mean the plasma frequency, plasma density, Boltzmann constant,

the Sagdeev formula for the ion-acoustic anomalous collision frequency (Treumann & Baum-
johann 1997). By estimating W, under the assumption of very large electron temperature (T, »
T), we get the following expression for that anomalous collision frequency:

N, 0> 0.0LW,, 3 1207, (A.3.2)

Here w

bir Var Ve T;, @nd g mean the ion plasma frequency, ion-electron drift velocity, plasma



sound vel ocity (ion-acoustic velocity), ion temperature, and wave scattering angle, respectively.
Since the ion-acoustic instability arises in the case of v, 2 v,, the ion-acoustic anomalous
collision frequency can become of the order of the ion plasma frequency assuming a very
large drift velocity (v, » v,) and a narrow wave scattering angle (q « 1). On the other hand, the
ion-electron collisional frequency is expressed as

N »_Pe _4710°®

el |

Mo

r-]0
3/2
e

InL, (A.3.3)

O w

where | ; and In L mean the Debye length and the Coulomb logarithm (Spitzer formula). In
the coronal environment, this collisional frequency is about 10 s* (T, = 10° K and n, = 10°
cn ®), while the ion-acoustic anomalous collision frequency is given by the ion plasma
frequency, which isabout 10° s'*. Consequently, the effectiveness of the resistivity is enhanced
about 10° times.

Another important instability relevant to the anomalous resistivity is the lower-hybrid
drift instability, which plays an important role in a current sheet. According to Treumann &
Baumjohann (1997), the anomal ous collision frequency caused by thisinstability also becomes
of the order of the ion plasma frequency, supposing a strong magnetic field with a steep
density gradient of the order of the ion gyroradius.



Appendix B. Specification of A Numerical Code

In this appendix, we explain anumerical code for the 2.5-dimensional MHD numerical
simulation used in this thesis. We start with such the basic MHD equations as are expressed
in the conservationa form:

|l

W E(W) 4o G ) + S(W) =0 (8.1)

wherew, E (w), G (w), and S (w) are the 8-dimensional vectors given by (4. 2), (4. 3), (4. 5),
and (4. 6), respectively. Then al the physical variables are discretised in terms of both space
and time coordinates. In the following part, We pick up one component from vector equation
(B. 1) and expressit in discretised forms with plain characters.

W{jjzw(tn, Xi» Z, (B.2)
and

B, =E(w;). Gl =G(w). S =S(w ). (B.3)

Here t, means the n-th time step and x; and z mean the i-th and j-th grid points along the
x-coordinate and the z-coordinate, respectively. These values are defined as

t.,,°t +Dt, (B.4)

xi+l=xi+Dxi+§1, (B.5)
and

Z,,=2 +Dzj+§1, (B. 6)

where Dt is determined by the CFL (Courant-Friedrichs-Lewy) condition:

min(Dxi, Dzl.)
—

s,

Dt£ Dt ° min foral (, ), (B.7)

wherev, = (V* + ¢ +v,2)''2 Here v, ¢, and v, are the fluid velocity, adiabatic sound velocity,
and Alfvén velocity, and we set D t = 0.4 D t., al through this thesis (see also Fletcher
1991). Asfor the spacial interval, we set



Dx, :const.,Dz“%:const., (B.8)

1
2

in the uniformly distributed grid-point case, while in the non-uniformly distributed grid-point
case, we set

Dx,.=a,Dx i1,Dz i=a,Dz i, (B.9)
3 AR =3

wherea, and a, are constant values. All through thisthesis, weseta, =a,=1.05.

Next, we solve the basic equations on the basis of the 2-step modified Lax-Wendr off
scheme.

<1st step>
wl =1y FWO WD WD
i+%,j+% 4 P+, ] +1 P+, ij+1 i
Dt n n n
- 2DX-+ (E|+1 j+1 EI j+1 EI+1J E )
' (B. 10)
_ Dt (Gn Gn +Gn Gn)
2Dzj+% i+1, j+1 i+1, ] i, j+1 (]
_Dt(s1 +S‘| +S" +Sn)
T i+1, j+1 +1, i,j +1 1,
where wl":i 3 is the physical variable at a virtual mid-mesh point ( i+ J+1) Then we

evaluate the vaI ues of flux and source at this point:

B = E(W ) (B.11)

Gin++; :G(W."@H%) (B. 12)
and

SHRE ( ,”j;H%) (B. 13)

Using these values, we determine the values at the interface of each grid point as follows.

g 2 4 ENY Mt E' (B. 14)
i+%’j 2DZ '+§J+ 2DZ |+2] % .
AN+l DX'_JQ' n+1 DX' "'2 n+1

Gi,j*‘%_ 2Dx| G|+2 J+ 1t 5=5F ZDX Gi_%’j.,.%y (B 15)

and
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" 2Dz | 2Dx §'4i-4* 2D S-4i-d
where
Dx=4(Dx,,+Dx _,),Dz=4(Dz,,+Dz (B. 17)
X =35 PXsy -3 P4 =5 P4y -3 :
<2nd step>

On the basis of the 1st-step calculation, we then try to obtain the next time-step
physical variables at real grid points. Thisis given by
Dt n n n +1 N+l
- 4DX (E+1 i Ei—l, i +2[ |+%J Ei—%, D

Dt n n Nn+1 Nn+1
4D ( i, j+1 Gi,j—l +2[Gl,j+%_Gl,j%)

(s &),

(B. 18)

Now we obtain the next time-step physical variables at real grid points. However in
order to suppress the numerical overshoot behind those regions where the spacial gradient of
physical variables are quite large (e.g. shock waves), we introduce the effect of the artificial
viscosity. This effect is imposed on the results obtained after the 2nd-step cal culation:

V\P +1 :Wn+l + qn +1 (B 19)

Here w] /* isthe physical value subject to the effect of the artificia viscosity and g7+ isthe
artificial viscous term. Thisviscous term is calculated by

n+1= Dt W?m Wi”- W?,-—W?-l,j
q; j DXI qX|+%J qx. % j |_%
(B. 20)
Dt W| j+1 |J NN Wn _Winj_l
+ M =0
DZJ- i j+d |5 ij—4 D —

where
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Hereq,", and g,", are defined as

q,; = a, Dx; |max (% inn+l,j_
and
n — 1 n
qzi’j—anDzj max | Vaj+1—

(B.21)
inn—l, il Dvmin) - I:)vmin ) (B 22)
Vzir,]j—l ’ Dvmin) - Dme . (B- 23)

In the above formulation for the artificial viscosity, the term a,, is a scale factor and the term
Dv,,, is a critical velocity difference between the neighboring grid points, over which the
artificial viscosity is set up. All through thisthesis, weseta, =3 and Dv,,;, = 0.01.

By using this code, we investigate the maximum linear growth rate of the tearing
instability. The comparison between the simulation result and analytically predicted one
always gives a small discrepancy. For example, using the same force-free model asin 8 4. 4,
we obtain the simulation result of g, = 1.43 in the case of b = 0.15, R, = 1000, while the

analytical treatment gives g, = 1.49.
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