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Calculation Method for Characteristics of Transfilter

Hiroshi Fujita. Ken-ichi Yamaguchi. Masaaki Sakui".
Tsutomu Maeda*. Muneharu Sawada***

In 1976, Mr. A Kusko and his experimental team has proposed “Transfilter”, which is a
transformer for using both as a low-pass-filter and a transformer.

We has proposed the equivalent circuit and the circuit equation considering the ferroreso-
nance circuit on this Tansfilter. And we attempted to simulate the characteristics of the Trans-
filter according to the proposed equivalent circuit and we has pointed out to need to select the
suitable combination of the air-gap size of leakage magnetic path and the capacitor capacity.
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Development of Toroidal Plasma (TP) Magnetron
Sputtering Method

Takakazu Takahashi®, Masaaki Yoneda®, and Masahiko Naoe***

A new sputtering technique termed the toroidal plasma (TP) magnetron sputtering method is
proposed in order to suppress the bombardments of 7-electrons and high energy particles to the
substrate during film deposition. A novel point of this apparatus is the form of the toroidal plasma
on a magnetic planar ring target. Co-Cr films and Co-Zr ones were prepared by TP magnetron
sputtering method. From the erosion profile of the target, the toroidal plasma was confined on Co
planar ring target by the magnetic flux. The deposited Co-Cr films showed c-axis orientation and
magnetic anisotropy perpendicular to the film plane. On the other hand, the deposited Co-Zr films
showed amorphous state and soft magnetic properties.
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Measurements of the Thermal Conductivity of Insulation Materials
at High Temperatures by the Transient Hot Wire Method

Eisyun TAKEGOSHI, Miki KURABE",
Yoshio HIRASAWA, and Takao NAGAMOTO*"

In the present study, the thermal conductivity of several kinds of insulation materials was
investigated at high temperatures above room temperature by the transient hot wire method.
Then the anisotropic nature of fibrous materials was also examined by the hot wire method
Consequently the thermal conductivity was approximated well with a quadratic curve of
temperature at high temperatures. In a glass fiber material, the ratio of the thermal conduct1v1ty
in the plane direction to that in the direction of the thickness was 1.34 times at room tempera-
ture and 1.22 times at 300°C.
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Grinding residual stress in Al-alloy AC3A

Hisakimi Notoya, Yuzo Takatsuji; Shigeru Yonetani;*
and Kosei Shibata®*

ABSTRACT

Al-Si alloy castings AC3A were wet ground with a SiC type grinder at different work
speeds and different depths of cut using various grinding fluids. Effects of grinding conditions
and plastic deformation on the residual stress were examined. The plasstic strain in ground
layers was measured by the moiré method.

The maximum residual stress is intensified and the penetration depth of tensile stress is in-
creased as the depth of cut increases and the work speed accerelates. The moire strain in the
normal direction at 1mm in depth from the surface has a closed correction with the maximum
residual stress. The residual stress and plastic strain in the ground layer are moderated by us-
ing oil type grinding fluids rather than water soluble type fluids.

1. Introduction

Many studies of residual stress by grinding on ferrous alloys have been reporte<(il,]~\'3hile re-
sidual stress by grinding on aluminum alloys has rarely been studied because aluminum alloys
have good machinability and grinding of them is not frequently required.

This study used an Al-12% alloy casting whose demand increases nowadays because the
alloy has a good heat and wear resistance compared with other aluminum alloys.

This paper describes measurement results of residual stress generated in grinding layers of
the alloy casting by grinding with various grinding conditions and grinding fluids. Generation
process of residual stress and correlation between plastic strain and residual stress have been
studied by measurement of plastic strain under the grinding surface by using moiré method.

2. Method of experiment

An alloy casting of “AC3A-F” with aluminum-silicon base has been selected as the sample
material. The material has a eutectic structure where hard small silicon particles uniformly dis-

‘Department of Production Engineering, Faculty of Engineering, Toyama University, Toyama.
**Department of Mechanical Engineering, Faculty of Engineering, Kanazawa University, Kanazawa.
***Present address: Aishin Seiki Corp., Kariya.
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tributed in the soft base metal. A feature of the alloy as a non-heat treated material is that
characteristics of individual pieces of the alloy are frequently equal to each other compared
with other aluminum alloys.

Specimens of 6mm X 8mm X 70mm and 5mm X 20mm X 70mm were finished by a milling
machine after cutting from the outer part of an about 130mm dia. and 200mm long casting. The
specimens were heated at 623K (350°C) for 2 hours, cooled in a furnace, relieved from that
machining stress, and tested.

Table 1 shows the chemical composition and mechanical properties after annealing of the alloy.

Table 1 Chemical compositions (mass %) and
mechanical property of specimens

Material Si | Fe | Cu | Zn ng Mn Al
AC3A-F 11.410.32({0.13(0.10|0.06 {0.03 | bal
Tensile strength Elongation Hardness
149 MPa 5.0% 54 Hv

As for the grinding experiment, specimens were ground by each one downward grinding op-
eration under several combined conditions of work speed and depth of cut. The grinding wheel
used was the silicon carbide wheel of “C24G5V” with consideration for combination with the
material ground. Wet grinding was performed using two types of cutting fluid of a 2% water
soluble fluid (An equivalent for No.2, type W2 in JIS, shown by “W-type” in Figs.) and a
straight type fluid (An equivalent for No.13, type 2 in JIS, shown by “O-type” in Figs.) to
avoid effect of adhesion of grinding chips to the cutting edge of abrasive grit on layers ground.
Grinding conditions were such that work speeds were 0.05m/s, 0.10m/s, and 0.15m/s at the
depth of cut of 40 xm and depths of cut were 20 xm, 40xm and 60 xm at the work speed of
0.10m/s, respectively.

2.1 Measurement of residual stress

Residual stresses in layers ground were measured by the strain gage method. A strain gage
was stuck on the back surface of the grinding surface of a specimen. Anticorrosion coating was
applied to specimens except the surface being removed by etching. A coated specimen was con-
nected with a digital static strain meter, zeroed, and submerged into a 20% sodium hydroxide
solution in a constant temperature bath of about 298K (25°C) . The uncoated surface was re-
moved by that solution at a constant rate. The corrosion rate of specimens was previously
checked by making a time-corrosion curve of the alloy using that solution and was tried to be
constant. The strain gage showed variation in strain related to residual stress because the re-
sidual stress was relieved as a layer ground was gradually removed from the body of a speci-
men. The correlation curve between thickness removed and variation in strain were obtained. A
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residual stress distribution from the surface to inner parts was obtained using the slope of the
correlation curve, the thickness removed, and the total strain measured by removal of all the
layers effected by grinding. The removed thickness of a specimen was the average of measure-
ments at several points in both edge parts of the specimen using a minimeter.

The residual stress g (a) at the depth of “a” from the grinding surface is given by the fol-
lowing equation.

o(@)=—E/2{ (h—a)de/da—4e+6(h—a) /Oa e/ (h—x)2-dx}

where, Young’s modulus : E = 7.06 X 104 MPa,
h : thickness of a specimen,
a : thickness removed by etching.

2.2 Measurement of plastic strain generated in parts under the grinding surface

In this expriment. moiré method was used to study plastic deformation generated in parts
under the grinding surface. A specimen consisted of two 5mm X 20mm X 70mm component
pieces which a piece was put on another, so that the specimen was 70mm long, 20mm wide, and
10mm thick.

Before putting, the contact surface of the pieces was lightly ground using water, buffed, che-
mically treated, and then an orthogonal lattice (250 lines/25.4mm) was printed on the contact
surface (20mm X 70mm) of either piece. Either 10mm X 70mm surface of the specimen was
gound under a specified condition. After grinding, the specimen was separated into two pieces.
Respective moiré strains of dUx/dx in the x direction (Grinding direction) and dUy/dy in the
y direction (Normal to the grinding direction) were obtained by taking a picture of moiré fring-
es appeared by putting a reference lattice on the printed lattice and turning the reference lattice
clockwise by go (=17x/180, 17°C).

Respective grinding resistance in the horizontal and the vertical direction were measured by
the grinding dynamometerw)which a strain gage was stuck on a long octagonal elastic ring.

3. Experrimental results

Genaration of residual stress under various grinding conditions is described. Fig.1 shows
grinding results at a 40 zm depth of cut and at various work speeds. Both grinding results us-
ing the water soluble fluid (hereinafter referred to as “water grinding”) and the straight type
fluid (hereinafter referred to as “oil grinding”) cleary indicate that outer parts have residual
tensile stress and that the stress decreases with depth. As the work speed increases from
0.05m/s to 0.10m/s, and to 0.15m/s, residual stress in outer parts increases and a depth at
which the residual stress is zero also increases. Hereinafter, the depth is named “Penetration
depth of tensile stress.” Residual stresses by oil grinding are smaller than those by water
grinding under all grinding conditions. In the case of the:0.15m/s work speed, residual stresses
by oil grinding are generally 15MPa to 20MPa smaller than those by water grinding.

Fig.2 shows grinding results at a 0.10m/s work speed and at depths of cut of 20um, 40 zm,
and 60 um, respectively. Greater residual stress results from deeper grinding. Oil grinding re-
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Fig.l Residual stress distributions in alloys
ground at different speeds. V; Wheel
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Fig.2 Residual stress distributions in alloys
ground at different depthp of cut. V;
Wheel speed, v; Work speed, t; Depth of
cut, W-Type; Water soluble oil. X50, O-
Type; Oil type fluid.

duces both maximum residual stress at the outside surface and the penetration depth of tensile
stress compared with those by water grinding, as is-the case with Fig.1. In the case of deeper
cuts of 40m and 60um, water grinding shows about 40MPa to 20MPa greater residual stres-
ses than those by oil grinding at the surface and inner parts. respectively. The respective re-
sidual stresses at the surface by water grinding and by oil grinding show a greater difference

than those at the inner parts.

The residual stress distribution is characterized by the maximum residual stress and the
penetration depth of tensile stress. Fig.3 shows effect of depth of cut and of work speed on the

maximum residual stress.

The maximum residual stress increases as
work speed and depth of cut-increase. The
maximum residual stress by oil grinding is
smaller than that by water grinding. Differ-
ence in residual stress caused by the differ-
ence between the two grinding fluids more
varies with depth of cut than work speed.

Fig.4 shows the correlation between grind-
ing condition and grinding resistance. Grind-
ing resistance. increases with work speed or
depth of cut. Both tangential and normal grind-
ing resistance by water grinding are greater

than those by oil grinding. Grinding resistance -

is an external force during grinding and is

o
= c24G65V v
x V=28-30m/s O W-Type
€ ‘@ 0-Type
©
) =010 m/s t=40um
A0 t
>
:8 [ D
CI)GG } //‘
©
o A
@20 -
[
x L [ L ]

20 40 60
Depth of cut,

005 0.0 0I5

t um, Work speed, » m/s

Fig.3 Relations between the maximum residual
stresses and grinding conditions.
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thought that the resistance has a relation with

£ C24GS5vV ‘D W-Type
generation of residual stress. Fig.5 shows a E V=28-30m/s ® O-Type
correlation between the normal grinding re- %0 v=0.10 m/s t=40 ym

sistance under each grinding condition and the

maximum residual & stress at various work
speed and depth of cut. The maximum residual
stress increases with grinding resistance. The

maximum residual stress by water grinding
differs from that by oil grinding. In the case of
water grinding, the maxmum residual stress

N »O O

Normal force
Fn,
N »D O
s\ \l\\e

correlated to a normal resistance varies with

work speed or depth of cut, so that the cor- —L I . I ‘ I
20 40 60 005 O0I0 OIS

Depth of cut, t um, Work speed, v m/s

Tangential force,
Ft,

relation between normal grinding resistance

and the maxmum residual stress does not

show the sole correlation. Fig.4 Grinding forces of different grinding condi-
tions.

4. Discussion

The authors have been studied generation § .,ffoﬁoG rsnys' v=28',39¢{'})/ sum
of residual stress by grinding and effects of 100} 1=20,40,60um v-=005,0., 0.15m/s;
plastic deformation on residual stress for re- é ,‘m ]
search on the generation mechanism of re- %80 | !
sidual stress for several ferrous alloys. %60 |

The studying method is mesurement of a E ! f‘g:;ﬁz
plastic strain in layers ground at various depths :’40
under the interface between a grinding wheel 520 w
and the surface of a specimen using moiré o
method for the specimen in a grinding process. *
Measured strains are the dUx/dx and the dUy/- ‘¢ ¢ 8 4 6 8

Normal force, Fn N/ mm

dy in the grinding direction and the normal
direction to the grinding direction, respectively, Fig5 Relations between grinding forces. and the

. . maximum residual stresses.
as shown in Figs.6 and 7.

In grinding, layers under the contact surface with a grinding wheel are subjected to temper-
ature rise caused by grinding heat and shearing deformation caused by mechanical effect of the
grinding wheel. Layers being nearer to the contact surface bear more effect. Unclear moire
frings due to high temperature and excessive strain make measurement of moiré strain difficult,
so that strains in about 1mm or deeper layers from the surface were actually measured. The
characteristics of the strains are that the dUy/dy in the normal direction largely varies, while
the dUx/dx in the grinding direction does not vary much as shown in Figs.6 and 7 because the
effect of residual stress on dUx/dx is thought to be a little or nearly zero.

The dUy/dy, plastic strain in about 1mm or deeper layers from the surface, is noticeable
factor concerning generation of residual stress. Residual stress is generated by stress balance
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Fig6 Moirg strain distributions in alloys ground Fig.7 Moire strain distributions in alloys ground
at various work speeds. at various wheel depth of cut.

due to difference in strain between outer and inner layers, so that the dUy/dy is thought to
have a correlation with residual stress in outer layers including the surface.

As shown in Fig.6, the dUy/dy generates compressive strain in about 1mm or deeper layers
from the surface, correlating to work speeds of 0.05m/s, 0.10m/s, and 0.15m/s. Layers having
any compressive strain by water grinding are deeper than those by oil grinding.

As depth of cut increases from 20gm, to 40 xm, and to 60um, the compressive strain at ab-
out 1mm depth increases as shown in Fig.7. In the case of oil grinding, the compressive strain
at about 1mm depth approximately equal to that by water grinding and the compressive strain
at about 2Zmm depth is nearly zero, while the depth at which the compressive strain by water
grinding becomes zero is about 3mm. If the dUy/dy (Plastic strain because the surface is in
free condition) is compressive, plastic strain in the direction parallel to the surface is tensile
strain because it is thought that the volume of the parts at the above mentioned depth un-
changes before and after deformation. The above tensile strain is the sum of plastic strain and
strain correlated to residual stress, so that residual compressive stress is generated. Since the
large normal compressive strain at a 1mm depth from the surface is shown in Figs.6 and 7,
generation of a horizontal residual compressive stress in that part is thought. The large re-
sidual tensile stress exists at that part in terms of stress balance as shown in Figs.1 and 2.

Fig.8 shows the correlation between the dUy/dy at a 1mm depth from the surface and
grinding conditions, that is, work speed and depth of cut. The dUy/dy increases with depth of
cut or work speed and does not clearly vary with grinding fluid.

Fig.9 shows the correlation between dUy/dy and the maximum residual stress. The correla-
tion curve hardly varies with speed, depth of cut, and grinding fluid.

The state of plastic strain under the grinding surface varies with grinding fluid, so that it is thought
that the generation process of residual stress by water grinding differs from that by oil grinding.
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5. Conclusion

Residual stresses after grinding on speci- _ Cvf;ss g(‘)’m/s ® W-Type
mens ‘of Al-Si alloy “AC3A” were measured. g ® 0-Type
Residual stresses were generated under sever- {: v-=0.10 m/s | =40 ym |
al grinding conditions in which grinding fluid, = (;': I > |
work speed, and depth of cut were changed. § 06 ~0
Effect of plastic deformation on residual stress %04}l Y. /
was studied for research on generation pro- e 0.2—0/ -
cess of residual stress. £ :o 20 60 Q(I,.r, 010 0B
1) As work speed and depth of cut increase, Depth of cut, t ym, Work speed, v m/s,

residual tensile stress in outer parts and

penetration depth of tensile stress increase. Fig.8 Relations between Moire strains and grind-
) o ing conditions.

Residual stress by water grinding is greater

than that by oil grinding. Especially, re-

sidual stresses by water grinding with large

. C24G5V, V=28-30 m/
depth of cut are generally big from the sur- ms

face to inner parts. o . ®=0l0mvs, t=40um
2) Strains generated on the side of specimens s W-Type ‘=20.40.60 1A»-o.05,o.l.o.|5

were measured for research on generation 100 0 Type um O mZs]

process of residual stress. The normal 3 l l g

.strain :at about 1mm depth from the surface § 80 l /A

is well proportional - to the maximum re- A/ 4

[+
(=]

sidual stress in that part.

yap s
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Improvement of Characteracteristics of Externally
Pressurized Bearing by Controlling Stabilizer

Tsuyoshi OHSUMI, Haruo MORI, Ken IKEUCHI
Yukio MATSUMOTO, Hirofumi TAKASE, Toru NAKAMOTO

To improve the characteristics of an externally pressurized bearing, the usage of a stabilizer
is very effective.

To increase its function further and to improve the characteristics of the bearing, it is tried
to use the controller which has a proportional, an integral and a differential operator.In this
case, the displacement of shaft and the variation of load are used as an input signal to control
the stabilizer.

As the result, this stabilizer is useful to improve the characteristics of the externally pres-
surized bearing. '
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Rayleigh Equation Approximating Equation
of Motion in Hydraulic Drive System

Tsuyoshi OHSUMI, Yukio MATSUMOTO
Hirofumi TAKASE, Masao KANOH

In a hydraulic drive system, stick-slip motion at low speed of operation is well known. In-
cidentally, in reference (3), it is shown that there is a vibration without stick part.

In this report, in the hydraulic drive system using a pressure compensated flow control
valve, the equation of its motion is approximately reduced to Rayleigh equation on the assump-
tion that the friction characteristic is a third order function approximately. Then, it will be
possible to explain the existence of the vibration without stick part, judging from its solution

curves.
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Fig.11(a) Turbulent intensity profile in eccentric
annulus (Z-direction).
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Fig.11(b) Turbulent intensity profile in eccentric
annulus (r-direction).
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Fig.12 Reynolds stress profile in circular tube. Fig.13 Reynolds stress profile in coaxial double tube.
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Table 2
circular tube
rw [Pal Re = 1.6X10*[—] Re = 3.0x10%[—]
experimental 0.22 0.70
calculation 0.231 0.695
coaxial double tube
Re = 1.6X10%[—] Re = 3.0x10%[—]
tw [Pa]
QOuter tube Inner tube Outer tube Inner tube
experimental 0.9 1.0 2.64 3.0
calculation 0.8910 0.9852 2.6672 3.0431
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Fig.19 Mixing lendth in eccentric annulus.
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Nomenclature

Deq - hydraulic equivalent diameter [m]
D; . outside diameter of inner tube [m]
D, - inside diameter of outer tube [m]

e . eccentricity ' (-]

' mixing length defined by Prandtl [m]

Re : Reynolds number (-]

Req . Width between inner and outer tube for coaxial [m]

double tube

R radius of tube [m]

ro . radius of a circular tube [m]

S distance between the center of inner and outer tube [m]
u : velocity (in z-direction) [m/s]
u™® . friction velocity [m/s]
uay . cross-sectional average velocity [m/s]
Umax - maximum velocity [m/s]
v . velocity (in r-direction) [m/s]

y - distance from wall [m]
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Ymax . distance from wall to the location of the [m]

maximum velocity

€ [ .eddy diffusivity defined by Boussinesq [m?/s]
7w . wall shear stress [Pal
Superscripts
’ fluctuating

time-smoothed

Subscripts
o . outer tube wall

i . inner tube wall
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Turbulence structure in Circular and Annulus Ducts (1)
— Turbulence and Reynolds Stress

Hisashi Miyashita, Yoshihiro Shibata, Tatsuo Nishimura

An experimental investigation was performed to study the turbulence structure in circular
and annulus duct in region of the turbulent flow.

The Velosity distribution, the turbulence intensity distribution and the Reynolds stress
were measured by two channels hot wire anemometer in order to examine the turbulent trans-
port phenomena in two ducts.

Those distributions were compared in the case of two kind of ducts and two Reynolds num-
bers.

The results obtained in an annulus ducts was also compared with ones obtained for a part of
most wide in eccentric annulus duct and effects to eccentricity in inner flow was observed.
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Nomenclature
e . eccentricity [-]
Re : Reynolds number (-]
Req - Width between inner and outer tube for coaxial [
double tube

R  radius of tube [m]
ro . radius of a circular tube [m]
Ruv : correlation coefficient [-]

S . distance between the center of inner and outer tube [m]

u . velocity (in z-direction) [m/s]
Umax - Mmaximum velocity [/s]

v . veloeity (in r-direction) [m/s]

y . distance from wall [m]
Ymax - distance from wall to the location of the [m]

maximum velocity

Superscripts
fluctuating

time-smoothed

Subscripts
0 . outer tube wall

i . inner tube wall
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Turbulence Structure in Circular and Annulus Ducts (II)
— Organized Structure of Fluctuation Component —

Hisashi Miyashita, Yoshihiro Shibata, Tatsuo Nishimura

In previous paper,experimental studies were reported to examine the turbulence structure in
circular and annulus ducts in turbulent flow region.

The behaviour of velocity profile, the turbulence intensity and Reynolds stress were mea-
sured by using 2—channel hot wire anemometer.

In this paper,flow fluctuation of turbulent component in the axial and radius direction were

observed in order to study the scale of the organezed structure of the fluctuation in both chan-
nels. ’
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Non-Steady Astrophysical Spiral Jets driven
by Magnetic Collapse and Pressure

Jun-ichi Sakai

Department of Applied Mathematics and Physics, Faculty of Engineering,
Toyama University, Toyama, 930 Japan

ABSTRACT

A simple theoretical model of non-steady, astrophysical, spiral, two sided jets is investigated
by means of the ideal MHD equations with the adiabatic law for both cases; ¥ =5/3 (ion domin-
ated plasma) and ¥ = 4/3 (radiation dominated plasma). It is shown that the combined effects
of the radial magnetic pinch (magnetic collapse) and anisotropic plasma pressure can explo-
sively produce super-Alfvénic two sided jets with the spiral structure. The high energy particle
acceleration during the explosive jet formation is also briefly discussed.

1. INTRODUCTION

The astrophysical jets with the narrow, elongated features are observed in a variety of
astrophysical objects: long relativistic jets (= 10%pc) from active galactic nuclei (Begelman
Blandford and Rees 1984; Bridle and Perley 1984), a pair of precessing jets from SS433
(Margon 1984), bipolar outflow (< 1pc) from young stellar objects (Lada 1985, Shu, Adams
and Lizano 1987) and spray in solar flares (Svestka 1976). »

It seems that there exist the general physical mechanisms (Konigl 1986) which give rise to
similar manifestations (highly collimation, two sided jets in most cases, origination in compact
objects and assosiation with magnetic fields) of the jets in these widely different scales.

The role of magnetic fields in the astrophysical jets has been considered mainly for the con-
finement and stability of the jets (see Begelman, Blandford and Rees 1984; Koupelis and Van
Horn 1988 reference therein). As briefly summarized by Koupelis and Van Horn (1988), the
electromagnetic production mechanisms of the jets have been recently investigated. Among
them, Blandford (1976) and Blandford and Payne (1982) considered a mechanism for extra-
tion of energy and angular momentum from the accretion disk and the central black hole. Love-
lace, Wang and Sulkanen (1986) studied the steady structure of self-collimated, force free,
electromagnetic jets. Shibata and Uchida (1985) have worked out the details of non-steady jet
formation by solving numerically the ideal MHD equations. Koupelis and Van Horn (1988)
presented a simple model for acceleration of jets in which both rotation and magnetic fields are
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important. Haswell, Tajima and Sakai (1987) studied high energy particle acceleration by non-
steady electromagnetic fields in the accretion disk. The magnetic acceleration mechanism of
plasma jets in solar flares has been recently considered (Sakai 1988) in assosiation with the
current loop coalescence model (Tajima, Brunel and Sakai 1982; Tajima et al. 1987) in solar
flares.

The purpose of the present paper is to study the combined effects of magnetic collapse
(plasma pinch effect) and plasma pressure which could produce non-steady, spiral, two sided
astrophysical jets. The above combined acceleration mechanism which was applied to the solar
jet case (Sakai 1988) has not been explored in detail, especially from a simplified theoretical
model. We show that super-Alfvénic spiral, two sided jets (self-collimated by magnetic fields)
can be explosively produced by the combined forces of jX B, which causes the magnetic collapse
and the pressure gradient which enchances the velocity of the jet.

We use the ideal MHD equations, which do not include characteristic scale length in their
normalized equations. The results obtained from the ideal MHD equations can be applied to a
variety of astrophysical jets on widely different scales. The important physical parameter
which appears in the ideal MHD equations is the plasma [Bratio. As seen later, we find super-
Alfvénic jets in relatively high 3 (>1) plasmas with the temperature anisotropy.

We consider the intermediate region, rs<<r<r; where rg is the Schwarzschild radius and r;
is 10%3 (M/IOSM@)cm, and r; is the length of the jet. We do not address the details of the cen-
tral engine which gives rise to energy supply as well as the global structure of production re-
gion of the jet, including the acceretion disk. We concentrate on the local jet production region
(“funnel region”) where plasma radial sporadic flows may be triggerd by the central massive
object and from the non-accretion disk.

In section 2 we derive the basic equations describing the dynamics of the jets from the ideal
MHD equations. In section 3 we present the numerical results which show that the spiral jets
can be explosively accelerated within very rapid time scale. We find maximum jet velocities and
acceleration times for both cases: ion dominated plasma (¥ = 5/3) and radiation dominated
plasma (¥ =4/3). In section 4 the non-steady electromagnetic fields produced during the jet
formation are discussed in association with high energy particle acceleration. We also discuss
the fast magnetosonic shock formation by the plasma rebound following the magnetic collapse.

In section 5 we summarize our results and discuss an application to the extragalactic jets.
2. CYLINDRICAL JET MODEL—-BASIC EQUATIONS

We here derive basic equations describing the non-steady, spiral, two sided jets from the
ideal MHD equations. The main driving forces leading to a mass outflow from a gravitationally
bound system are the pressure gradient and the Lorentz force. The acceleration mechanism due
to the pressure is called thermally-driven (or radiation pressure-driven) jet. While the accel-
eration mechanism due to the Lorentz force is called magnetically driven jet. In the previous
studies the above two acceleration mechanism have been considered separately, except for the
recent numerical simulations by Shibata and Uchida (1985). For the deep understanding of the
jet production mechanisms, efforts of theoretical modeling are important, especially for the
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understanding of the key physical parameters of the jet acceleration mechanisms.
The ideal MHD equations coupled with the adiabatic law of state are

oP . _

3 +div(Pv) = 0, (2.1)
oV . ) - _ 1

P (at +v-wvv) = —vp+ an rotBXB, (2.2)

8—t = rot (VX B), (2,3)

ap .

a—t+v'Vp+7pd1VV—O, (2.4)

where we have neglected the gravitational force, which is a restraining force of the jets. In
order to get mass outflow from the gravitationally bound system, the jet velocity should exceed
the escape velocity determined from the gravitational force. The specific heat ratio ¥ is taken to
be 5/3 or 4/3, depending on whether the plasma near the jet production region is supported
primarily by ion dominated pressure or radiation pressure. ‘

We employ here the cylindrical coordinate (r, ¢,z) to make a model with cylindrical sym-
metric jets. Futhermore we assume the spiral jet flows associated with the spiral magnetic field
structure as shown in Fig.1.

The simple velocity fields showing the
spiral, two sided jets are given by

v, =2
a

Vg = c—l, (2.5)
C1

V, = %z,

where the dot means the time derivative
and time dependent scale factors a (t), b
(t) and c1 (t) are determined self-consis-

- —
V7‘
Collapse

tently later.
From the continuity equation (2.1)
and (2.5), the density p (t) can be exactly

P (t) a%b

where pPp is a constant. The density is

given as

(2.6)

uniform in space where the jet can be

V:

JET

accelerated.

Figure 1. Shematic magnetic configuration (B) associ-
ated with the two sided spiral jets which can
be driven by the magnetic collapse (V,<0) and
the pressure gradient. The plasma current (j,)
flows in the z-direction.

We assume the magnetic fields with
the spiral structure as shown in Fig.1 as

B, =b; (t) I"/A,
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By = b2 (t)r/A, (2.7)

B, = —2b; (t)z/4,

where by (t) and b2 (t) are determined, using the induction equation (2.3). A is a characteristic
scale lenght of variation of the magnetic fields. The above expression of the magnetic fields
satisfies the equation, div B = 0.
From equations (2.3) and (2.7), b1 (t) and b (t) are given by
bio

bi(t) =z~ (2.8)

_ bao
bz (t) b

where by and byg are constants. The plasma current is determined from the Maxwell equation;
J = (c/47) rot B, which gives

P Cbzo
k= S Aat

(2.9)
j#=jr=0.
Therefore the plasma current flows along the jet axis.
The plasma pressure p is assumed to be
plrat) = polt) ~ 2T PV (2.10)

where po (t) , p1r (t) and pi, (t) are determined self-consistently later. The above expression
means that the central region of the jet production can be heated by the central energy source
which we do not address here. As seen in the next section, the jets can be explosively acceler-
ated by the pressure anisotropy (pi,>>pir).

From the equations of motion (2.2), (2.5) — (2.8) and (2.10), we find the following equa-
tions for the scale factors, a(t), b(t) , and ¢ (t);

d%a a’bpir  2VaZ (él>2
= —_ + -
dtZ ~ poA  A%Zab 2 \¢ /0 (2,11)
d*b _ a’b’pi,
- = —— 2.12
ar AZPO ( )
d2C1 ZVAZZCI (.312 éél
= + —2 , 2.1
dat” A%a’b c1 a (2.13)
where va = bzo/ (47 P0) Y2 vad = va? (b1o/bzo). The time dependent pressure coefficients,
po (t), p1r(t) and p1,(t) are determined from equation (2.4) as
po(t) = Poo
oW = )
pi(t) = ZZI‘YB—II——OHET, (2.14)
— P1io
p1,(t) PANGLE
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Substituting the above equation (2.14) into equations (2.11) and (2.12), we obtain the
basic equations ((2.13), (2.15),(2.16)) describing the spiral, two sided jets;

d%a . cs? 2V 2 (cl 2 .
Az~ AZRZT 7l Zab +a —C—l— , (2.15)
d’b _ cs?

atz T Az © (2.16)

where ¢, = (p10/P0) *'?

The main driving forces for the production of jet are the second term of the right-handed
side in equation (2.15) which corresponds to the j, X B¢ force and the right-handed side in
equation (2.16), which shows the pressure gradient, 9p/dz. The former force can drive the
plasma collapse (a—0) in the radial direction (we call this magnetic collapse; see Sakai and
Ohsawa, 1987) and enhance the pressure pi,. The combined effect of the magnetic collapse and
the pressure gradient can strongly accelerate the tow sided, spiral jets.

3. EXPLOSIVE SPIRAL JET

We present the results of numerical calculation of the basic equations (2.15), (2.16) and
(2.13), which can be written in the normalized form;

d%a B 2 (61 )2
=y =75 ——+ — .
F AP YA S a1/’ (3.1)
d®b B
PTCEE e (3.2)
d2C1 - b10 2C1 (.312 _ 25(.31
dtZ - b20 alb + c1 a ) (3.3)

where 8 = ¢s2/vaZ is the plasma f ratio, which is determined from the Alfven velocity va =
bao/ (47 P¢) 172 and the sound velocity ¢s = (p10/Po) 172 The time is normalized by taA = A/Va.
As seen in equations (3.1) — (3.3), the physical parameters characterizing the jet flows are @8
and bog/bio. The characteristic scale lenght A is included only through the normalized time 74
= A/V 4 Therefore, the ideal MHD equations are scale-free and results obtained from the equa-
tions (3.1) — (3.3) may be applicable for a variety of different scale jet phenomena. The most
important parameter is the B ratio.

3.1 Initial conditions

The basic equations (3.1) — (3.3) are solved as the initial value problem. The normalized
velocities are v,/va (r/A) = a/a, vg¢ /va (r/ A) = ¢1/c1, and v,/va (z/A) = b/b. The norma-
rized density is £/ po = 1/a’b, and the normarized magnetic fields are B,/bjo®/4) = 1/a%b,
B /by 4) = 1/a%b,B,/byo® *) = —2/a°bh.

We show some results where a(t=0) = 10, b(t=0) = 0.01, a(t=0) = —(10—0.1), b(t
=0) =108 ¢1(t=0) =11 (t=0) = 10 ° are taken. Therefore initial physical values we
used are v,/va (r/A) = —(1.0—0.01), vé/va(r/A) = 1076, v,/va(z/2) = 1078 p/po =1,

B./b1o (r//l) =1, Bgs/bzo(r//l) =1, Bz/blo(z/l) = —2. We take here big = bzog = —1.
The initial velocities of vg¢, v, are much smaller than the Alfvén velocity at r =z = }.
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However, we used relatively large radial velocity, which means that the initial sporadic ‘infall
from the accretion disk plasma to the central massive objécts may trigger the astrophysical jets.
And if there exists some dynamical tidal interaction between stars near the central massive ob-
jects, there may occur the sporadic radial inflows.

We consider the initial plasma pressure distribution given by equation (2.10), which can be
rewritten using equation (2.14) as

—n) — Db p p
im0 = B (120 () — 2 (5) | 6

If we use a(t=0) = 10, b(t=0) = 0.01, the ratio of the pressure amplitudes between the
radial component p,,/pyoa” and z — component, p;,/Pyob® is 10~ °, which means that there ex-
ists strong pressure anisotropy (p1r<<plz). As the density is uniform in our model, the press-
ure anisotropy corresponds to the temperature anisotropy (T;;< Ti.). This temperature ani-
sotropy may be realized when we consider the heat source from the central engine (r = z=0)
and heat conduction along the magnetic fields. Near the central engine where the magnetic field
strength is weak, there is no temperature anisotropy because of the spherical infall to the mas-
sive object. However, far from the central energy source there are magnetic fields which play
an important role for the heat conduction. Near the equatorial plane (z=0) the main magnetic
field has poloidal component B4 (>>B,, B,) as seen in Fig.1.

The heat conduction across the poloidal magnetic field B¢ can be strongly reduced com-
pared with the direction parallel to the magnetic field. Therefore the radiative cooling may be-
come dominate in the r-direction. While the magnetic field lines are almost along the jet axis (z-
direction) in the region far from the central. The heat conductivity along the magnetic field is
so high that the temperature in the z-direction may be retained with the same one as the central
source. We may expect from the above discussion that there appears the temperature anisot-
ropy near the jet production region.

3.2 Spiral magnetic field structure

The magnetic field structure associated with the plasma jet is axial symmetry (a/a¢ =0).
The components of the axisymmetric magnetic field B which lie in the meridional planes can be
expressed in terms of the magnetic stream function ¢ ;

_ 1 o¢
Br = r oz'
1 o¢
Bz_T ar, (35>

The magnetic stream function ¢ in the axisymmetric case can be written as
¢(rzt) =rAy, (3.6)

in which A4 is ¢-component of the magnetic vector potential A (B = rot A). From Egs. (3.5)
and (2.7), we find the magnetic stream function ¢ (r,zt) as

g(rzt) = blg r’z, (3.7)

It is easy to show that the magnetic lines of force lie on the magnetic surface ¢(r,z,t) = con-
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stant, because the equation of the magnetic lines of force in the meridional lanes (dr/B, =
dz/B,) gives

_ oY o . _
dg =—5 —dr+—="-dz = 0, (3.8)
It is also easy to show that ¢ (r,z,t) is conserved, i.e.
d¢ _ o¢ _
T = ot +V.v¢/ = 0, (39)

by means of Egs. (2.5) and (3.7). The conservation of ¢ means that the axisymmetric magnetic
surfaces ¢ in an ideal conducting plasma move along the material. Therefore the global struc-
ture of the magnetic field topology can change in a self-similar form as shown in Fig.1 during
the formation of the jet.

3.3 Acceleration time and maximum jet velocity

We show the results of the case, 3 = 1, ¥ = 4/3. Fig.2 shows the time history of the radial
velocity v normalized by (var/A), with the initial value a/a = —0.01. The magnetic force can
induce strong plasma collapse (v, <0) by the plasma pinch effect (magnetic collapse). During
the magnetic collapse the explosive two sided, spiral jets can be generated as seen in Fig.3. On
the same time the plasma rotational motion can also be triggered as seen in Fig.4.

The acceleration time getting to the maximum jet velocity is quite short and 0.04 t 5 for the
case of Fig.3. The most important parameter controlling the maximum jet velocity is the plasma
B ratio, rather than the initial radial velocity. Table 1 shows the summary of the results for
various 3 ratio, ¥ = 5/3 and 4/3. As seen in the table, the results for y = 5/3 and 4/3 are
almost same. When @ is small (for example, 8 = 10~ *), the maximum jet velocity is less than
the Alfvén velocity at z = A. However, the B increases, the maximum jet velocity becomes su-
per-Alfvénic within very short time scale. The maximum velocity with high 8 (>1) is almost
same for the case of 3 = 1.

The density and the magnetic field components are proportional to (a®b) ~!, which time his-
tory is Fig.5.

Table 1. Maximum jet velocities and acceleration times for various plasma g ratio.

Y 5/3 4/3
B Vzamas(Va-2-) | Acceleration Time Vzmas(Va%-) | Acceleration Time
1074 0.707 0.97 () 0.65 1.03(7,)
1073 1.77 0.39 (7a) 1.81 0.39( )
1072 5.64 0.12 (7,) 5.83 0.12(7,)
107} 18.75 0.033(7,) 19.4 0.04(7,)
1 56.0 0.015(7,) 58.0 0.02(7,)
10 56.25 (Cs-5- 0.011(7,) 58.3 (Cs%-) 0.01(z,)
102 56.25 (Cs2-) 0.011( ) 58.2 (Cs%) 0.01(7,)
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As seen in Fig.2 there appears strong rebound flow after the magnetic collapse. Such strong
rebound flow becomes super-Alfvénic when the 8 is small and can generate the fast magnetoso-
nic shock waves.

When the temperature anisotropy is weak (a=1b at t=0), the jet speed becomes sub-
Alfvénic and the acceleration time becomes
long.

4. STRONG ELECTRIC FIELD
AND SHOCK FORMATION o2
DURING THE JET PRODUCTION I

< Collapse ——|——> Rebound

We here show the results of strong electric
fieild produced during the jet formation. The
electric field induced from time varying magne-

V- (Var/A)

tic field during the jet formation may play an
important role for high energy particle accelera-
tion (Haswell, Tajima and Sakai 1987). The in-
duced electric field E can be derived from the
frozen condition E = —VXB/c, where V and B
are given by equations (2.5) and (2.7). The Time (74)
components of the induced electric fields are

Figure 2. Time history of plasma radial velocity when
given by B =1, and y = 4/3. The Lorentz force drives
magnetic collapse, which enhances the rebound
flow leading to the formation of fast magneto-
sonic shock waves.

60 ' 0.3

50 |

30}

V2 (VA Z//U
Ve (VA l‘//U

20

ol oob— v
0 0.1 0.2 0.3 0 4 8 12 16 20

Time (za) Time (74)

Figure 3. Time history of the jet velocity with 8 =1 Figure 4. Time history of the velocity, v¢ with g =1
and ¥y = 4/3. The maximum velocity (=56.0 and ¥ = 4/3.
va(z/2)) occurs at t = 0.0157.
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E./Eo(rz/2%) = (2—°‘—+ bzo -3> /a®b, (4.1)
Ci b10 b
Eg/Eq(rz/A%) = — <%+2%) /a%b, (4.2)
E,/Eo(r?/%) = C—l—@-i) /a%b, (4.3)
C1 b10 a
where Eg = bigva/c.
1.0
0.8}
0.6 =
Lo 5
-~ o
=
0.2}
0 b o 4y T it s 1
0 0.1 0.2 0.3 0.2 0.3

Time (7a)

Figure 5. Time history of the density and the compo-
nents of magnetic fields proportional to
(a®b) ™' with # =1, and y = 4/3. The plas-
ma current, j, is also proportional to (a®p) "L
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Figure 6 (b). Time history of electric field, E4 with 8
=1and ¥y = 4/3.
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Figure 6 (a). Time history of electric field, E, with B
=1and y = 4/3.

X102
3.5:

Time (za)

Figure 6 (c) . Time history of electric field, E, with B
=1 and y = 4/3.
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The time history of the above electric fields is shown in Fig.6 (a) — (c), when bjg = bgg = —
1. During the explosive jet formation, strong electric fields can be generated. Near the peak of
the electric fields these maximum amplitude can be retained during 1027 5, which time scale
may be long many order of magnitude compared with the typical ion cyclotron period. There-
fore if the typical high energy particle acceleration time is very short compared with 10~ 2¢
the particle acceleration can be treated under the assumption of steady electromagnetic fields
given by equations (2.7) and (4.1) — (4.3).
The equation of a test proton in its normalized form is

dP (vA 1 >
— = (AL E4+—PX .
: E+PXB), (4.4)

where P is normalized by mjc, time it is normalized by A/va = wg; ', E is normalized by E¢ and
r=«a +p2)1/2. The particle with small P can be accelerated by the electric field of the first
term of the right-handed side of equation (4.4) . 1f | (va/c) E| is of order of unity, the particle
can be easily accelerated to relativistic energy within very short time compared with 10~ “z 5
The magnitude of the normalized electric fields, E; and E4 is about 40 as seen in Figs.6 (a)
and 6 (b). Therefore | (va/c) E| can be of order of unity, even if va/c is 1/40. The details ab-
out the particle acceleration will be investigated by numerical calculations of the test particle
(Sakai 1989).

4.1 Fast magnetosonic shock formation by plasma rebound

As seen in Fig.2 the plasma rebound following the strong plasma collapse may generate su-
per-Alfvénic flow, which in turn can produce fast magnetosonic shock waves. The fast magneto-
sonic shock formation can occur when the local plasma flow velocity exceeds the local magneto-
sonic wave velocity; v, > (VA2+C52) 172 This condition can be written as

2 2 2
ba > 1+ —b“’) +4 —bl°> (i> +
b2o bzo r

a®” fb 71 poo( > 2 <7 T( )) 45)

For the low 3 case (where we neglect the last term of the right-handed side of equation
(4.5)), the above condition becomes

b10 r 2 bl() 2 Z 2
{2 H () >4 (@) (5)° ~
[ba 1+ (g ! o) (R : (4.6)
If the parenthesis of the left-handed side in equation (4.6) is positive,

Vbi > {1+ %&y }“2, (4.7)

20

the fast magnetosonic shock waves can be generated in the region where the following condition
is satisfied;

bio
b2o
where |b10/b20| means the absolute value of b1g/bzo. The above condition, Eq. (4.7) can be

>0l paz— {1420 ] ' (4.8)

b2o

satisfied in some cases. Figure 7 shows an example, where bjo = b2o = —1 and 8 = 0.01 are
taken. We can find that the condition for shock formation. Eq. (4.7) can be satisfied in Fig.7.
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The fast magnetosonic shock waves play an important role for plasma heating and high energy
particle production (see review by Sakai and Ohsawa 1987).

5. SUMMARY AND DISCUSSION

We have shown that the spiral, two sided jets can be explosively generated by the combined
two forces of magnetic Lorentz force and plasma pressure gradient. The important physical pa-
rameters characterizing the super-Alfvenic jet are the plasma £ ratio and temperature anisot-
ropy. The acceleration time to the maximum jet velocity is quite rapid of order of 0.017,5. We
briefly discussed-high energy particle acceleration by strong electric fields driven during the
jet formation as well as by the fast magnetosonic shock waves produced by the plasma rebound
following the magnetic collapse.

The MHD equations are scale-free equations
so that the results obtained here can be applic-

able to a variety of astrophysical jet phe-
nomena. Among them we consider an applica-
tion to the extragalactic jet. For the extragalac-
tic jet the central region of the jet formation can
not be observed. If we take the scaie A as} ~
10'*7®cm which is larger than the Schwart-
zshield radius rg = 1013 (M/8Me) cm for the
central massive black hole and the Alfvén veloc-
ity va~10°"1%m/s (Begelman et al. 1984), the
normalized time scale 7, = A /va = 10* Ssec.
Therefore the acceleration time should be

Time (TA)

102 *sec. From a theoretical argument (Begel-
man et al. 1984) the central region near the ac- Figure 7. Cpndition for generation o{ the fgs} magngto-
. . . . sonic shock waves; after v/ba> /2 is satisfied
tive galactic nucleus may be filled with the elec- when bio=1bypo=— 1 and B =001, the
tron-positron plasma with the temperature T ~ shock waves can be produced. -
mecz. For the plasma with 8~1 we have va—cs

= (me/mi)l/ 2c = 7% 10%m/s. Therefore the maximum jet velocity may become relativistic veloc-
ity, 50va—c, as seen in Fig.3. In the previous discussion we have neglected the gravitational effect.
The characteristic time scale T\ for the Keplerian motion around the central massive black hole is
given by Ty = 27/w,, where w, = (GM/r®) 2. If we take M = 10®Meo, r = 10 *cm, T\ is 6 X 10*
sec. If the acceleration time for the jet formation is less than T,, we may neglect the Keplerian mo-
tion for the jet formation.

If the acceleration time becomes long, we need to take into account other physical process such
as radiative cooling effect (Sakai 1989).

Because of non-relativistic MHD equations, the region of interest is assumed to be far from
the Schwarzschild radius. However, the obtained solutions may approximate the solutions near
the Schwarzschild radius. We assumed that initially v, <0. While, if we assume that initially
rotational velocity occurs without mass inflow, we found that the rotational mass motion can
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drive mass inflow and produce the similar plasma jets.

The obtained self-similar solutions which can exactly satisfy the MHD equations may repre-
sent local behaviour of the jet dynamics, because we don’t solve exactly the MHD equations as
initial-boundary value problem. However, the simple MHD jet solutions proposed here should
give insight to the 3-D MHD simulation in the future.
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PARTICLE ACCELERATION BY MAGNETIC RECONNECTION
AND FAST MAGNETOSONIC SHOCK WAVES
IN SOLAR FLARES

Jun-ichi Sakai* and Yukiharu Ohsawa™

ABSTRACT

This article reviews recent development of the theory of current loop coalescence and fast
magnetosonic shock waves, giving particular attention to particle acceleration caused by these
processes.

It is shown that the spiral, two sided plasma jets can be explosively driven by the plasma
rotational motion induced by magnetic reconnection during the two current loop coalescence. The
rebound following the plasma pinch driven by the Lorentz force can generate the fast magnetosonic
shock waves. ‘

For a weak magnetic field (wce<<wpe) , strong acceleration by the shocks occurs to proton only.
While the simultaneous acceleration of protons and electrons takes place in a rather strong
magnetic field such that w..=wp.. Resonant protons gain relativistic energies within the order of
the ion cyclotron period (much less than 1 s for solar plasma parameters). The electron acceleration
time is shorter than the ion cyclotron period.

Keyword; Magnetic reconnection, Shock acceleration, plasma jet formation, Magnetic collapse,
Solar flares, Current loop coalescence.

1. INTRODUCTION

The solar flare (for previous summaries, see Svestkal, 1976; Sturrockf 1980; Kundu et al.?
1986; Sturrock et al.j 1986) is a manifestation of the explosive release process of magnetic energy
stored in the lower corona. During the solar flare a large amount of energy, up to 1032 ergs , is
released in the solar atmosphere with a time period of a few to about ten minutes. Energy release in
solar flares can occur in various forms; plasma heating from 10?( to 5~10k, acceleration of
charged particles up to relativistic energy, plasma jet motions, and production of electromagnetic
radiations in the range from the radio to ¥-ray wavelengths.

In order to fully understand the whole picture of solar flares, we must investigate at least the
three physical processes related to magnetic energy, i.e., generation, storage, and dissipation of

* Department of Applied Mathematics and Physics, Faculty of Engineering, Toyama University, Toyama 930 Japan
* % Institute of Plasma Physics, Nagoya University, Nagoya 464 Japan
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Evolution of a Solar Flare

Current generation and storage of magnetic energy

photospheric plasma motions

Vrot

Dissipation of magnetic energy through reconnection

current loop coalescence . nonlinear kink instability

Flare phenomena

plasma heating shock waves
and plasma motions

! |

radiations high energy particles

Fig.1 Evolution of a Solar Flare

magnetic energy. We show a possible senario for the solar flares in Fig.1 (Sakai and Ohsawaf 1987),
which has been drawn with particular attention to the generation, storage, and dissipation of
magnetic energy.

Direct observations of soft X-rays (Howard and Svestka, 1977) showed that multiple bright
coronal loops exist in the magnetic active regions of many magnetic bipoles. These loops may carry
plasma currents, which can be generated by photospheric plasma motions in active regions such as
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shear motions of sun spots and rotational motions. Mutual interactions of interconnecting coronal
loops could be quite an important physical process for magnetic energy release in solar flares
(Gold and Hoyle? 1960; Tajima et al.? 1982; Tajima et al.s,) 1987). In fact, recent observations of
H e« emmision, radio waves (Kundul,ol 982) and hard X-rays (Machsdo et al.1,11988) suggest that the
interactions of coronal loops in the impulsive phase lead to the solar flare.

In order to explain the rapid quasi-periodic acceleration of both ions and electrons observed in
the June 7, 1980 flare, Tajima and Sakai (1985, 1986} and Tajima et al. (1982} 1987) showed
that the most likely mechanism for the impulsive release of magnetic energy in solar flares is the
current loop coalescence (for review, see Sakai and Ohsawa, 19873. It has been shown by theory
and simulation (Sakai and Tajima1,4l986, Tajima and Sakail.s']l.?)89) that during the coalescence of
two current loops, the magnetic reconnection can explosively transform the magnetic energy to
kinetic energy, producing high energy particles and increasing plasma temperatures. The
transformation can occur within the Alfvén transit time acrossthe currnt loops, which isabout 1 —
10 s for appropriate loop radii. Furthermore, the energy release can be achieved in quasi-periodic
manner, when the ratio B,/B; between the poloidal (B,: produced by the loop current) and the
toroidal (Bt: potential field) components of the magnetic field is greater than one. While in the
reverse case. B,/B;<1, the energy release by magnetic reconnection is not so explosive compared
with the case of Bp/B¢> 1. In this situation the two current loops begin to rotate around the
reconnection point shown in Fig.2 (Sakai1,7l 989). After the coalescence of two current loops, the
single current loop can still do the plasma rotational motion as shown in Fig.2 b-d

a b c d
Reconnection e ‘ g @ g @
\vw — —

\' Vo

Loop-Loop Coalescence

Fig.2 Loop-Loop Coalescence
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In section 2, we show the results of spiral plasma jet formation driven by the plasma rotational
motion induced during the two current loop coalescence process (Sakail,71989). By means of a
theoretical model based on the ideal MHD equations, we find that the spiral, two sided jets can be
explosively produced by the combination of the magnetic pinch effect (magnetic collapse) and the
plasma pressure. The plasma rebound flow following the magnetic collapse can strongly induce the
super-Alfvénic plasma flow, which can generate the fast magnetosonic shock waves.

In section 3, as a possible mechanism for high energy particle acceleration in the impulsive
phase of solar flares, a new particle acceleration mechanism in the fast magnetosonic shock waves
is proposed (Ohsawal,81985; see for review, Sakai and Ohsawa? 1987) . The collisionless fast
magnetosonic shocks can promptly accelerate protons and electrons to relativistic energies, which
was found by theory and relativistic particle simulation (Ohsawa and Sakail,9 1987; 1988a2,0
1988b51. The simultaneous acceleration of protons and electrons takes place in a rather strong
magnetic field such that w..=wp.. Resonant protons gain relativistic energies within the order of
the ion cyclotron period (much less than 1s). The electron acceleration time is shorter than the ion
cyclotron period.

In section4, we discuss some applications to solar flares.

2. PLASMA JET AND SHOCK FORMATION DURING CURRENT LOOP COALESCENCE

The magnetic reconnection process during the current loop coalescence was reviewed by Sakai
and Ohsawa (1987) 5 in which the effect of toroidal magnetic field (B;) on reconnection was
discussed. When the toroidal field, B; is less than the poloidal field, B,, explosive reconnection is
observed and instead a plasma rotational motion around the reconnection point occurs when B
becomes larger than B,. This plasma rotational motion after the magnetic reconnection can be
observed in the computer simulation of the two current loop coalescence (Zaidmanz,zl 986). We call
this the threshold phenomena with the toroidal magnetic field. The same threshold phenomenon as
the above is observed in simulations of reconnection triggered by impinging MHD waves (Sakai et
al.1984).

We consider the single current loop which can be produced by the two current loop coalescence
shown in Fig.2. After the magnetic reconnection, the single current loop can be produced and the
plasma can be heated by the magnetic energy dissipation. At the same time, the plasma rotaional
motion (V ¢) around the reconnection point can be induced during the loop coalescence process
when the ratio By/B; is less than one. ,

In order to represent the spiral plasma jet nd spiral magnetic field structure associated with the
jet which may be generated during the above process, we assume the physical quantities as follows;
for the velocity components,

V, = ir,
a

Vg =Sy (2.1)
C1

V,= %z,
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for magnetic field components,

-

-5

Bio

B, = —2—2—

(5)-

where we used the cylmdrlcal coordinates (r,4,z), and
dependent scale factors, a(t), c1(t) and b(t) can be
MHD equations with the adiabatic law (p ~ 7).

(2.2)

the dot means the time-derivative. The time-
self-consistently determined from the ideal

B10,.B2o and By are constants and A is a

characteristic scale length which we are concerned with. From the continity equation. we find the

density P as P = Po/a’b, where Pg is a constant. From the Maxwell equation, we obtain the

current j, = ¢Bzo/2m Aa%b, which flows along the loop. The time-dependent scale factors can be

determined from the equations of motion as follows

(;i? = Azaz7ci21b7—1 2VA < >2, (2.3)
%igz o ¢ - (2.4)
d;t‘? = 2;;‘%? 4L 2%612, (2.5)
where ¢,2 = p,o/Po, VA = B20/47rP0, vi = va(B1o/Bzo) "
We here assume that the pressure is given by
p(rzt) = p,(t) — (b, (t)rz;;g“(t)zz) : (2.6)

where p, (t),p;, (t) and p1,(t) can be determied from the adiabatic law as

Py (1) = pyo/ (a®b) ”

Py, (t) = p,o/ @7 TV, (2.7)

27b7+2),

Dlz(t) = plo/ (a

where py, and p,q are constants.

We show numerical results obtained from Egs.
(2.3) —
quantities such as the velocity field (2.1) and the

(2.5), which determine the all physical

magnetic field (2.2). The time is normalized by the
Alfven transit time 7o = A/va. The velocity is
normalized by the Alfven velocity which is deter-
mined from the poloidal magnetic field B2o. The
initial conditions for the velocities are v, = —
1078 (var/a), v, = 1078 (vaz/a) and v¢ = 0.1
(var/a). The plasma beta ratio is taken to be 0.01.

V, (Vi)

0.8
0.6
0.4
Collapse
«—— —>
0.2 Rebound
0.0
-0.2
—0.4 1 1 1 1 1
0 1 2 3 4 5
Time ()
Fig.3
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We take B; = Bg and ¥ = 5/3. Figure 3 shows 6 F
the time evolution of the radial plasma flow 5 a
velocity. -
The initial rotational plasma flow induced 4 H
after the magnetic reconnection can drive the o E
plasma collapse (v, < 0) mainly by the j, X By = 3
force, which corresponds to the second term of the ;: 9
right-hand side of Eq.(2.3). During the plasma
collapse, the explosive plasma jet in the z-direction 1
can be produced as seen in Fig.4. The acceleration 6 X . , , 5 ‘ . ‘
time to the maximum velocity of the jet is quite 0 0.4 0.8 1.2 1.6
short and about 0.11 z,. The plasma jet can be Time (z2)
driven by the combination of two forces. namely, Figd

the j,XBg (which drives the magnetic collapse)
and the pressure gradient 9p/ 9z. The jet max-
imum velocity obtained during the short time

period is not so sensitive to the initial rotational
velocity. We found the same results for the cases
V4 = 0.01—1 (var/A). The most important pa-
rameter which determines the maximum jet veloc-
ity and the acceleration time is the plasma beta
ratio. When the beta ratio decreases, the maximum
jet velocity also decreases and the acceleration
time becomes long. While the beta ratio increases.

the maximum jet velocity increases and becomes

super-Alfvénic within the very short time period.

The plasma jet obtained here shows the two Time (z)
sided flows which originate from the current Fig.5
coalescence region as seen in Fig.2.

As seen in Fig.3, the plasma rebound (v.>0) can occur following the plasma collapse. The
velocity of the rebound can be enhanced by the magnetic collapse and adiabatic compression, when
the plasma beta ratio is small. We here investigate the condition of fast magnetosonic shock waves
by the rebound after the magnetic collapse. In the low beta plasma , the shock formation condition,
vi > (va®+cs?) V2, is given by

[ G () > (52)” @.9)

We obtain one condition which must be satisfied in Eq. (2.8). Namely, the term with a parenthesis
of the left-handed side must be positive,

vba> {1+ %)2}1/2. (2.9)

20

If the condition (2.9) is satisfied, the fast magnetosonic shock wave can be generated in the region
of r >rs, where rs is given by
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x/—r_s_=«/_b_ Bo)[éz_%{1+ Bio 2]_1/3- (2.10)

B2o By .
Figure 5 shows the time variation of ﬁé in the case of Bjo = B2o = — 1. The region where
ﬁ a> ﬁ is satisfied can be observed in Fig.5. The radius where the shock can be produced is
around the scale length 2.

If we take A ~—10%m which corresponds to the loop radius, and the Alfvén velocity va =
500km/s, the Alfvén transit time is Ta = A/va = 2seconds. Therefore the acceleration time to the
maximum jet velocity is 0.1 ~1s, depending on the plasma beta ratio.

The two sided jet flows originated from the current loop coalescence region may be observed
during the impulsive phase.

During the plasma collapse, the strong electric field, E = — (VX B)/c can be produced by the
change of the magnetic field. This electric field can generate high energy particles within one
second.

3. PROMPT SIMULTANEOUS ACCELERATION OF PROTONS
AND ELECTRONS TO RELATIVISTIC ENERGIES BY SHOCK WAVES

In previous section we showed that the fast mode shocks by the rebound following the magnetic
collapse is very effectively formed, even though the colliding velocity of the two current loops is
much less than the Alfvén velocity.

Recently theoretical and simulation work (Ohsawa et al.l)s—zhlas shown that a quasi-perpendicular
fast magnetosonic shock wave can accelerate both protons and electrons to relativistic energies
within a very short time period (shorter than 1 s for the solar plasma parameters) . The
simultaneous acceleration takes place in a rather strong magnetic field (wce?-wpe). For weak
magnetic field (wce<<wpe), strong acceleration occurs to protons only.

When the ambient magnetic field is weak (we < wpe), fast magnetosonic shock waves are well
described by nonrelativistic theory (Adlam and Allen’1958; Davis et al..1958; Sagdeev,1966).
For such nonrelativistic shocks, it is known (Ohsawal,?l985; Ohsawa and Sakail,gl,987) that a quasi-
perpendicular fast magnetosonic shock wave can trap some ions and resonantly accelerate time in
the direction perpendicular to the ambient magnetic field and parallel to the wave front up to the
speed

v—va (‘“i )”2 (M—1)%/3, (3.1)

me

where M is the Alfvén Mach number. Those trapped ions are accelerated within a short time period,
t~wg ! (mj/me) 1%, where w;. is the ion cyclotron frequency. When the resonant ions reach the
maximum speed, equation (3.1), they are etrapped and left behind the shock front. For simplicity,
we have written the expression of the maximum speed for a perpendicular shock in a zero beta
plasma (for the maximum velocity in oblique shocks in finite beta plasmas, see Ohsawa, 198,62,7
19867,

Equation (3.1) indicates that the maximum speed of resonantly accelerated ions increases with
the Alfvén speed. Further it suggests that the resonant ions gain relativistic energies when the
Alfvén speed is rather large, v >c (me/m;) l/2; this is equivalent to the condition wcepre. We will
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discuss shock waves and particle acceleration in such a parameter regime.

First, we analytically show very briefly that ions can be promptly accelerated to relativistic
energies for a rather strong magnetic field w..=wp.. From the analysis of single particle orbits in a
monochromattc electrostatic wave E = E, sin (kx —wt) propagating across the magnetic field B
that points in the z-direction, it was shown (Sagdeev and Shapiro 19732;9 Sugihara and
Midzno,1 97930 that trapped particles can be accelerated in the direction parallel to the wave front
and perpendicular to the magnetic field up to the speed v—cE,/B. The strong longitudinal electric
field in the shock region also traps some ions and resonantly accelerates them by the same
mechanism. The quantity cE,/B in a shock wave can be calulated from the self-consistent nonlinear
wave theory, and the maximum speed of resonantly accelerated ions is found to be

VmaXNC(I_Q—.Z) 1/2, (32)
where

Q= 1+%—27(B—1)2[1—M—], (3.3)

2 (Bnt+1)°
with B the magnetic field strength normalized to the far upstream magnetic field strength By, B=
B/Bo, and By, is the maximum value of B. When the ambient magnetic field is weak, Eq. (3.2)
reduces the nonrelativistic equation (3.1). The resonant ions gain relativistic energies in the time
period t~ewg ! (mi/me) 1’2

Next, we show simulation results; a relativistic particle simulation demonstrates a shock wave
does accelerate some ions to relativistic energies, if the ambient magnetic field is rather strong(wce
Zwpe) . Moreover, some electrons are also accelerated to relativistic energies; this is in contrast to
the nonrelativistic shocks in weak magnetic fields (wce<<wpe). in which strong acceleration occurs
to ions only.

To study time evolution of shock waves, we use a 1 —2/2 dimension (one dimension in real
space and three dimension in velocity space), fully relativistic, fully electromagnetic particle
simulation with full ion and electron dynamics (for details of the code, see Ohsawa1,81985). In this
particle code, each simulation particle moves according to the relativistic equation of motion. The
electric and magnetic fields are governed by full Z

Maxwell equations. The total number of simula- y
tion particles is N; = N = 65000. The total grid ,//ShOCk
size is Ly = 1024A,, where A, is the grid spacing. e front
All length and velocities in our simulations are /

? >

normalized to &g and wpe Ag, respectively.

The simulation parameters are the following. r—>
The ion-to-electron mass ratio is m;/m. = 100.
The speed of light is ¢ = 4. In the upstream
region, the ion temperature is equal to the electron

temperature T; = T., With the ion thermal speed X
vri = 0.081 and the electron thermal speed v, =

0.81. The strength of the external magnetic field is ion acceleration

chosen so that wee/wpe = 3 in the far upstream Fig.6
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Fig.7 Shock profile and the shock front is x=800.

Fig.8 Phase-space plots of ions(2) & (b) of electrons (¢) & (d)
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Fig9 Time variations of momenta of strongly accelerated ion (2) & (b) and electron (c¢) & (d).
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region. For these parameters, the Alfven speed is 1 T T T 1 1
va = 1.2; the ion Larmor radius is 2.8; the @ 77777 wpef=0
electron inertial length is ¢/wpe = 4. The plasma
beta ratio in the far upstream is 8 = 0.02. _
Figure 6 shows the coordinate system, in which

are shown. Figure 7 shows shock profile at wpet =
216. (2) is the magnetic field B, (x), (b) the potential
¢, (c) the longitudinal electric field Ex (x), and (d)
the transverse electric field E,. The propagation
angle of the is 84°. The shock is propagating in the 10 20 30 40
positive x-direction with. Alfvén Mach number M = | (pe / meC)Z
2.3, and the shock front is at x=800 at wpt = 216.
It is to be noted that in a relativistic shock wave the
electric fields are so strong that the quantities Ex/B, and E,/B, are of the order of unity in the shock
region, while in nonrelativistic shocks those quantities are much smaller than unity.

Figure 8 shows phase-space plots of ions ((2) & (b)) and of electrons ((¢) & (d)). Both ions and
electrons are strongly accelerated in the shock region to relativistic energies.

_
N o
the shock front and the direction of accelerated ion Q
¢
N~
£

melbmdecde=Lod==F-=E=

o

Fig.10

The acceleration mechanism of electrons is different from that of ions. It can be easily seen from
Figure 9 which shows typical time evolution of the momenta of a strongly accelerated ion ((2) & (b))
and of an electron ((¢) & (d)). Figures 9(a) & (b) show that a trapped ion is accelerated in the
direction of the wave normal and to the negative y-direction until it is detrapped. While the electron
gains kinetic energy making Larmor gyration many times as seen in Fig.9(c) & (d). The electron
acceleration time is about the transit time of the plasma across the shock region (t~A/vsh With A
the shock width and v, the shock speed) andhence much shorter than the ion cyclotron period.

Figure 10 shows the electron ditribution function in the region 640<<x<<800. Up to now, we
do not have a theory that predicts the precise shape of the energy distribution function.

4. DISCUSSION

We have shown from a simple theoretical model based on the ideal MHD equations that the two
sided plasma jets can be explosively produced within the short time period. The fast magnetosonic
shock waves can also be generated from the rebound after the plasma collapse. The fast
magnetosonic shock waves can promptly accelerate both electrons and ions to relativistic energies.
This mechanism could play an essential role in the particle acceleration in the impulsive phase of
solar flares. It explains following important features: (1) the acceleration occurs simultaneously to
protons and electrons, (2) the acceleration time is quite rapid (within 1s), and (3)protons and
electrons are accelerated to relativistic energies. If shock waves produced in rather strong
magnetic field region where the corrent loop coalecence occurs (B, >B,) propagate out to weak
magnetic field regions, they will become ineffcient in accelerating electrons. However, they will
continue to produce high energy protons, as in the 1982 June 3 solar flare(Forrest et a1.3f987).
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Fluid Model of Explosive Coalescence

T. Tajima®, - J. . Sakai*

Abstract

Magnetohydrodynamic simulation of the explosive coalescence of magnetic islands is carried
out. This result is in agreement with the electromagnetic particle simulation. A theoretical mod-
el to describe this process observed in our computer simulations is presented. The theory de-
scribes the magnetic collapse and is based on a self-similar solution to the two-fluid plasma
equations, as the simulation exhibits temporal self-similarity. The master equation for the scale
factor takes a from of the orbital equation in a Sagdeev potential.

l. Introduction and MHD Simulation

In the preceding companion paperlon the simulation study of coalescence of magnetic islands we
discovered explosive coalescence. In the present paper we further study its magnetohydrodyna-
mic evolution by simulation and analyze the physical processes based on the plasma two-fluid
model. The coalescence instabilityzitself is an ideal magnetohydrodynamic (MHD) instability in
the linear stage? In nonlinear stages, however, it involves reconnection of field lines and thus
non-ideal (or resistive) MHD processes. The reconnection is driven by the ideal MHD instabil-
ity external to the point of reconnection. In Refs. 4 and 5 the nonlinear process of driven recon-
nection was analyzed that generalizes the Sweet-Parker process of reconnection. The MHD
simulation model we use is the MHD particle codeewith 234 dimensions. The configuration of
the plasma and magnetic fields is that of Ref.7 based on the initial conditions of Fadeev et al.’s
equilibrium? The MHD particle code is robust in applications to problems even with strong
turbulence, flows, convections, and density depression. This is helpful because the problem in-
volves fast (explosive) reconnection, strong density depression and compression, and strong
flows. The magnetic induction equation is advanced by the Lax-Wendroff methodf The plasma
is originally uniform in density and temperature contained by metallic (conducting) walls at y
=0 and L,. Here typical parameters are: L,/A = 128 and L,/A = 64, the number of fluid
particles 32768, the “poloidal” magnetic fields B, at y =0 and L, are such that the
(“poloidal”) Alfvén velocity v4p = 3.5¢s, the adiabatic constant ¥ = 2, and the size of particles
a = 1.0A, where c¢; is the sound speed and A is the unit grid length. The current localization
parameter €. is varied from the value €, = 0.3 to 0.85 where €, appears in the equilibrium

*Institute for Fusion Studies, University of Texas, Austin, Texas 78712, US.A.
% % Department of Applied Mathematics and Physics, Toyama University, Toyama, 930 Japan
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current profile as J, = Bozk (1— €.2) (coshky + €,coskx) “2. The Alfvén transit times across the
y-direction and the x-direction are T4y, = 18.3A/cs; and T, = 36.5A /c,, respectively. The
typical magnetic Revnolds number is R, = 10* with 7 = 0.036Ac,. As is well known, the ideal
MHD dynamics does not contain any characteristic length, except for the system’s overall
length; in the present case it is either L, or the island width. For example, the collisionless skin
depth ¢/®@,, and the Debve length vanish. Therefore, in contrast with the kinetic model discus-
sed in Ref. 1, the spatial scales are not compressed. Similarly the relevant time scales are the
Alfvén time and the much larger resistive time. On the other hand, the MHD model largely lacks
the kinetic effects such as the Landau and cyclotron dampings, particle acceleration, finite Lar-
mor radius effects, etc. Thus the study the MHD model is complementary to that by the particle
simulation model.

Figure 1 shows the kinetic energy and the reconnected flux upon coalescence as a function
of time for the case with €. = 0.85. A theoretical curve (to—¢) %’ is superimposed on the
simulation result. During the rapid increase of reconnected flux (t = 50—90Ac; ') the simula-
tion result matches reasonably with the theoretical curve. Beyond t = 90Acs_1 the increase be-
gins to be mitigated due to a saturation effect (the flux depletion). In contrast Figs.5-8 in Ref.7
displayed the case with €, = 0.7.

The reconnected flux ¢ increased rapidly with A¢oot™ (m~1.9). It was, however, less rapid
than the case with €. = 0.85. The released energy was also less in the present case. In Ref.7
the case with €. = 0.3 was also treated, where A¢cot™ with m = 1. Thus, it is clear that as €,
increases, the process of reconnection pecomes faster, changing from the Sweet-Parker rate (€,
= 0.3) "to the faster rate (e, = 0.7)4'fo the explosive rate (€. = 0.85). It is to be noted that
pulsations are seen that are superimposed on the overall growth of the reconnected flux in
Fig.1 as well as in Fig.5 and 7 of Ref.7. The pulsations in Fig.1 are more irregular than the
ones in Figb and 7 in Ref.7. The period of these pulsations is of the order of the poloidal
Alfveén transit time in the x-direction.

2000 — , ———

S o oo}

.. RCTYON * ..."d'o. 50 -

u.oo‘.‘ . ' | ‘ . ' |O ‘
0 40 80 120 I0 50 100
HACS) — HACS )~

1. Temporal profiles of the fluid energy (2) and the reconnected flux (b) for €. = 0.85 obtained
from the MHD particle simulation. A solid line in (b) is a theoretical curve.
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The structure and its evolution of the plasma and magnetic fields during the coalescence are
now examined. The case of €, = 0.7 is shown in Figs.2 and 3, while that of €, = 0.85 in Fig.4.
Compared are two time stages: Fig.2 just about at the beginning of rapid coalescence and Fig.3
during the continued rapid coalescence. The sequence of coalescence proceeds as follows. The
early slight displacement toward each island is shown in Fig.2(a) at t = 20A/cs. When the two
islands come in full contact, the magnetic field lines exhibit a pattern similar to that shown in
Fig.1(b) of Ref.7. At this moment (¢t = 40), the plasma density at the xz-point becomes high
(about twice as the original value) as shown in Fig.2(c) at the same time the current (J,) is
strongly induced at the x-point as seen in Fig.2(b). The plasma flow is shown in Fig.2(d), ex-
hibiting inflows along the x-direction and strong jet outflows aiong the y-direction making an
overall pattern of vortices. The plasma flow in the z-direction is shown in Fig.2(e): As the x-y
flows are set up by the coalescence, the z-direction flow is induced because of the toroidal field.
The development so far is qualitatively similar to the case of €, = 0.3 (except that the islands
squeeze the plasma in between a little more and the sheet structure is thinner here).

However, later (at + = 75) there appear some deviations from the € = 0.3 case. Figure 3
shows the snapshot of the flux, current, density, flow in the x-y-plane, and the flow in the z-
direction at t = 75A/c;. Note that an x-point-like feature appears at x = 64A, y = 32A as well
as a marked and rapid density variation in the plasma sheet (see Figs.3(2) and (¢)): The flow
has a very large value near the x-point and inner vortex structure (Fig.3(d)). Note also that this

2. Spatial structure of plasma and fields “before” coalescence with €. = 0.7.(2) magnetic field lines
at t = 20Ac, L. (b) Toroidal current density J, contours. (¢) Plasma density. (d) Plasma flow
velocity. (¢) Plasma z-direction flow velocity contours. (b)(e) at t = 40Ac, ™ !: Solid lines corres-
pond to above-average contours and dotted once to below-average.
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1=75

J. IV-L‘.
3. Spatial structure of plasma and fields “during” coalescence with €, = 0.7. (2)(f) as indicated for
Fig.2.(a)(e) at t = 750¢, 7.

4. Spatial structure of plasma and fields “before” and “during” coalescence with €. = 0.85. (a)
Magnetic field lines. (b) Plasma density contours. (¢) Plasma flow velocities. (d) Current density
(J,) contours. (a){d) at t = 50Ac, ™ . (¢) Magnetic field lines. (f) Plasma density contours. () and

(f) at t = 87.50c, .
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(¢ = 75) is the period during which the continuous rapid coalescenc_e goes on. These features
were not observed in the case €, = 0.3 (see Fig.1, Ref.7), in which the reconnected flux in-
creased linearly in time and in proportion with the square root of the resistivity 7 (A¢ oc7/?t)
and in which the reconnection angle stayed very narrow.

These signatures are consistent with our hypothesis(a) that the reconnection takes place by
the mechanism of Sweet and Parker for coalescence with € = 0.3. The signatures found in
Fig.3, on the other hand, imply that the reconnection process is not that of Sweet and Parker. It
shows instead that(i) the reconnection angle at the x-point has enlarged (Fig.3(2)); (ii) a high de-
nsity spot near the x-point is formed (Fig.3(c)]; (i) the reconnected flux increases faster than
the Sweet-Parker process (A¢oot™ with m ~2). These are consistent with our futher hypothesis
(b) that the reconnection is through the process of Brunel, Tajima and Dawson4 for coalescence
with €, = 0.7.(t = 160), the system approaches saturation when most of the flux available has
reconnected. The flow is randomized.

Figure 4 presents the pattern of the plasma and fields of the case €. = 0.85, where we see
faster and explosive reconnection corresponding to Fig.1. We are advancing our third hypoth-
esis(c) that the coalescence with €, = 0.85 is explosive. See Table I. In frames of Figs.4(a)-(d) (¢
= 50) one sees the coalescence behavior before it becomes explosive. Although, in Figs.4(2)
and (b), in particular, one can detect some deviation from the Sweet-parker type for €. = 0.3, it
is qualitatively similar to the €, = 0.3 case and the €, = 0.7 case at this stage. In Figs.4(e) and
(f)(t = 75) ; we now see significant devitions in pattern from the cases with less €. A much
wider reconnection angle than the previous ones is observed in Fig.4(e). From these observa-
tions it can be argued that the widening of the reconnection angle has to be accompanied by fast
or explosive coalescence. This is in agreement with the suggestion made in Ref.4.

I. Theoretical Model

Geometry of magnetic fields here is exemplified by Fig.3(2). We are primarily concerned
with the plasma sheet region (in the neighborhood of x = 64A and y— 20A—42A) . In the
vicinity of the sheet region the physics is nearly one-dimensional, that is, the variation of quan-
tities in the y-direction is much less than that in the x-direction. We further generalize the dis-
cussion of Ref.4 in the following. The main generalization in the present theory beyond Ref.4 is
the replacement of the pressure equilibrium by the dynamical equation of motion. We assume
that 9/0x > 9/0y, 9/9z, in which x is the direction of coalescence, while y is the direction of
“poloidal” magnetic field line and z is the direction of plasma. current.We treat the external
plasma dynamics of the explosive stage as a one-dimensional problem. Toward the end of this
section we comment on two-dimensional effects, however.

We start from the two-fluid model equations of plasma and the Maxwell equations, neglect-
ing the displacement current. We assume the adiabatic law of states for both electrons and ions.
The basic equations read as follows:

on:
5 TV my) =0 1)
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m,nj% = nje; (E+%>< B) —pj, (2)

vXB= ﬂz_"jej v, (3)
c 7

VX E=4n ?‘,njej, (4)

VXE= —%% (5)

—%!;j--i- v+ p;+rpidiv v = 0, (6)

where j denotes the species of particles and 7 is the ratio of heat capacity which is related to
the degree of the system f as ¥ = 1+ 2f. The appropriate choice of 7 in Eq. (6) depends on indi-
vidual cases and models we usef For example, the explosive process observed in the kinetic
simulation showed a strong one dimensional (one directional) acceleration, which gives rise to
one degree of motion f = 1 and thus to ¥ = 3. On the other hand, in the MHD simulation, the
adiabatic constant ¥ for electrons was fixed to be 2.

During explosive coalescence, there is no specific scale length. The scale length characteriz-
ing the current sheet varies continuously in time without deformation of global structure of cur-
rent sheet. If one looks at the evolution of the system locally in time, the system undergoes the
rapid field and temperature rise, compression of plasma, change of the reconnection angle etc. in
a certain specific fashion which was detailed in the preceding paperf If one looks at the same
system locally in time a little later, the system undergoes these changes with different magni-
tudes, but still in the same specific fashion. That is, the relations that govern the explosive
coalescence themselves are invariant under the change of time scale. This was the manifestation
of the presence of self-similarity in the system during explosive coalescence. Such a physical
situation may best be described by self-similar solutions in which scale factors vary con-
tinuously.

We introduce scale factors a(t) and b(t) as follows,

=

x, : (7)

ver

I
e—|a- o
8

Vix , (8)

where a dot represents the time derivative. An ansatz is imposed here that the velocities are
linear in x. The linear dependence on x of the velocities implies that particles flow in the oppo-
site direction around the center of current sheet, x = 0. The scale factors a and b will be deter-
mined from the above basic equations. From the continuity equations of electrons and ions, Eq.
(2), we obtain

ne = no/a, (9)

n; = no/b, (10

where #n¢ is a constant. Equations(9) and (10) show that the densities of ions and electrons are
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nearly homogeneous in space and vary only in time during coalescence. The self-similar solu-
tions obtained here are local solutions in space whose properties are dominated by the physical
process near the current sheet. We therefore neglect the higher terms in space proportional to
x> and higher hereafter. The current J, in the sheet is nearly constant. This means that as # is
nearly constant, v, is also approximately constant in space. Neglecting the term with x% in Eq.
(3), we obtain 4

(1)

Bo(t) _ 47eno (v _vez(O))
A c b a ’
where we assumed the magnetic-field B, varies as B, = Bo (t) i, where A is the magnetic
field scale length. This ansatz is consistent with the assumption that the sheet current is
(nearly) constant in space.
From the y-component of Eq.(5) and the z-component of equation of motion for electrons Eq.
(2) we obtain

Bo = 20521, 12
A
2 .
T Bo(t) o _
EZI.XZ_-*_ a Ac Xr — 0, (13>
avez(O) e
ez  __ 1:
at , EZOv ( 4)
where
22
Ez = EzO (t) +Ezl (t)TZ_ (15)
Equations (12) and (19 yield
B
Bo(t) = —a‘%"— (16

Assuming that the electrostatic field E, varies like Ex = Eo (t) z/ A, we obtain from Poisson’s
equation (4)

Eo = 47enoA (i—i) . (1)
b a
Furthermore, the equations of state for electrons and ions give rise to
POe POg .’L‘Z
P, =" —— 5" 18
a 2a A 18
POe POe 1,2
= g 19
F b 2b A’ )

We now go back to the x-component of equations of motion for electrons and ions in order
to obtain the basic equations for a(t) and b(t). If we neglect the small terms of the order of the
mass ratio m,/m;, we obtain

2
..=_wz(i_ ) ___ Boo Po. 90
a4 P \p 1 4T mmoA%a” + mm, A%’ @
. 2 a Po;

= ; - 21
b (Up, (1 b +W, ( )

Furthermore, assuming that the plasma is quasi-neutral n; = #,, i.e.a = b, by adding Eqs.20 and (21)
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2 2

VA ‘Cs :
s 22
0= —TTAa+_Z_TAa’ (@)

where v4 and ¢ are the Alfvén and sound velocities. In Eq.22) the first term of the RHS corres-
ponds to the J X B term. This is the term that drives magnetic compression (pollapse). The
second term corresponds to the pressure gradient term. This term may eventually be able to ba-
lance the magnetic collapse when ¥ = 3.

Once the behavior of the scale factor a(t) is determined from the above equations, we obtain
various kinds of physical quantities as follows, in the quasi-neutral plasmas, and neglecting the
mass ratio (ﬁf - O) ,

BOO X
= - 23
By =—7— @)
E.= (— m’“Z Poe ) (24)
eda’ e Aa*ng A
Bood.l‘z BoomeCa
= — %
E. casA 47nge® Aa’ @)
cBoo
[ 6
Vez 47tnge’ Aa? 2
Vie = Vor = & 27
a
n; = Nne = n_o (28)
a

where the electrostatic field E, in the quasi-neutral plasmas is determined from the equation of
motions for ions, not from Poisson’s equations. From Eqs.23 and (%4) we find a result that in the
explosive phase (a—0) the electrostatic field (Exo< (@ 3+a~*)) grows more rapidly than the
magnetic field (B,oca™?) does.

Now we investigate the global time behavior of coalescence by making use of the first integ-
ral of Eq.22). Equation(22) is rewritten as

oV (a)
S 29
¢ da ' @
where V (a) is the effective (Sagdeev) potential. The schematic graph of the effectlve potential
is drawn in Fig.5(a). The value a which satisfes V(al) =0 is given by a1 = —,8 with g =

¢Z/va’. The minimun of the potential, Vimin, Vimin = W’ at a = 2a; = 3. For low S the
driving force /X B is dominant compared with the pressure term. The first integral of Eq.29 is
given by
i’ = 21)2,41_ ——F7+e, )
A‘a A%a

where €/2 is the initial (Sagdeev) “energy.” As seen from Fig.5(2), the explosive magnetic com-
pressin corresponds that the scale factor a (t) rapidly changes in time by orders of magnitude
and nearly vanishes. Such an explosive collapse can be realized (i) when the £ is small; (i)
when the intial total energy €/2 is nearly zero.

Let us examine the time history of yarious physical quantittes based on the qualitative time
behavior of a (t) derivable from the effective potential V (a). The magnetic field energy is prop-
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Vl(a) (a)

5. Behavior of explosive coalescence. (2) The Sagdeev potential for the scale factor a. (b) The temp-
oral profile of the magnetic energy. (¢) That of the electrostatic field energy. (d) That of the ion
temperature in the x-direction.

ortional to Byz, which is given by B, 2= %’7?2— = ) If the scale factor a becomes smaller,
B must increase. The maximum is given by%f— = 0, which yields @ = 0 at a = a,,. After
the maximum, By decreases again and reaches minimum at a = a;,. The oscillatory behavior of
the magnetic field energy is schematically drawn in Fig.5(b).

The electrostatic field E, is given by Eq.24. The time history of the electrostatic field ener-

gy, which is propositional to E.?, is analyzed by 1nvest1gat1ng% = 0. This condition is
equivalent
o€y
€0=0, =0 31
0 or Y (31)
_ mwa’® Po.

where €¢ (t) = ez ¥ anea® The first condition €y = 0 occurs at a =a3 = 3. The
second condition O€¢/9¢ gives two conditions: (i)a = 0, @ = a1, as2 or (i) a = ag = 48/3.

The above considerations give us the schematic time history of the electrostatic field energy
E.? as drawn in Fig.5(c). Figure5(c) indicates a triple-peak structure in the electrostatic field
energy. When the plasma 3 is small, a® and a,; are close. In this case, the triple-peak structure
in the electrostatic field energy world become double-peak structure.The maximum value of the
electrostatic field, En.x, achieved at a = a4 is given by

3mwalx
Emax = 4 ( ) eAcPA : @
The induced electric field E, is given by Eq.(25), which shows that E, becomes zero, when a = 0.
E. changes its sign around @ = O because @ = 0 is the point where the magnetic field achieves
maximum Oor minimum.
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Next, the time behavior of ion temperature T, is examined. In the early stage of coalescence,
the plasma should be adiabatically compressed. However, as the magnetic field energy increases
near the peak and approaches the peak, the ion flow energy becomes dominant over the thermal

energy. From the consideration that vz’ gives maximum or minimum, namely %j— 0, we
find two conditions for the extrema; (i) v, = 0, which gives a, (ii) %1; = 0, which gives ad =

a%. When the explosive coalescence takes place (€ = 0), this leads to the condition a = a5 = 2
B/3. After a = as, the kinetic energy must decrease, which means that the plasma is in the
state of colliding phase. The above considerations give us the schematic time history of the ion
temperature, which is shown in Fig.5(d). Figure5(d) shows a doublepeak structure in the ion
temperature. The temperature T is given by T = P/n, while the dominant term in pressure
changes in time as P~a~® when ¥ = 3, P~a~* when ¥ = 2, while n~a~'. Therefore we find

_pP 1
T-;—;r(? 3), 33

We investigate in more detail the explosive phase of the coalescence in a case where we can
neglect the effect of plasma pressure: it only acts as a saturation mechanism. The solution of
Eq.22 with ¢, = 0, small € and ¥ = 3 is given by

a0 = (3)7 () 0¥ +o0(e) )

where we neglect the order of € and to is the explosion time. Once the solution a (t) is given by
Eq.684, we can find the various physical quantities as follows, which is valid in the explosive
phase of the coalescence;

2 x
=y =, = m—e— 39
Vr = Vig = Vor 3 oD (39
2 1/3 A2/3
n=n; =n, = (@) PREIS 0) 273 (36
2 m; x
e mi 5
ks 9 ¢ (to—t)% &7
2 2/3 B A1/3
B, = (— ’_47’3<—_t)7{73_ 58

_ 2 ( >2/3 AI/S 2 < )1/3 - BZO/%C ; (39)
c(to 3 WP A P73 (b —1) >

Let us compare the theoretical results obtamed here with the computer simulatton results.
The global structure of the magnetic field energy, electrostatic field energy, and ion temperature
in the x-direction observed in the simulation is well explained by the theoretical model obtained
here. Especially, the double-peak structure in the ion temperature and the triple-peak structure
in the electrostatic field energy are also observed in the simulation (see Figs.2 and 3 in the
preceding paper)f Table I of Ref.1 summarized the results of comparison of the explosion in-
dices between the theory and the collisionless simulation.
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Table 1 Coalescence and Current Peakedness (€.)

€. 0 0.3 0.7 ) 0.85
Process Sheet pinch Slow Fast Explosive
Coalescence Coalescence Coalescence
tearing Sweet-Parker
instability process
Reconnecting. flux e N2 pL/zgm 7%/ (tg—t)¥/3
A 7L oc 73/ (m=>1)

In Table I of Ref.1 we showed the index m of explosiveness (tte exponent to the time (to
—t) ™), in good agreement between simulation and theory in the electrostatic energy. The elec-
trostatic field energy, magnetic field energy, and ion temperature are well explained by the one-
dimensional model of the explosive collapse.

Comments are made on two-dimensional effects. We introduce four scale factors a (), b (t),
c1(t) and d(t) as follows

Vix

a
—r

a

_ b
Viy —?y,
1

Vexr — — X,
1
d
Vey = =Y. (40)
d
From the equations of motion for electrons and ions we finally obtain for a, b, c1, and d
1 a
w2 41
4= A-f—/lz) ( cd @
. 1 b
= .2 4
b Pt /1 + Az > ( Cld ( 2)
a2 = ”Ae d __1_>
= 7% 3 +A2) ( ) XA o
o (3 ) (5™ —z_vAez S ()
A+ 1 A c1 d2/

The quasi-neutrality (n; = n,) imposes that “Wronskian” being zero, ab = ¢;d. These equations
9
were first derived by Imshenik and Syrovatskii. In the limit of t—to we have approximately

2/3

c1 = (to—t) and d = constant. (45

This reduces to the one-dimensional results discussed in the above.

Roseneau also obtained a self-similar two-dimensional solutionl.o Recently we have come to
learn that Kadonaga and Tomimatsu obtained solutions similar to Eqs.(35)-39.

We would like to thank Drs.F.Brunel, A.Bhattacharjee, and A.G.Litvak for their helpful dis-
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National Science Foundation.

— 113 —




Bulletin of Faculty of Engineering Toyama University 1989

References
1. T. Tajima and ]J.I. Sakai, accompanying paper.
2. JM. Finn and P.K. Kaw, Phys. Fluids 20, 72 (1977).
3. P.L. Pritchett and C.C. Wu, Phys. Fluids 22, 2140(1979).
4. F.Brunel, T. Tajima, and ].M. Dawson, Phys. Rev. Lett. 49, 323(1982).
5. S.I Sylovatskii, Sov. Phys. JETP 33, 933(1971) (Zh. Eksp. Teor. Fiz. 60, 1727 (1971)).
6. J.N. Leboeuf, T. Tajima, and J.M. Dawsbon, J. Comp. Phys. 31, 379(1979).
7. A. Bhattacharjee, F. Brunel, and T. Tajima, Phys. Fluids 26, 3332 (1983).
8. V.M. Fadeev, LF. Kvartsvkawa, and N.N. Komarov, Nucl. Fusion 5, 202 (1965).
9. V.S. Imshenik and S.I. Syrovatskii, Sov. Phys. JETP 25, 656 (1967) (Zh. Ek. Teor. Fiz. 52,
990(1967)).
10. P. Roseneau, Phys. Fluids 22, 848(1979).
11. Kadonaga and Tomimatsu, Prog.Theor. Phys. 63, 1202 (1980).

(Received October, 31 1988)

— 114 —



Explosive Coalescence of Magnetic Islands
and Particle Acceleration

T.»Tajima‘, and J.-I. Sakai**

Abstract

An explosive reconnection process associated with the nonlinear evolution of the coalescence
instability is found through studies of the electromagnetic particle simulation. The explosive
coalescence is a process of magnetic collapse, in which we find the magnetic and electrostatic
field energies and temperatures (ion temperature in the coalescing direction, in particular) ex-
plode toward the explosion time to as (to—1t) ~%3, (to—1t) % and (to—t) ~%3, respectively.
Single-peak, double-peak, and triple-peak structures of magnetic energy, temperature, and elec-
trostatic energy, respectively, are observed on the simulatton as overshoot amplitude oscilla-
tions and these features are theoretically explained. Rapid acceleration of particles binormal to
the magnetic field and electric field becomes possible.

I . Introduction

The reconnection of field-lines is believed to take place due to finite resistivity 7 = ¢?/47c
(be it small). The relative magnitude of the time scale for magnetic field-line reconnection may
be characterized by the magnetic Reynolds number (or the Lundquist unmber) R,, = T,/T4 or
a smallness parameter, the inverse of Reynolds number, € = R,, . Thus the time scale of re-
connection due to the mechanism of the tearing instability is characerized by € %/5 Sweet and
Parkerlobtained a steady-state solution which has a narrow x-point angle; the time scale T of
reconnection is characterizedlby Tsp_1=771/2(ni/ne)l/z(vA/L) Y21 /20 o< 12, where 2L is the
length of the impinged plasma, #; and #n. are the densities inside and outsidd of the sigular
layer? Petschek3 similarly obtained a steady-state solution which has a large x-point angle; the
reconnection time scale 7, is independent of resistivity, T,,_l o 770. The time scale of reconnec-
12 while that of

Petschek is by €°. Here we use the words, driven reconnection, in a broad context in which re-

tion due to the mechanism of the Sweet-Parker process is characterized by €

connection of magnetic field-lines is incurred so forcibly from external forces that the reconnec-
tion process is essentially nonlinear, exhibiting little reminiscent linear instability growth.
In order to rapidly convert magnetic energy into kinetic by a substantial amount, it seems

*Institute for Fusion Studies, University of Texas, Austin, Texas 78712, US.A.
% % Department of Applied Mathematics and Physics, Toyama University, Toyama, 930 Japan
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necessary that the bulk of magnetic energy has to participate in the conversion process: the re-
sistive heating at the x-point alone is too meager. This is because the available magnetic energy
at the x-point is smally by itself. On the other hand, the ideal MHD instabilities such as the
kink instability and the coalescence instability are the processes that involve the bulk current
redistribution in a matter of the Alfvén time scale.

Nonlinear processes of reconnection either driven by external boundary conditionszér trig-
gered as a secondary process5 by the primary instability have been investigated. According to
Ref.2 for the problem of externally driven reconnection the rate of reconnection experiences
more than one phase with a sufficiently strong drive and a compressible plasma: the first
Sweet-Parker phase were the reconnected flux ¢ = 712t and later (after T,,) the second phase
¢ = 92" where @ is determined by the density compression.

In the present paper and its accmpanying paperswe are interested in the latter problem, i.e.,
the nonlinear driven reconnection triggered as a secondary process by the primary instability.
In particular we pick the coalescence instability7'8as the primary instability to investigate its
nonlinear consequences. We do so because (i) although it is an ideal MHD instability in the
linear sense, it would not nonlinearly evolve if there no resistive (non-ideal MHD) effect; (ii) it
can involve a large amount of conversion of magnetic to kinetic energes in a short time; (i) it is
essentially a two-dimensional instability, thus more amenable to thorough analysis of the fun-
damental processes of the intersting to observe that with two-dimensionality restriction we still
find an explosive process as we shall see. Generally, it is believed that introductton of an addi-
tional dimension (this case, a third dimensin) to the problem allows breaking of symmetry that
has been kept before the introduction, leading to more or easier paths to relax the system to the
“lowest energy state”. Therefore, we should be “guaranteed” to have an explosive process in
three dimensions through the nonlinear coalescence instability since it was “already” explosive
in two dimensions. In Ref.5 the reconnection was driven by the coalescence instability, the
primary instability. The coalescence instability starts from the Fadeev equilibrium? which is
characterized by the current localization parameter €. The equilibrium toroidal current (in the
z-direction) is given as J, = Bok (1 —€.%) (coshky + €, coskx) ~% The parameter €. varies from
0 to 1 with small €, corresponding to a weak localization and €. close to unity corresponding
to a peaked localization; in the limit of €,—1 the current distribution becomes delta function.
According to Ref.5 the rate of reconnection was that of Sweet-Parker for small €., while the re-
connection rate experiences two phases for larger €. (but smaller than 0.8). This emergence of
two phases is similar to the case of the driven reconnection? The intensity of coalescence and
the rate of subsequent reconnection are controlled by just one parameter, the current localiza-
tion (&.). In this problem there is no ambiguity as to the nature of the driver in contrast to the
reconnection driven by external boundary conditions. For the case with €, = 0.7, the second
phase showed the reconnected flux ¢ increasing as t* with 1< @< 2. This indicates that the
more current localizes, the faster the reconnection becomes.

This leads to a question: Can the reconnected flux ¢ increase explosively as (to—t) ~ “ (a>
0) triggered by the coalescence instability ?
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I. Explosive Coalescence

In the present section let us show computational results obtained by our electromagnetic
particle simulation based on the same parameters as reported in Ref.10 and on a set-up similar
to Ref.11. These results show explosive evolution of physical quantities during nonlinear de-
velopment of the coalescence instability.

Figure 1 displays the time history of various field and particle quantities observed in our
simulation in which after the initial transient (up to t = 4Qi_1 in the code unit to be explained
in the following section) the phase of coalescence of two magnetic islands commences. It is seen
in Figs.1(2)-(c) that around t = 27 the magnetic and electrostatic field energies shoot up explo-

x104| (a) ' ' ] .- (d
200t 1
B? (XL
8wl | t
" oot (.
B\ .

0 20 30 21 23 25 27
' ' ' (e)

(E2-E2)%

) 20 a0 262 270

(© ' ' l . \ (f)

- T \

(Tix'ql:b).é

0 ' 20 ' 20 21 23 25 27
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1. Explosive increase of field energies and temperature during the coalescence of two magnetic is-
lands: EM particle simulation results. For the case Q. = 0.2. Other parameters are given in Sec.
Il. Toward the same explosion time ¢t = to = 27 (Q; ), tte magnetic energy B” (a), electrostatic
energy E;2 (b), and the ion temperature in the z-direction Tiz(¢) diverge as (to—£) ~%3, (to—
)% and (to—¢t) ~®3, as shown in(d), (¢), and (f), respectively. (We took Bo?~1.6X10°%, E o~
7.5%X103, and Tz, ~0.85 for the pre-explosive phase values; see Figs.1(a){c)].
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sively as well as the ion temperature in the direction of coalescence (the x-direction). The unit
of computational time is omitted hereafter whenever it is unambiguous. It is also seen in Figs.1
(a)-(c) that (i) after the explosive in crease of the field energies and temperature this overshoot-
ing results in synchronous amplitude oscillations of all these quantities with the period being
approximately the compressional Alfvén period; and (ii) superimposed on these overall ampli-
tude oscillations is a distinct double-peak structure in the electrostatic field energy and the ion
temperature. Although we are interested in analyzing the entire episode of the run including the
initial phase and the post-explosive phase, we focus particularly on the explosive phase of the
coalescence. We replot Figs.1(2)-(¢) into Figs.1(d){f) to find the way in which these quantities
increase toward the catastrophic point. We find from Figs.1(d)<(f) that (i) the magnetic energy
explodes as (to —t) %3 (
temperature in the coalescing direction explodes as (to—¢ until saturation due to over-
shooting sets in, where to is the explosion time measured here to be to~27 (; ') in this run.
See Table I.

This discovery of the existence of an explosive process (or instability) and its indices of
explosion (the exponent to the time) is important because it tells us that the explosive magnetic
process (we may call this the magnetic collapse) can take place in two dimensions and also it
prompts our analysis. It is learned that driven reconnection (in the present case it is driven by
the coalescence instability) can be explosive under the appropriate conditions. This also under-
lines a point that the magnetic interaction (the current-current interaction in the manner of
Biot-Savart’s law) can be inherently attractive and thus explosive (if currents are in the same
sense) .

ii) the electrostatic energy explodes as (to —t) ~*; and (i) the ion
) —8/3

TABLE 1 Indices of Explosion [exponents to the 1/(to—¢)] During Coalescence

Qe,=0 Qet = 02‘0;,6 \Q'et = 10 Qet = 20
L. XL, L XL, L.XL, L.XL,
=128X32 =128X32 =128X32 =128X32
(see Ref. 26) No formation
[NB: L, XL, of islands
= 256X32
many islands]
Magnetic Energy (S) 8/3 8/3 2
B? (T) 8/3 8/3 2* N/A
Electrostatic Energy (S) 4 4
B? (T) 4 4 4 N/A
Ion Temperature in x-direction (S) 8/3 8/3 3
Tix (T) 8/3 8/3 2 N/A
Explosive Time (S) 24.30,7! 270, ! 190,71 N/A
to
Compressional Alfvén 6.30,7! 6.00;7! 8.80;7 1 N/A
Oscillation Period (S)
T,

*incompressibility is assumed. Derivation from observation might be due to plasma rotation in £, = 1 case.
S is for simulation results and T for theory.
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Il. Particle Simulation

We shall discuss detailed findings of our computer simulation of coalescence of magnetic is-
lands. We present results of a kinetic model of simulation in the present paper. A magnetohy-
drodynamic simulation along with theorv is presented in the following paper.f.S The results from
these two different models are consistent in basic points, but are complementary in many de-
tailed aspects. Here we focus on the particle simulation results.

The kinetic simulation model we abopt here is the electromagnetic particle codelzwith 2%
dimensions. The configuration of the plasma and magnetic field is that of Refs.10 and 11. The
plasma density is initially uniform in the x- and y-directions and the z-direction is the ignorable
direction. Fields are solvd with periodic boundary conditions in the x-and y-directions. The
sheared magnetic fields are generated by the externally imposed sheet currents J, at y = 0 and
L,, where L, is the lenght of the periodic box in the y-direction. The sheet currents are turned
with a ranp function profile in time. The excess of the plasma return current or lack of it for
the uniform component (the wavenumber 2 = 0) is compensated by the displacement current
term alone, since the term Vv X B vanishes for # = 0. There narrow slits in x where J, = 0,
which fix positions of magnetic islands. The other islands are induced in between the islands
that are fixed as mentioned in the above. These islands later coalesce. The process of island
generation from this configuration was discussed in Ref.11. The later process of coalescence of
generated islands is our main concern in the present article. A uniform external (toroidal)
magnetic field B, is applied with various chosen strenghs. Typical parameters we employ in
this code are: the numbers of grid points in the x- and y--directions are L,/A = 128 and L,/A
= 32, the number of electrons (and that of ions) 16384, the speed of light ¢ = 4w, A, the ther-
mal velocities of electrons in the x-,y-,and z-directions v, = 1@,A, the electron-to-ion mass ratio
m./m; = 1/10, the electron-to-ion temperature ratio T./T; = 2.0, the (“poloidal”) sheared
magnetic field B, at y = 0 and Ly is such that eB,/m.c = 0.77@,,, and the size of particles a =
1A, where A is the unit grid length and @, is the electron plasma frequency for the uniform
plasma at the initial time. The “toroidal” field B, is varied for various runs with eB,/mc @,
ranging from O to 0.2,1, and 2. _

In these parameters the “poloidal” Larmor radius at the external current sheets for electrons
and ions are P, = 1.24p, and Py = 5.3 Ap,, the “poloidal” cyclotron frequencies for electrons
and ions . = 0.77®, and Q; = 0.077@,,, and the “poloidal” Alfvén velocity v,, = 1.22v, and
the “poloidal” Alfvén transit time measured in terms of the “poloidal” Alfvén velocity at the
sheet with the initial plasma density is T4y = Ly/vap = 26 w,,e_l and T4, = LI/vAp =105
w_lp,,,. These numbers change accordingly when there is an imposed “toroidal” magnetic field
B,. Because of the nature of the particle code and electromagnetic interactions retained, the
temporal and spatial scales of simulation are compressed by using an unrealistically large elec-
tron-to-ion mass ratio and small grid. However, it is noted that the main time scales we are in-
terested in are that of the Alfvén time and the electron time scales are sufficiently isolated from
this. The chief purpose of this simulation is not to reproduce laboratory plasma behavior but to
extract some fundamental underlying processes and try to understand them. In fact, as we shall
see, many of the basic characteristics of the simulation findings are reasonably in agreement
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with our MHD simulation and explained by theoretical analysis in the companion article(.i

Figure 2 presents the time history of various field quantities and temperatures in the course
of the early fromation and the coalescence process with the toroidal field being such that
eB./mge = Q. = 0.2@,, while Fig.3 is that with Q, = 1.0@,,. In Fig.2(a) both the magnetic
field energy and the ion temperature in the direction of coalescence (x) show that, after the
early t< 3Q,~_1) rise which corresponds to the magnetic island formation by tearing, a long
relatively dormant period (t = 3—22) sets in, followed by a stage (t = 22—27) of rapid and
huge increase in these oscillatory quantities. It is also evident that after the rapid increase (t >
27) amplitude oscillations ensue in the coalescence due to overshooting. All the other quantities
shown in Figs.2(a)-(e) closely follow the pattern of Fig.2 (a) with their characteristic events
simultaneously occurring. The amplitude oscillations of the tempratues (Ti; and Ti, as well as
T, and T.;) and the electrostatic field energy have a structure of marked double peaks. The
valley of the double-peak structure coincides with the peak of the magnetic field energy ampli-

() ' sk (d)

(b)

4} (c)

0 20 20 O ' 20 20
HQc 1"

2. Temporal profiles of particle and field quantities for the coalescence process. Q, = 0.2w,,. (a)
The thick line represents the magnetic energy, the thin one the ion temperature in the x-direct-
ton. (Tir at t = 0 was 0.5). (b) Electrostatic field energy in time. (¢) Ion temperature in the z-
direction. (d) Electron temperature in the x-direction. (¢) Electron temperature in the z-direction
(f)Inductive electric field (E,) in time.
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tude. As mentioned in Secll, it is important to notice that the rapidness of the increase of each
quantity differs and that each quantity explosively increases characterized by a certain definite,
but different, index of explosion (i.e.the exponent to the time measured backward from the
point of explosion time) until the saturation stage sets in. The early saturation of rise (t—3) of
each quantity in Figs.2(2)-(e) corresponds to the completion of island formation. The following
quiescent period (3<t <20) corresponds to the stage where the formed islands slowly attract
each other. The rapid explosive rise (t > 20) marks the commencement of the explosive
coalescence. The following stage of amplitude oscillations correspond to the “breathing"w(or pul-
sations) of coalesced islands (compressional Alfvén oscillations.) The induced electric field E,
explosively increases when there is rapid flux reconnection during the explosive coalescence
and then oscillates as the magnetic flux in the coalesced island is compressed and decompressed.
Figure 3 shows a similar qualitative trend of the coalescence process when the “toroidal
field” is stronger (Q,, = 1w,,). There are, however, several differences. Although the double-
peak structure still appears in most frames of Fig.3, some quantities (the electrostatic field
energy and T, T..) do not show clear double peaks anymore. In fact, the electrostatic energy

0 20 20 O ' 20 ’ 20
1O 1o

3. Temporal profiles of particle and field quantities for the coalescence with £, = 1.0. (2) The
thick line for tte magnetic energy, thin line for ion temperature in x. (b) Electrostatic energy. (c)
Ion temperature in z. (d) Electron temperature in z. (f) Inductive electric field E,.
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does not show systemtic amplitude oscillations anymore. The period of the amplitude oscilla-
tions and the separation of sub-peak in one double-peak structure are longer than in Fig.2.

Ass the “toroidal field” is further increased to .. = 2wy, in this setup, the process of island
formation abruptly and qualitatively changes. We called this the threshold phenomenon with
the “toroidal” field. The rate of reconnection for island fomation is down by two orders of mag-
nitude and the structure of islands is not coherent but now turbulent. In this case, we did not
observe that the system went beyond the stage of early island formation (corresponding to t <
3 in Fig.2 and 3 cases) within the length of the =

e 2’4

simulation. (This slow process may correspond
to the Sweet-Parker processf) So we do not dis-
cuss this case in the present paper. A case with
no “toroidal” field case ., = 0 was reported

earlierl,lwhich will also be closely compared with
the present cases (Q.; = 0.2 and 1.0).

Let us study the structure of the plasma and
fields during the completion of island coalesc-
ence. Figure 4 exhibits the spatial structure of

the magnetic field lines, the toroidal current de-
nsity J,, the plasma electron density, the electron
flow, the ion flow, and the electric field at ¢t =
24Q,7", while Fig.5 shows that at t = 28Q;,” "
In Fig.4(a) the island near x = 55A, y = 16A is
rapidly approaching the other island at x = 0

and y = 0 pinned by the sheet current gaps.
The former island is accelerated by the intense
magnetic fields behind it. The density of elec-

trons is sharply peaked just behind the center of

the island because of the acceleration (Fig.4(d)).
Electrons flow mainly along the field lines (Fig.
4(d)], while ions which are left behind the elec-
trons try to catch up with the electrons (Fig.4
(e)). This sets up an electrostatic field pattern

: o o S
with arrows pointing from the inside to the out- ;;( ’?:Eii‘.'.’:gm i
side of the island (Fig.4(f)). (Note that in the :

present code the charge of electrons is taken to

be positive for a historical reason.)

On the other hand, Fig.5 presents the case of
Q.; = lw,, just after the coalescence (¢t =18),

corresponding to Fig.3.(The structure before the 4. Spatial structure of plasma and field before
coalescence with Q,, = 02 at t = 240,71 (a)
Magnetic field lines. (b) Current density J,. (¢)
flow roughly along the magnetic field lines, but Plasma density (d) Electron flow in the x-y-

shows some kinks. The ion flow shows a rota- plane (f) Electric fields in the z-y-plane.

coalescence is similar to Fig.4.) The electrons
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tional motion. The main reason for these is that as the “toroidal” magnetic field increases, the

incompressibility of the plasma in creases and upon coalescence the island motion adds a strong

like gX By, where g is the acceleration of the islands during the coalescence.

Some of the above findings can be given by a qualitative explanation. Once two currents

coalesce, they are bound by the common magnetic flux. The larger coalesced island continues to

vibrate. Within the coalesced island the counterstreaming plasma flows cause turbulence which

dissipates the flow of energy quickly into heat, thereby reducing the amplitude oscillations of

temperatures and fields. As a result, as we shall
see, the momentum distribution of plasma elec-
trons and ions exhibit an intense bulk heating
and acceleration of the tail. The heating in the
poloidal direction (x) is due to adiabatic com-
pression and decompression of the coalesced cur-
rents. The eventual bulk heating seems to be a
result of turbulent dissipation of counterstream-
ing instabilities. The heating in the toroidal
direction may be due to heating/acceleration by
the
several times the classical Dreicer fieldmand due

inductive toroidal electric field which is

to the vy, X B acceleration. Examination of some
of these processes was discussed in Ref.14.

In Fig.6 we show heating and acceleration of
particles during the coalescence. The particle
acceleration in the high energy tail of ions and
electrons is qualitatively discussed here. The tail
formation is probably due to a combination of
localized electrostatic field acceleration across
the “poloidal” magnetic fieldlsand magnetic accel-
eration (v,, XB acceleration). A plasma and field
behavior similar to that shown in Fig.4 persists
up to t~t;~ 27 Q;~ 1. Electrons are magnetized
and are carried away with the accelerating
magnetic flux, while bulk ions are accelerated by
the JX B force. On the other hand, the high ener-
gy ions are due to the charge separation created
near the compressed flux. The difference of mo-
tions between ions and electrons around ¢ = t;
causes a strong localized shock-like electrostatic
field, E;, whose phase propagates with a phase
velocity of the structure wv,, = v,. Here the
mechanism of v, X B acceleration is that an elec-
trostatic wave propagating with phase velocity
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5. Spatial structure of plasma and fields during
coalescence with Q,, =1 att = 18Q, L. (a)~
(f) as indicated for Fig.4.
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v, can add energy to a partiéle that is propagating obliquely to the wave propagation direction
by combining the electric acceleration and v, X B acceleration when the particle is trapped in
the wave. This v, XB accelerationmcauses the formation of high energy particles in the “toroid-
al” direction. By this acceleration process, ions and electrons are accelerated to relativistic
energies in oppsite directions along the toroidal magnetic field.

(e)
(@) ¢
fe(Vx) : fe(Vx)
/
J \
- \\ 0y
55 5 55 = o )
Vx Vx
- ()
() A
f
|
folvz) . folvy)
/
s o o5 =3 0 5
vz vz
(c) // (q)
|
fitvy) / fitvx)
/ Y
6 5 o 7608 6] 3 6
Vx Vx
(h)
(d) [N
fitvg) fitvz)
16 ] 76 ) 05 ] 05 6
vz vz

6. Disribution functions of electrons and ions “before” ((a){d)) and “after” ((e)-(h)] coalescence. (2)-
(d) at t = 240, and (e){(h) at t = 280, *. (2) and (e) the electron velocity distribution in the
z-direction. (b) and (f) the electron velocity distribution in the z-direction. (c¢) and (8) the ion
velocity distribution in the x-direction. (d) and (h) the ion velocity distribution in the z-direction.
Note that unit for velocities on the left frames is @,A, while those on the right is ¢. The electron
momenta are measured in m®@,A (or M@,A for ions)on the left, while those on the right in mc (or
Mec for ions).
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V. Discussion

We have found that in the magnetic collapse the electrostatic field can be explosively gener-
ated and can grow more rapidly than the magnetic field. (The explosiveness of the electrostatic
field E.~ (to—t) ~ 2, and magnetic field B, ~ (toc—t) ~*/®). The kinetic simulation finds that, in
the explosive phase, ions and electrons are simultaneously accelerated in the z-direction, oppo-
site each other. When a particle moves across the magnetic field driven by the electrostatic
field E,, the particle can be accelerated in a direction (z-direction) perpendicular both to the
electric field (x-direction) and the “poloidal” magnetic field (y-direction). This acceleration
mechanism was considereed by Sagdeev and Shapirol,sby Sugihara et all.Gand Dawson et all.7

By slightly stretching the present theory of explosive coalescence in two dimensions we may
be able to discuss the process of tokamak major disruptionl.sThe explosive process we find in
the coalescence instability is characterized by singular functions of time with a pole (or a
branch point) at the explosion time (to—t) ™. The tokamak major disruption has been modeled
as nonlinear evolution of unstable tearing and/or resistive kink modes (mainly them = 2, n =
1 mode and m = 3, n = 2) and their destabilization of other beat modes such as them = 5,
= 3mode and its coupling to higher m and »’s. It is interesting to extract from their numerical
simulationlgthat the toroidal voltage approximately scales as (to —t) ~2 toward the disruption
time to to our best fit (Fig.5 of Ref.19). The toroidal voltage is related to E, in the present pap-
er, which has power exponents of 7/3 and 5/3 close to 2. The exponent ¥ itself explodes as (to
—1t) "2 to our best fit, suggesting an approximate functional form of exp ((to—1¢) 1) for the
kinetic energy. From this study of Fig.3 of Ref.19 the singularity of the temporal explosion of
the major disruption is characterized by an essential singularity. In their model the electrostatic
potential $ and the magnetic flux ¢ obey equations with quadratic nonlinearity. With single
helicity calculations it seems not possible for us to construct temporal functions with an essen-
tial singularity. However, with multiple helicities interacting with each other it may be possible
to argue that a strongly developed turbulence which is established by a cascade of many higher
order best modes gives rise to an essential singularity in the temporal behavior: secondary pro-
cesses yielding ($,9) o< (to —t) ~2, tertiary processes (beats of beats) o (to —¢) ~3, quartic
processes ¢ (to —¢) ~*,.... With a certain combinatorial arrangement which depends on indi-
vidual dynamics of turbulence, one sums up the entire energy as ’EOC,L (to—t) ", where C,’s are
cofficients; the analytic property of such a function may be generically related to that of exp
((to—t) 1.

We would like to thank Drs. J.N.Leboeuf, J.M. Dawson, and A.G. Litvak for fruitful discus-
sions. This work is supported by the U.S. Department of Energy and the National Science
Foundation.
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Plasma Jet and Shock Formation
during Current Loop Coalescence in Solar Flares

Jun-ichi Sakai*

"ABSTRACT

We report on the results of plasma jet and shock formation during the current loop coalesc-
ence in solar flares. It is shown by a theoretical model based on the ideal MHD Equation that
the spiral, two-sided plasma jet can be explosively driven by the plasma rotatinal motion in-
duced during the two current loop coalescence process. The maximum velocity of the jet can ex-
ceed tte Alfvén velocity, depending on the plasma ,8(=csz/vA2) ratio.The acceleration time get-
ting to the maximum jet velocity is quite short and less than 1 second. The rebound following
the plasma collapse driven by magnetic pinch effect can strongly induce super-Alfvénic flow.
We present the condition of the fast magnetosonic shock formation. We briefly discuss the high
energy particle acceleration during the plasma collapse as well as by the fast magnetosonic
shocks.

1. INTRODUCTION

The current loop coalescence model (Gold and Hoyle 1960; Tajima et al. 1982,1987; for a
review see Sakai and Ohsawa 1987) provided keys to understanding many of the characterictic
of solar flares (Svestka 1976; Sturrock ed. 1980; Kundu and Woodgate eds. 1986) such as ex-
plosive plasma heating, high-energy particle acceleration, and quasi-periodic oscillation of elec-
tromagnetic emission. Recent observations (Machado et al. 1988) showed that the interaction
of current loops is an essential ingredient in the trigger of the solar flare energy release. Dur-
ing the coalescence of two current loops, the magnetic energy stored by the plasma current is
explosively transformed to plasma heating as well as to production of high-energy particles
through the magnetic reconnection process (see Fig.1). The energy release is achieved in a
quasi-periodic fashion (Sakai and Tajima 1986) when the ratio B,/B; between the poloidal (B,:
produced by the loop current) and the toroidal (B potential field) components of the magnetic
field is greater than one. We here consider the reverse case, Bp/B;<1. In this situation the two
current loops begin to rotate around the reconnection point shown-in Fig.1a. After the coalesc-
ence of two current loops, the single current loop can still do the plasma rotational motion as
shown in Fig.1b-d. This rotational motion after the magnetic reconnection can be also observed

% Department of Applied Mathematics and Physics, Faculty of Engineering, Toyama University, Toyama, 930 JAPAN
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a b c d
Reconnection ‘ @ @
Ve

Ve qu

Loop-Loop Coalescence

Figure 1. Shemtic picture showing the two current loops coalescence (lower part) and plasma
rotational motion (V¢) induced during the loop coalescence process (upper part). Spiral, two-
sided jets can be produced by the plasma rotational motion.

in the computer simulation of the two loop coalescence when B,/B,<1 (Zaidman 1986).

In this paper, we present the results of spiral plasma jet formation driven by the plasma
rotational motion (V4) induced during the two current loop coalescence process. By means of a
theoretical model based on the Ideal MHD Equations, we find that the spiral, two-sided jets can
be explosively produced by the combination of the magnetic pinch effect (collapse) and the
plasma pressure. The rebound following the plasma can strongly induce the super-Alfvénic
plasma flow. which generates the fast magnetosonic shock waves.

2. THEORETICAL MODEL

We consider the single current loop which can be produced by the two current loop coalesc-
ence shown in the Fig.1. After the magnetic reconnection, the single current loop can be pro-
duced and the plasma can be heated by the magnetic energy dissipation. At the same time, the
plasma rotational motion (V ¢) around the reconnection point can be induced during the loop
coalescence process when the ratio Bp/B; is less than one.

In order to represent the spiral plasma jet and spiral magnetic field structure associated
with the jet, we assume the physical quantities as follows; for the velocity components,
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V.= (a/a)r,
Vg = (&1/c)T, (1)
V, = (b/b)z,

for the magnetic field components,
BlO (_)
B
By = —22l —> (2)

B, — Bo BlO (_)

where we used the cylmdrlcal coordinates (r, $,z), and the dot means the time-dependent scale
factors, a(t), c1(t) and b(t) can be self-consistently determined from the ideal MHD Equations
with the adiabatic law (P~p7 ;7 is the ratio of the specific heats) . B;o, B2o and By are con-
stants and A is a characteristic scale length which we are concerned with. From the continuity
equation, we find the density p as p = po/ a’b, where Po is a constant. From the Maxwell equa-
tion, we obtain the current j, = cB2o/27A a’b, which flows along the loop. The time-dependent
scale factors can be determined from the equations of motion as follows;

d%a ¢S’ 2va? (51 >2

= S . — +a (= 3
a2 AT 7T A% 2\ S
d%b cs? ,
a AzaZYS—zbr ) (4)
d?cy _ 2vader | &% LA, o
dt? ~  A%a% + c1 2acl (5)

where 052 = P10/ Po, VA2 = B202/47TP0, VA2 = Va (Blo/Bzo) 1z
We here assumed that the pressure is given by
2 2
+Py,
Po(t)_ Plr(t)r 1 (t)Z

P(r,zt) = 51 (6)
where Po(t), P1-(t) and P, (t) can be determined from the adiabatic law as

p, = _ oo

P

_ Pio

Pie = oy "
p, = Pio

1z 7 Q27T

where Pgg and P, are constants.
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Figure 2., Temporal variation of the plasma ra-
dial flow velocity. At the early stage the
plasma collapse (V.<0) can be induced and
the strong rebound which produces shock
waves can be enhanced by the magnetic col-
lapse.

3. JET FORMATION

We show numerical results obtained from
Egs. (3) -(5), which determine the all physical
quantities such as the velocity field (1) and the
magnetic field (2). The time is normalized by the
Alfvén transit time Tao = A/va. The velocity is
normalized by tte Alfvén velocity va which is

determined from the poloidal magnetic field Boo. o
The initial conditions for the velocities are V, = |[=

—107%(var/A), V, = 10" %(vaz/A) and V4 =
0.1 (var/ A). The plasma /3 ratio is taken to be
0.01. We take Bjo =Bz0= —1 and ¥ = 5/3.
Figure 2 shows the time profile of the radial
plasma flow velocity (a/a) which is normalized
by va (r/A). The initial plasma rotational veloc-
ity (Vg4 = 0.1 (var/A)) can drive the plasma
collapse (V. < 0) mainly by the j, X B4 force,
which corresponds to the second term of the
right-hand side of the equation (3). During the

6 r
5
4B
I
< -
2« [
= 2
1
0 - 1 1 L 1 . 1
0 0.4 0.8 1.2 1.6
Time (74)

Figure 3. Temporal variation of the plasma jet
flow velocity normalized by (vaz/ A) . The
maximum velocity (5.64) occurs at 0.117 4.

Time (za)

Figure 4. Shock formation condition: after the
time when ¢ ba > 4 2 is satisfied, the
shock waves can be generated.

plasma collapse the explosive plasma jet in the z-direction can be produced as seen in Fig.3.

The acceleration time getting to the maximum velocity of the jet is quite short and 0.117 4. The

plasma jet can be driven by the combination of two forces, namely, the j, X B4 (which drives
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the collapse) and tte pressure gradient OP/9z. The maximum velocity (V,max) Obtained during
the short period is not so sensitive to the initial rotational velocity. We found the same-results
for the cases Vg = 0.01 —1 (var/A). The most important parameter which determines the
maximum velocity and the acceleration time is the plasma J3 ratio. The summary of the results
is shown in the Table.When the plasma (8 ratio decreases, the maximum jet velocity decreases
and the acceleration time becomes long. While the 3 increases, the maximum jet velocity in-
creases and becomes super-Alfvénic within the very short time period.

The plasma jet obtained here shows the two-sided flows which originate from the current
coalescence region as seen in Fig.1.

4. SHOCK FORMATION

As seen in the previous section, the strong

Table: Maximum jet velocities and acceleration times
reaching the maximum velocity for different

plasma collapse (V. < 0). The jet flow may be- plasma B ratios with the same initial conditions.

spiral plasma jet can be produced during the

come super-Alfvénic when the plasma }j ratio in- z Acceleration
. . B Vzmaz (Vag) Time (74)

creases. The super-Alfvénic jet flow can induce : A

the Alfvénic shock waves along the current loop. 107 | 0.68 0.97

On the other hand, the plasma rebound (V.>0) 10-3 L7 © 0.38

can occur following the plasma collapse (see -,

Fig.2) . The velocity of the rebound can be en- 10 5.64 ; 0.11

hanced by the magnetic collapse and adiabatic 107! 18.73 0.035

ion. We h . . h .
compression ? ere investigate the condition 10° 55 02 0.01
of shock formation by the rebound of the plas- -

maafter magnetic collapse. The fast magnetosonic.

shock waves can be induced by super-Alfvénic plasma flow when the velocity of the rebound,V,
becomes larger than the local magnetosonic velocity. In the low S plasma, the condition, V>
(Va%+cs2) 2, is given by

oy G) N G e (5 ®

We obtain one condition which be satisfied in Eq.(8). Namely, the term with a parenthesis of the
left-hand side must be positive,

Voa> {1+ (g2) 1" ()

If the condition (9) is satisfied, the shock wave can be generated in the region of . r >rs, where r;

is given by
— ( Bo > [.2 1 B‘lo)z]—uz
= _ A 1
= +yb (BOO i (B 19
Figure 4 shows the time variation of 4/ b a in the case of Biop = B2o = — 1. The region where

v/ ba>+/ 2 is satisfied can be observed in the Fig.4. The radius rs where the shock wave can
be produced is around the characteristic scale length A.
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5. DISCUSSION

-We have shown from the simple theoretical model based on the ideal MHD equations that
the two-sided plasma jets can be explosively produced within the short time period. If we take
the characteristic scale length A asA —~ 108 ¢m which corresponds to the loop radius, and the
Alfvén velocity va .= 500km/s, te Alfvén transit time is To = A/va = 2 seconds. Therefore
the acceleration time getting to the maximum jet velocity is 0.1 ~1 second, depending on the
plasma S ratio. The two-sided jet flows originated from the current loop coalescense region may
be observed during the impulsive phase (Doschek et al. 1986; Zarro et al. 1989).

During the plasma collape, the strong electric field, E= — (VX B) /¢ can be produced by
the change of the magnetic field.This strong electric field can generate high energy particles (~
Gev) within 1 second (Sakai, 1989).

The high energy particcle acceleration by the shock waves is belived to play an important
role in solar flares (Sakai and Ohsawa 1987; Ramaty and Murphy 1987). The shock formation
mechanism has not been well examined in association with physical processes in the impulsive
phase. The shock formation by the rebound following magnetic collapse is very effective,even
though the colliding velocity of the two current loops is much less than the Alfvén velocity. The
fast magnetosonic shock waves generated from the rebound after plasma collapse can strongly
accelerate protons to the velocity V~ 4/mi/me va within less than one second (Ohsawa and
Sakai, 1987) . If the magnetic field is rather strong (wce>wpe), the fast magnetosonic shock
wave can simultanously accelerate both electrons and protons to relativistic energies (Ohsawa
and Sakai, 1988; Sakai and Ohsawa, 1987).

I thank Drs. T. Tajima, and J.C. Henoux for fruiful discussions.This paper was presented as an
invited paper on the Second Workshop on Impulsive Solar Flares at the University of New
Hampshire, 26-27-28, September 1988.
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Prompt Particle Acceleration to Relativistic Energies
During Current Loop Coalescence in Solar Flares

Tohru Nakano® and Jun-ichi Sakai**

ABSTRACT

High energy particle acceleration during the current loop coalescence in solar flares is in-
vestigated by numerical simulation, based on the theoretical model derived by Sakai and Tajima
(1986) . Simulation results show that during the current loop coalescence, both electrons and
protons can be quasi-periodically accelerated to relativistic energies within very short time
(€ 1s). These results can give a good explanation for the prompt high energy particle accelera-
tion during the impulsive phase of solar flares.

1. INTRODUCTION

The solar flare1 is the explosive release process of magnetic energy stored in corona plasma.
After launching of the Solar Maximum Mission (SMM) 2and Hinotori satellites? in particular,
from the observations of solar flares with hard X-rays and ¥-rays, it became4clear that, within
a second, protons and electrons are accelerated up to ~ GeV, up to — 100 MeV, respectively.
They are beyond rest-mass energy. It seems difficult that these observational results can be ex-
plained by the former statistical acceleration mechanism like the Fermi-acceleration, which is
slow acceleration process. Since the corona plasma flows along the magnetic flux tube which
makes closed loop on the surface, many plasma current loops are observed in the flare region.
Consequently, the reciprocal actions among these plasma current loops as well as magnetic flux
tubes may be a very important role for the energy release process in solar flares. One of fun-
damental reciprocal action is the coalescence processsgf the two parallel plasma current loops,
which currents flow in the same direction each other. In the coalescence process, under some
conditions, magnetic energies of both current loops can be transformed to the kinetic energy of
the whole plasma current through the explosive magnetic reconnection7'8At the same time, pro-
tons and electrons are accelerated rapidly to the relativistic energies. This phenomenon has
been already shown by simulation and theory (current loop coalescence mode13 ’

In this paper, we will report the detailed simulation results, using the theoretical coalesc-
ence modell,land show that both electrons and protons can be promptly accelerated to relativis-

* Department of Electronics Engineering

% %k Department of Applied Mathematics and Physics, Faculty of Engineering, Toyama University, Toyama 930
JAPAN
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tic energies during the current loop coalescence.

In section 2 we review the theoretical model of the current loop coalescence and derive
basic equations.

In section 3 we discuss the normalized basic equations, initial values and parameters for
computations.

In section 4 we present the numerical results.

In section 5 we summarize our results.

2. THEORETICAL MODEL OF THE COALESCENCE PROCESS

. . . . 10’11
In this section we review the theoretical model of current loop coalescence process, and de-
rive the basic equations. '

2.1 Definition of Theoretical Model

This model is treated in rectangular coordinate system, where x is the diréction of coalesc-
ence, while y is the direction of poloidal magnetic field line and z is the direction of plasma cur-
rent (See Fig.1). And we assume that 0/9x>>9/9y, 9/3z. This means that every quantity is
dependent only on x and time.Therefore, it is treated as one-dimensional problem. The basic
equations we start are the two-fluid model equations of plasma and the Maxwell equations.
They read as follows, '

d .\ _ v
mjnja—vj = nje; E+T>< B) —vyp;, (2.2)
VXB=4€—”12n,-e,M-, (2.3)
v-E= 4"2”1‘6’]', (24)
J v
__1.9
VXE=———"B, | (2.5)
o _
StV Ity VY =0, 2.6)

where j denotes the species of particles (proton or electron) and 7 is the ratio of heat capacity
which is related to the degree of freedom of the system f as ¥ = 1+2/1.

Here we neglected the displacement‘current in Eq. (2.3), because the flow speed during the
current loop coalescence is slow compared with the light velocity. In the coalescence process,
the scale-length involved in the system is not constant but varies continuously in time. There-
fore the system can keep its global structure without changing whole structure of current loops,
even if every quantity varies with time.

Such a physical situation may be described by self-similar solutions in which scale factors
vary continuously. We introduce two scale factors a (t) and b (t) for both proton and electron
flow velocities as follows,
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Vex (2.7)

Il
d

Viz

e-|t:- e |a.

T, (2.8)

where a dot represents the time derivative. The linear dependence on x for velocities implies
that protons and electrons stream in opposite direction around the center of current sheet (x=
0). These scale factors a (t) and b(t) will be self-consistently determined from the above basic
equations.Now, we derive the equations of various quantities, related to the coalescence process.

Fig.1. Coordinate system and schematic picture showing loop-loop coalescence: j is current density
and F is attraction force.
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2.2 Derivation of Particle Density n
The continuity equation of particles, Eq.(2.1), becomes a simpler expression as follows, be-
cause of one-dimensional problem, 3/9dy = 0, 3/9z = 0.

o o ,
A Ty Vie =0 =y

where we assumed that the density #; depends only on time. This assumption is consistent with
Egs. (2.7) and (2.8). For electrons, We have from Eq.(2.7)
2] a
Ve = —.
or * a
Substituting above equation into Eq.(2.1)’, we obtain
i-’-i = 0
n, a
Integrating the both sides of the above equation by time, we obtain
n
Ne = _0 (29)
a
For protons, we have in a similar manner
no

m=— (2.10)

2.3 Derivation of Magnetic Field B
We assume that B = 0, and B, = constant in this model. So, we derive only the y-compo-
nent B,

At first, from the y-component of Eq.(2.5) we obtain
o o 1 o

e (25
Assuming that B, varies like B, = Bo (t) *x/A, we get
O, _ . T
arPv = Bo |
Substituting this into Eq.(2.5)" (note 9E,/3z = 0),
a _ xIr » ”
e = -2 Bo. (2.5)

Furthermore, we assume E; = E,o () + E,1 (t) *x?/A? and differentiate both sides by x. Then
we have

o . _ 2x
or E,=E.1 () 2z
Substituting this into Eq.(2.5)”, we obtain
A .
Ex (t) = —Bo. (2.11)
2¢

From the z-component of Eq.(2.2), we have
d 1
M Viz =6 [Ez+7' (foBy_ijBx)]-
Assuming a (t) = b (t) and substituting E, = E,o (t) +E,1 (t) *x%/A%, B, =0, B, = Bo (t) *z/ A,
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dV;./9z = 0, and Eq.(2.7) into above equation, we obtain .

a Bo() 2]
4. 22|
a Ac

m,-a—atvjz = [Ezo (t) +E (t) 2%/ 2%+

This equation can be re-written as

9, _ _ G [Eat) L d Bolt)] 2
miat ij ejEzO(t) ‘7[ ) +—a— c ]I.

To satisfy this equation on any x value, both sides must be zero. Hence, we get

2]
m,-a—thz—eﬂ-Ezo (t) = 0, (212)
Ea) L a Bo®) _ (2.13)
A a ¢ ‘
From Eqgs.(2.11) and (2.13), we have
Bo _ _,.i
Bo - 2 a’
which gives by integrating both sides,
B
Bo(t) = —a‘;o— (2.14)

where Bgo is a constant.
Thus, we obtain

— Boo,
By = %t (2.15)

2.4 Derivation of Electric Field E
We assume E;, = 0 in this model. So, we derive the x and z-component of E.

2.4.1 DERIVATION OF z-COMPONENT E,
From the Poisson’s equation (2.4),

8. o .o B
axEI-l-ay Ey-f—aEz = Ame* (n;—n,).

Substituting Eqs.(2.9) and (2.10) into this equation, (note: 8/0y =0 and 9/9z = 0)
9. _ .[1 _ 1]
or EI 471’6"0 b a .
Assuming E, as Er = Eo (t) *x/A, we obtain for Eo (t)
Eo(t) = dmengA+ [i——}—]
b a
Therefore, we have
1 1
E, = 4mengx* [—-———] (2.16)
b a
In this way, E; has been derived, and we try to represent E, without b(t).
From the z-component of Eq. (2.3),
o o 4

= Leo . —
ax By ay BI ¢ (nl VIZ neVez) .
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Substituting B = 0, B, = Bo (t) *x/ A, and Eqgs. (2.9), (2.10) into the above equation, we
obtain : »

Bo(t) _ 4meno [ Vie Vez]
R b = (2.17)
From Eq.(2.12), we have the two expressions for protons and electrons as follows,
o N o _ _
m; at Viz - eEzO (t), m, at Vez - eEzO (t) v (218)
Eliminating E,o (t) from (2.18), we obtain
o _ o
m, ot Vez = —my ot Via.
Integration both sides by time gives
medeez = —mideiz.
Hence we get
Ve = ——2.y,,. : (2.19)
m;
From Eqgs.(2.17) and (2.19), we obtain
Bo(t) _ _ 4meno [&.L+i] V.
A c m, b a
Substituting Eq.(2.14) into this, we obtain for V.,
— CBoob
Vez - 2 b m,] -
4rengla’. |[—+—
a m;
Neglecting the mass ratio (m./m; = 0), we obtain
_ CB()()
Ves 4rengAa’ (2.20)
Furthermore, the x-component of Eq.(2.2) becomes
d V. ,B.—V,..B 2]
Mo Ver = e [EI+H] — e (2.21)
Here, we define p, as follows,
— p e pOe . IZ
pe a%_ 2a7 :FZ 72_;
where p,, is a constant.
Then, we obtain
2] r
b= = GPOe - (2.22)
And we obtain by use of Eq.(2,7)
d _a ’
EV” = (2.23)
Substituting Eqgs. (2.15),(2.16),(2.20),(2.22), and (2.23) into (2.21), we obtain
Boo® )
q = —, 2. [i— ]— 00 Qe
¢ Pe Ly 1 ArmaoA‘a® + mmoAa’ (2.24)
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where w,,ez = 47re2n0/me.
If we define p; and wy° for protons as follows,

b= Poi _ boi . x? w02 = 41re2n0
* ?_ 2b 72—' » m; )

We can obtain the following equation for protons:
b= [1—7] +m—,-n§Qf23T (2.25)
If we define the Alfvén velocity V, as
Boo® __ Byo®
drng (m;+m,) — dmnom;
Then we obtain from Eq.(2.24)
11 _[_mV?

b 7=[ A%’ + Aza: I]/ 47m0e)

Vaz = (me/mi = O)v

Substituting this into Eq.(2.16), we finally obtain

- _miVa poe ]
E, [ b | (2.26)

2.4.2 DERIVATION OF z-COMPONENT E,
Since E; = E,o (t) +E,1 () *x?/ A%, we eliminate E,o () and E,; (t) from it, using Eqgs.(2.12)
and (2.13). Then we have

_m 9, & B .
= ¢ O Vie a A T
Substitution Eq.(2.14) into the above equation gives
_m 9, _a Boo, :
Ee= g Vi (2.27)
From Egs.(2.19) and (2.20), we obtain
me  ¢Boo

V., =
jz .
m; 4memnola

Partially differentiation both sides by time gives

iI/ = —1ni- CBOOd [=_V]
ot ¢ m; 47re,-no/1a2 dt %

Substituting this into Eq.(2.27)°’, we can get the following expression for E;;

cBoom. . a _Boo 4

T T (2.27)

E,=—
ATe’nod  a a

2.5 Equation of Motion for a Test Particle

Here we consider the equations of motion for a test particle which moves in the electro-
magnetic fields given in the previous section. The relation between momentum P and velocity V
of a test particle is given by

P=m;I;V,

where I'; is
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1
Iy=—r—em=
V1=lyle
Eliminating V; from the above two equations,

Ty = Y 1+1P["/ me)?

Therefore, we have

P.

V. = ] (2.28)
T om/ 1+ [R]? (mic)
The equation of motion for -a charged particle is given as follows,
P =e¢; (E+—‘;’f-x B) : (2.29)
Substituting Eq.(2.28) into (2.29), we have
. P.XB
B =oE+ ) I
T e V1H (B )

Now we split this into three components as follows,
P;yB:—P;:B, ]
m;ic 1/1+ |Pj|2/(m,~c)2 '
. P;.B.—P;:B.
P; =e»[E+ Chcm S R ]
iy i | By mjcx/l-i-leiz/(mjc)z
Puby—PyBe )
m]-cx/ 1+ |Pj‘2/(m,-c)2
After substituting the electromagnetic fields in the previous section, we get the following equa-
tions;

PjI = e [EI+

i)jz = ¢ [Ez+

Pj’ 4 [[_%2_-'- eAap * no ] %
b TR P (230
B, =— - ﬁj{l"f;izz/ = (2.31)
b= e e ] (232
2.6 Derivation of Charged Particle’s Position x, y, z
Since momentum P; is represented as P, = m;I';V,, it is clear that
i = 72'1,]_, ‘ (2.33)
b= ,:"Fj; (2.34)
5= m?p, (2.35)

Therefore the position of a particle is given by integrating the above equations.
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2.7 Derivation of Scale Factor a(1)

Since we have assumed n; = n,, the scale factor a ) is equal to b (). Therefore we derive a
(t) only.

Substituting a (t) = b(t) into Eqgs.(2.24) and (2.25), we get
. Boo® 4+ P

drmmorZa®  mmoAa’’

5 — Poi

minoA‘a

a =

Multiplying m, in the above equation and m; in the lower, respectively, and adding the two
equations, we obtain

Boo® 4 poetPo;
drngAa®  mgA%a’’

m,+m)da = —

which can be written as

U A o (2.36)
a /120,2 A2a7 s .
where
V= Boo® 2 _  poetpy;
“ Arng (m,+m;) s (me+m;)no”

2.8 Summary of Basic Equations

Here, we summarize the derived equations. We assume that particle density and pressure
for protons are equal to ones for electrons, respectively. Therefore, we can represent n, = n; =
no and p,, = po; = po- The equations of various quantities are summarized as follows:

a= _71/257 7%‘2’" (2.37)
% = rf},—' (2.38)
Bz e,[[— W;AZ; T P T

! mic ¥/ 1+ |1F'j[2/ (mjc) * .[Pijz_sz%)z()_'%]]’ (2.39)
yi — mfj;"j ’ (2.40)
: P;.B,
b = me \/13 |]Pj|2/(mj7)2' (2.41)
5 = m}j]fj' (2.42)
b= ej[_ :71;020:;; .;df_ }-230 .Edrx?-l_ a*Amye \/?f(l)(;lz/ (mje) * 1" (2.43)
Ex= [_%+ e/\apo no]’% (2.44)
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(,‘B()o‘me . a _Boo a 2

B 4me’noA PP ?—'x ’ (2.45)
_ Boo , =
By=" g (2.46)
m=m=cr | (2.47)
a .
And
2___ Boo®
Ve 4mng (m,+m;) (2.48)
2p
2_ 4o
Cs (m,+m;)no’ (2.49)
L= 1+ [P 1%/ (me)®. A (2.50)

3. OPERATIONS FOR SIMULATION OF THE EXPLOSIVE COALESCENCE

In this section, we will describe the method of numerical simulation and the normalization of
physical quantities, and also determine their initial conditions for the differential equations.

3.1 Summary of Normalized Physical Quantities
If the derived equations are numerically treated in a computer, it is possible to occur an
overflow error or an underflow error. Because some variables in the equations might have an
enormous or nearly zero numbers (for example. ¢ = 3.0 X 10 %m/sec, m, = 9.1 X10 %8g). To
avoid these numerical errors, every variables are used to be normalized.
Since a(t) is a non-negative non-dimensional variable, it is not necessary to normalize it.
Now we define the normalized variables as follows.
~ t x = P = E ~
b= = P mic’ Ezm_jcm’ b= Boo' " mo’
Then, we can derive the following equations:

d:d_azi-d_a a=d20= l.dza __dﬂszC dzp
dt T dt’ > T 4>’ dt T diz
Therefore, Eqgs. (2.37) ~ (2.47) without the suffix j for particle species can be normalized as

follows,

o= M ME (3.1)
a ) a

4= li—IP (3.2)

j= 1iy|i>| , (3.4)
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*P.B., (35)

s _ . P ,
dastar i T

R. a a R - I
P, =c, [——T‘ —R, 72 £ . ] 3.7
R,2 a* ¢ d% JI1+I[PIZ * a% 37
= May® | Mo”7 CBoa
E, =M, '——as_+;7—+_1— I (= Eo-x), (3.8)
Bo=—Re . @ _p.% .32 (=EotB.-zd), (3.9)
Ry a a
- x _—
By =—» (= Boz). (3.10)
a
Other normalized physical quantities are summarized as follows,
2
M2 = —Zz— ' (3.12)
2
M2 = %2— (3.13)
2
M, %= ‘Z“ (3.14)
My % = 20 (3.15)
mmoc
R. = wch, (316)
R, = 0,212, ' (3.17)
c, =2 (3.18)
e
M, =1 (3.19)
mj
_ 2
Y=1+— (3.20)
where f
w, = £Boo (3.21)
m;c
2
w2 = ATnoe” (3.22)
me

To solve the coupled nonlinear differential equations, we used ODAM (Adams method to
solve a simultaneous first differential equations). To use this method, several quantities are de-
fined as. follows,

Y1 =a, Y2 = a, Yys =21, y4=f’x,
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y5=g’ y6=Py! y7=§' y8=P21

And Eqgs. (3.1) ~ (3.7) are transformed into the following eight simultaneous first order dif-
ferential equations;

U1 = Y2 ' , (3.23)

. Ma2 Msz

j2= =T +_,_y1 , : (3.24)
— Ya

;= __ - 3.25
vs 1+ Pl (3.25)
. RL‘ - y3

=0(, Mr' - 3 7F1|° +— = “'[ z—Ys— 21|, 3.26
Ya=C [ [[ Y1 Y1 ] vs m‘m’z yeb y8y1 ]] ( )
Ys — /1+|-P|21 (327)

R - .
Jg = C,——=—"y4B,, ) (3.28)
Ye 1T | P| Ya

j7 = ————=r, 3.29
SARVATRT (8.29)
.« R, Y2 Y2 2 R, Y3 ]

= C, [— 2 —R—rystt “Yar : 3.30
v R y” R VATS ) T AT (3.30)

here

|P|? =y 2 +ye®+ys®

3.2 Determination of Initial Conditions

Initial values of physical quantities are necessary to solve the above simultaneous equations.
In this section we will define various normalized physical quantities in the basic equations and
determine the initial values.

3.2.1. DETERMINATION OF PARAMETERS

Before determination of initial values, we have to set the values of parameters involved in
the basic equations.

For simulations, we use magnetic field and density of the typical solar flare region as

Bo() = 145 Gauss,

no = 10 /cm?®.

In Eq.(3.1) the first term of right hand side corresponds to the JX B term and drives the
magnetic collapse. While the second term corresponds to the pressure gradient term and may
eventually be able to balance with the magnetic compression term when ¥ = 3. The condition ¥
= 3 which we will use here means that the current loop coalescence occurs in nearly one-
dimensional fashion so that the degree of freedom of the system becomes unity. The plasma 3
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value (8 = C,%/V,?) is varied from 0.1 to 1.0. From the above quantities, we can calculate fol-
lowing quantities;

2
w 2 = 47nee

Sl
wcj — eBoo '
m,-c
_ Boo®
PO 87'.' IB’
T = 1 — ij
wc; eBOO
2
mic
A=cT="
cT Bog
V2= Boo® ___Boo®
¢ dang(m,+m;) — 4dmngm;’
C.2 2po 2po
S

— metm)no = mng

Here, we note that standard values of time T, length A, and momentum m,c are changed by the
species of particles. (For electic field, mjcz/ (eA) = Boo.) Fig.2 and 3 show the relation of non-
dimensional quantities and dimendional quantities, based on the above values.

3.2.2. DETERMINATION OF THE INITIAL VALUES
Because the basic equations numerically solved are eight-dimensions, we need eight intial
values. For location and momentum of a charged particle, they are varied in the follwing ranges.

%,9,2=0.0—~4.0

P, P, P,=+10"%~10""*

Next, we discuss about the determination of initial values of a and a. Eq. (3.1) can be re-
written as follows,

o
a=—7 V(a), (3.31)
: a : ,
here V (a) is the effective (Sagdeev) potential, which is given by
M2 M2
V(a) = — 4 +2—;2— (332)

The graph of the effective potential is shown in Fig.4. The minimum value Vy;, is obtained
from the condition of 8V (a)/3a = 0.
oo M, [ _ M2
min Z—MSZ— a W
If plasma B value varies, the shape of graph is changed by it as shown in Fig.4. If the plas-
ma f3 becomes smaller, the shapter and deeper the potential bottom is. So, when the initial con-
dition of ais close to Vpnin, we have oscillational behavior of a near the -potential minimum.
We assume that the initial values of a and @ are as and a, respectively. From the rule of
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(a)

16

x107*
0.08

Va)
.00

. po

-0.08
L

-0.16

Fig.4. Effective potential V(a): (a)3 = 0.4, (b)g = 1.0.

energy conservation, we obtain
1 . - Qe :
- (@)% = —m;| dda, - (3.33)
Qs
where a, is the edge of oscillation in a-axis.We regard Eq.(3.33) as a second order equation for

a., and arranging it, we get

2 2
[(i;s)z—z- M. +1;4—r] a2+ 2M,%a.— M2 = 0.

s s

From the conditions of existance of solutions, we obtain

las| < v/ 2M,%/a;—M%/a? (note: as>-§—) (3.34)

If the start point as is at the bottom of the potential (a; = ,8) Eq.(3.34) is rewritten as fol-
lows; :

las| < v (M2 %/MZ = v/ M2/B. (3.35)

We determine the initial value of @ from Eq.(3.35), as the initial value of a is equal to the plas-
ma (3 value.

4. SIMULATION RESULTS

In this section. we will show the simulation resuits obtained by means of the basic equations
derived in the previous section. At first in our simulations, we determine G, BZ, and the eight
initial values of simultanious differential equations as follows; '
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P,=P,=P,=10""°

Next we will change four parameters (3, B., d/a, and & which have important ‘effects on the
particle accleration.

4.1 Electromagnetic Field and Density during Current Loop Coalescence

In this section, we will show how the electromagnetic fields, density and coalescence period
can change depending on 8 and a/a during the current loop coalescence. These physical quanti-
ties have the periodic characteristics in time. Then, in Figs.5~ 7, both of maximum and mini-
mum values for every quantity are dotted and are connected with each other.

Fig.5 shows the parameter dependence of By and #. As shown in Figs.5(2) and (c), if B be-
comes smaller, both values of Bo and # become larger. This means that for the low 3 plasma
strong plasma compression can occur by the Lorentz force (magnetic collapse) during the cur-
rent loop coalescence. And, as B3 is large, they are almost constant. The dependence on a/a
shown in Figs.5(b) and (d) shows that both Bo and 7 increase with increment of a/a. This means

© (a) (b) e

B, B, w0}—
20 : o
- 1
0 ' l——eo—o l 0.1 L—L L. -
0 0.2 04 0.6 0.8 1.0 —10 —10 0
B d/a
(¢) (d)
6.0
| 20 [ ]
4.0
n it
10t
2.0
- . I
0 ] I 'L J_- 5 0 L : ¢
0 0.2 04 06 0.8 1.0 —-10° ETE -0

B ) di/a

Fig.5. Bo depends on (2)B, (bJi/a. # depends on (c)B, (d}i/a.
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that if the initial colliding velocity (oca/a) becomes large, strong magnetic collapse can occur
with strong density accumulation. ‘

Fig.6 shows the parameter dependence of Z-component Eq of electric field. Fig.6(b) shows
that a/a approaches to —0.1, the maximum value of Eo suddenly can become large. This effect
may be important for the high energy particle production. For z-components E,o and E,; as
shown in Fig.7, the coefficient Ezl proportional to & is much larger than Ezo. This means that
the amount of acceleration in z-direction depends on the location of particles in &-direction.

Fig.8 shows the parameter dependence of the period on 8 and a/a. When 8 as well as a/a is
large, the period ‘is long. Because the bottom of effective potential V(@) becomes shallow and
flat.

x107°
(a) (b)
1.0 ) : 0.6~
E, o
—1.0f— I
1
0 0.2 04 0.6 08 1.0 L 10 10~
B d/a
Fig.6. Eo depends on (2)B, (bli/a.
x107° u
L (@) 10 (b) *
0.41 L
L 1010
E. O I I ! [
- —-107'°
—o.%
T 1 1 | | | ! J -0’
0.2 04 06 0.8 1.0 =T T 0
B d/a
| e (o w0k (@) *
0.2 1+
E. [ - T H I J-102
| EZI .
-0.2f 1!
L ® ! I ! I L & -10°
0.2 04 0.6 08 1.0 0 T =T
B d/a

Fig.7. Electric field components depend on 3 and a/a.
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4.2 Particle Acceleration to Relativistic Energies
- We will show that both electrons and. protons can be perlodlcally accelerated to relat1v1st1c
energies during the current loop coalescence. Figs.9~12 show the parameter dependences of
maximum value Py, of momentum and its components P, P,, and P, under several conditions.
Fig.9(a) shows 3 dependence of Pmax which has a peak around B = 0.4, The peak value is
2.4, which corresponds to about 2 GeV for protons, about 1.22 MeV for electrons. Since the
bottom of the effective potetial V (a) becomes shallower with increasing @, particle’s oscillatory

behavior is transformed into non-oscillatory behavior. In. Fig.9(a), non-oscillatory behayior
occurs at 3>0.5.

Fig.9(b) shows B, dependence. When B, = 0, charged particles are hardly accelerated. But

" (a) . . (b)
: ° : 1 °
10°— 10—
- ° - ° L4
3 . 3
N Y
10°— 102—
o 8 T
| 1 ] | | p o1
0.1 0.2 0.3 0.4 T 10"
B d/a
Fig.8. Periodic time depends on (2), (bi/a.
(a) , (b)
e ’ : 3.0— o ©® ©
2.0— ©
B 2.0
max —~
° - Prax
1.0— © .
© ‘© 1.0—
©
° 1 ] L ! 0 | I I !
% 02 04 05 08 10 7.0 2.0 8.0 4.0
B B.
(e)
3.0— © ©
©
2.0
ﬁﬂCX ’ l ﬁmax
1.0
©
o !
T -0 ~10"
d/a

Fig.9. Puax depends on (8)8, (b)B,, (c)i/a, ().
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when BZ is beyond 1.0 (=145 Gauss), their kinetic energies are larger than rest-mass enérgies
and seem to saturate. Therefore, the relativistic particle acceleration needs the existance of B,
essentially.

Fig.9(c) shows the dependence on d/a. When |d/a | increases, Pmax increases. The explosive
coalescence of plasma current loops is also important to get the relativistic energies for both
electrons and protons.

Fig.9(d) shows the dependence on the initial particle location Z. Pmax increases linearly with
I. Particles located far from the center of current loop coalescence, can be well accelerated.

Figs.10(a) ~ (d) show the various parameter dependence of #-component P,. As seen in
Fig.10, the acceleration to Z-direction is weak. (Here, for protons, O for electrons.)

Figs.11 and 12 show the parameter dependence of 13y and P,, respectively. From these
graphs, it is clear that protons and electrons can be accelerated to the opposite direction each
other. Py and P, are 10 to 100 time as large as P, after the current loop coalescence.

4.3 Time Evolution of Electromagnetic Fields and Density

The time evolution of electromagnetic fields and density is shown as a typical example, us-
ing standard values as they are determined at the beginning of this chapter.

Figs.13~ 15 show the time evolution of scale factor, electric field, magnetic field, and densi-
ty. The oscillatory behavior of the scale factor a leads to similar oscillations in other physical

x10 * x10 *
L 9 (a) o (6)
4.0 4.0
. o I I .o
—4.0 —4.0
N fg | | | | B | | | |
0 0.2 0.4 0.6 08 1.0 0 1.0 2.0 3.0 4.0
B8 B.
Xx10 x10 *
) L@
o 1'?
4.0 4.0
i i
P8 ®E H B o I
—4.0F —4.0f L
I | | I | | |
—=10 ¢ —-10 —-10 ' 0 1.0 2.0
da/a x

Fig.10. P, depends on (2)g, (b)B,, (c)i/a, (d)z.
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quantities. The period of a is about 1.7X 103, which corresponds to about 1.2 msec for protons,
about 0.68 #sec for electrons. Other physical quantities have the same period. If 8 becomes
smaller, double-peak structure (Fig.13(b)) on Eo which occurs during the magnetic collapse
phase disappears and E¢ changes like a sine wave.

4.4 Time Evolution of Momentum of Charged Particles _

In this section, we will show the momentum and the orbit of proton when B, and # are 4.0
and 1.0, respectively. } : ,

As seen in Fig.16(a), the momentum P, varies with a very small time scale compared with
13y and }32 (see Figs.16(b) and Fig.17(2)) . Futhermore, 131 has a high periodic behavior which
corresponds to the period of the scale factor a. Fig.17 (b) shows the time evolution of total
momentum of proton. Fig.18 shows the orbit of proton which moves from large z to small z.
(Many symbols in the orbit mean the time intervals. One interval is about 180 #sec.)

Figs.19~ 21 show the behavior of proton when B, = 1.0 and £ = 0.0. This is an example
that a proton is hardly accelerated. Indeed, in Z-§. plane, the proton-shows Larmor motion
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o 3 |
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> >
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w o
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Fig.16. Time history of momentum; (2)P,, (b)P,.
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Fig.17. Time history of momentum; (2)P,, (b)P.
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around B,.-As seen in Fig.19(b), the change of
total momentum during magnetic collapse is
very small. Fig.20(2) and (b) show the orbit of
the proton in x-y plane and y-z plane, respec-

tively. Fig.21 shows its 3-D orbit. Figs.22 —
24 show the behavior of electron when B, =
1.0 and & = 1.5. In Z-direction, the electron
behaves with the same manner of proton, be-
cause of the coalescence direction. But in g}

»x10 "'

50. 00
2

-50. 00
\

-150. 00
"

n

and z-directions (Figs.22(b), 23(2)), the elec- "2 o>

tron can be accelerated in opposite directions $_ 5 )

compared with protons (see Figs.16(b), 17(a)). 2 R &

Fig.24 shows orbit of the electron -which Z'» £

moves from small z to large z. The oscillatory g-‘?vﬁ e — \
.56 0.2 0.60 1.3

T
1.04 1.20

acceleration period of the electron is the same

with one of the scale factor a. Therefore we  Fig.18. 3-D representation of proton’s orbit.
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Fig.19. Time history of momentum; (2)P,, (b)P.
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Fig.20. Proton’s orbit in (2) z-z plane, (bX-y plane.

— 156 —



Nakano + Sakai: Prompt Particle Acceleration to Relativistic Energies During Current Loop Coalescence in Solar Flares

may conclude that both electrons and protons
can be quasi-periodically accelerated to relati-
vistic energies during current loop coalesc-

ence. N
5. SUMMARY AND DISCUSSION o
In this paper, we investigated the explosive g |
acceleration of charged particles (protons and 2°
electrons) , using the plasma current loop S
coalescence model. We found that both elec- 1
trons and protons can be quasi-periodically S N
accelerated to the relativistic energies under ] g
several conditions. The important parameters f{m T | o o om ot
X =107

for relativistic particle acceleration are (1) the
plasma @ ratio, (2) the magnetic field along the Fig.21. 3-D representation of proton’s orbit.
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Fig.23. Time history of momentum; (2)P,, (b)P.
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two current loops, (3) high colliding velocity of
the current loops and (4) the particle’s initial
location & from the center of loop coalescence.
Both electrons and protons can be simulta-

180.00
J

nously accelerated within much less than one
second.

140. 00
L

Recent observations for high energy parti-

100. 00
s

cle acceleration during the impulsive phase in

x10"'

solar flares are summarized by de Jager
12 .

(1989) s follows: - ~

(1) The acceleration times of electrons and

80. 00
s
%

20.00
s

protons to energies of some tens of MeV - o
can be shorter than —2 sec.

. ?,ZU‘/QU

T T T T "
S0 1.50 2.50 3.50 4.50 S.S0

(2) Although MeV protons are accelerated
nearly simultanously with MeV  electrons, Fig.24. 3-D representation of electron’s orbit.
observations ‘with high time resolution
show that the ionic emission can occur one to two seconds later.

(3) Primary electrons are accelerated to energies of roughly — 100 MeV.
De Jager (1989) 12explained these observations by the explosive current loop coalescence model
proposed by Tajima et al. (1982 19873 (see for review of the current loop coalescence model;
Sakai and Ohsawa, 19871) The electron acceleration up to the observed energies (=100 MeV)
is possible by the explosive current loop coalescence, if many current loop coalescence can
occur successively within one second. Quasi-periodic. relat1v1st1c electron acceleratlon during
the current loop coalescence may cause observed short-lived micro-wave bursts w1th lifetimes
down to — 0.1 sec. The quasi-periodic magnetic collapse can produce multiple strong fast mag-
netosonic shock wavel,4which can also produce high energy protons and electronsl.0

Acknowledgement
We acknowledge for use of Computer Center Toyama University.

References

1. Svestka, 1976, Solar Flares, D. Reidel, Publ. Co, Holland.

Sturrock, P.A. et al. eds. 1986, Physics of the Sun, D. Reidel. Publ. Co, Holland.
2. Kundu, M.R. and Woodgate, B. 1986, Energetic Phenomena on the Sun, NASA Conf. Publ,,
No.2439.
Tanaka, K. 1987, Publ. Astron. Soc. Japan. 39, 1.
Chupp, E.L. 1984, Ann. Rev. Astron. Astrophys. 22, 359.
Gold, T. and Hoyle, F. 1960, Monthly Notices Roy. Astron. Soc. 120, 89.
Tajima, T., Brunel, F., and Sakai, J. 1982, Ap.J. 245, L45. :
Tajima, T. and Sakai, J. 1989a, Sov. J. Plasma Phys. in press

N o Ok w

— 158 —



Nakano - Sakai: Prompt Particle Acceleration to Relativistic Energies During Current Loop Coalescence in Solar Flares

8. Tajima, T. and Sakai, J. 1989b, Sov. J. Plasma Phys. in press

9. Tajima, T., Sakai, J-1., Nakajima, H., Kosugi, T., Brunel, F., and Kundu, M.R. 1987, Ap. ]J. 321,
1031. o e e T :

10. Sakai, J-I, and Ohsawa, Y. 1987, Space Sci. Rev., 46, 113. ,

11. Sakai, J. and Tajima, T. ‘1986, Proc. Joint Varenna-Abastumani International School and
Workshop on Plasma Astrophysics, ESA SP-251, p.77.

12. De Jager, C. 1989, Advances in Space Research, in press

13. De Jager, C., Kuypers, J., Correia, E. and Kaufmann, P. 1987, Solar Phys. 110, 317.

14. Sakai,]. 1989, in preparation

(Received October, 31 1988)

— 159 —



75X7¢®2mixﬂ%ﬁgcswbmﬁWWﬁt
ThICHESIHREBOEREI A

A FZ, o e, o M-

£ ®

T3 X<HD2RTEXBEHRBIZBVT, BRI - LYY HIZE->TELAERBOIGGOEEE
NFEBEEY, BERITICE - TN,

Wrzhtty = 3 DRFICIZ, BHRBINRE L 2000 L, ¥ = 5/3 ORRICIE, REIZ LICET 5.
COERBONGE I, B, BE, £F, ENL2E0SYREIETE L, BUBREHEOHEEN
PRERENDLZ L ERT,

1.3 LU&®IK

XEEHRAE D277 XhDERBICIE, BABLEGARBICEHELTELOXWMIH S (2L
2iE, BEOHEZEROT L DX, X1 28, LGioMET A THIE, XM1IEIhs),
DT, HIIABTI AT, KBETLTOEFL, KBE7OIAYADEFLLLT, 75
A<HhDBEFRBONFHNSEE T VORI, EELMBY*ED S, ROBHRBONFOMEIX, &
FEREOFRE R, Tearing T — FAREUOBATICALNS X512, MBERERTFHNETH 72, L
L, BETIE, KBEFHE#RFAVW I 2L—Y a3y, RU, KBOBRASEMOERIZHEY, EE
EMEL LT, BRBONEBREFET 5 EAFEEIC L ->TET VA,

B2, KBE7L70BRANIHEEVHESIZ 1A T, 142, BT, kY, EF25, HdH
MIANE— T TMEENDZ LA, SMM OBRIZ ECHOMI R o7y OBEEY, ZLTH
DL VR FIEOMEBRL LT, BE2ODEFADERESINTVNE, 2OB1DEFIVIE, K
oo HicHFEET S, 2K, X, ZLOEHERNV - FHPFEWICHEER FEIC, AHHEEER %L
T, BEEEEILE ST, BBOIINF—2 T3 X<DME, R, BIRINVF—HFOMEIZE
BIDBEVHEFNTHD, COEFIVTIE, 2RDERNV—TOFBICERINL XBEHRRBEON
FaRE, 5, EFHERENEELFZEZFHE L TV A,

INFTIREI, 1RTOBHEBFEFIVE LTHRLORTELY, ZOHITE, 2RTXBER
BOIEEFEINHBELFS,

ZOBTCHG SN ERAIERIE, Sakai 2L (1987) 2L 5T, 7033 ABKBROBLIC
RESNZIDOEAVD, $2HTIX, BRHEGEAMIED) FBR LY, L) EEIh/-FERFETL
EMAHBERNTER TS, Ihod, 2ARTXBERBOFEFENFBE*IEBLTVE, £3
BT, COEBAIBRZHERNTLILICE T, BB, RO —L Y HICE-T, W

*EIIRETERERATER % *xEIUAETERICRRERE

— 160 —



ZE - U0 - K T X<h 02 RTEX RBHRRE IC BT HREARIIUE & ZhUcE ) BRER OHRER

by =308IC, RBLEFOMETHILERL, 2RTEIRRED, kx%m@k E3<Z
LERT. $72, ¥ =5/3 DB, KB LIS, —FICIUGET 5o O ICHEY, BREROE
REVHRENDZLERT,
%4Efu BONZHEREILOL, T, WREBHICH), BB TORINWE/EGAREN
PEL, BREICLDHNTMEZ EIZOWTHHERT 5o
(a)

X (b)

1
-

'S N

-— =

1(d) 70 3 & > AERDFH THORERLL,
RS, 75 X=Dih
(b) MEREFR

2, ERAERXLEBRBOET L

2.1 MHD H#Ezt

TOIRAYAREFMET B E, H1@FET L), RREDEBROBSBICL > TR SIS,
I0FHOBEVEREBCHL, M1bD LI, BEAMZ 8, kKFhHM%zy @, ZL<T, 7o
IR VAR oT-KFERME 2 LTHEERRET 5, Z2C, 70322 R, z@ABIC—tk
LR ERET B, _

703 R AOBBEOBRE, WL MBHBERELT I TV, L2, 77 AVEMRBLE,
BELEHONE, TUFhOmE, BEHBRLEIGIND, ZLT, TALERERTARE, X
CRTEIE, BEHEIAVF-B%eZE L, MHD FERTH 5,

ap _

a_t+v (eV) =0 . (1.1)
—+ (V') V ) —vP+— vxa)xB Pger (1.2)

oB

Y (1.3)

.2_2+ (V') P+7Pv-V = (¥—1) (Ey—Qc+ ¥ (k oT¥?9T)) L  (1. 4)

TZT, eV, P, B ZELTCTI}, ZNENEE, RE, EH, B, TLTRETHL, I,

— 161 —



BILRFTHFRLESL0% 1989

BEOMEE glx) i3, RDLHICHGZOND,
g(x) = GMoRo 2 (1+—}%) g (1+Ri® ’ (1.5)
ZZT, Mo, Re, 30 = GMeRe X ZNZEN, KBEOEHE, KBEOFE, KERE TOENMERE
Th b, .
X (1.4) D Ex& Qclt, MALBHFICLAHHOETH S, MASIREZRT Enid, KB, LI
BROEEDT=DIZE B, KIZECBHAINTELT, ROLH I, BHELFE2LAIDERET 5,

ST, hHENTHL, —H, BHEHERT Qi KDL % b,
Qc = Xp°T" » .7

TIT, XEa BB, BRECL S TEILT 5o

2.2 BREHS

B 1R L ) I, BBFTHAVE-THD 2 2OMARET IR, EVIGETEE) LELL
Nh, X-YWERADE, y MEFATIE, MHASS 7T ATHRALTEY, ZHRIL 5T, XE
% LIHBRAATRS B, XBE LARSRIIZ LD 3 L5 1, KFILT 7 XedifALTY
BHIFED, TORE v, &, KO LD IRET 5,

vy=—%y : , (2.1)
ZZTC, a)id, Ry —VRFT, BEOBEKTHL, I/, a=da/dt THbB, A —IVHETFalt)
2, BRBOEIOERMN T2 HHOTE, BIb, a@)2/h& b L, BHRBEIELEHRS L

HTLEERT B,
37, BEAMOTNDEE v13, RO L) IRET %o

ve = v20 (2) +%x, , (2.2)

TIT, veol) &, BIDRAT —VETF ()i, HEBEHERLY, RIIEREIND,
HHOZRS L, KDL RET %o

B = BIO(t)_if o (23)
By = Bno t) +Byo(t)% 2.4)
B, = B, (t) (2.5)

SIT, ARBREONMMRE THD, RMBK B0 (), Byolt), Bolt), Buo(t)id, HEEHTE
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ZZT, pli—ETH 5,
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Bo

B.o - , | (3.2)
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2T, Bo, BooldEHTH 5,
ENPERDLHIRET 5,

2 2
Pxy.t) = Poo(t) =Po) 1= Pzo(t) 37— Pyo(t) 37 (3.6)

EHHREX1.2)~, £2.1)~2.5), £3B.1)~@3.3), £(3.5), B.6)%tA, HEATAHLED
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d%b Pro ab%? wa? ( a 1) go
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dt? AT o 27 \bE a Ro (3-8)
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d2a _ 2 PyO _].__ b ) .

B%IS, TAVF-BXRICETERNA.DIEOVTEET L, 4, N(1.4)13, MALEFGROR
EEATWVADD, ZORITIE, 4512, MIBAEMBIOVTEZ, Lo THLEERTHI LI TES,
S, ziIlKORWEHE, 2 I CHEAITHRAICTIITERZL L, XAPROLNL,

dPoo vzopo (é f))
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210 4o, 120, 2 f47) = 11
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d%a C? vaZ2 /1 b ) .
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d%b CsZ ) g@
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dPo _ _Po _db _, 0 1 da_ 1 db) ' ‘
dT b dT a’b’” Po a ap b dT “.7)
dls()o 1 da 1 db
= = ~1‘ y I .
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Magnetlc Collapse and Formation of Fast Magnetosomc Shock Waves
in Two Dimensional X-type Current Sheet

Tomoyuki Morita, Ken-ichi Yamaguchi, and Jun-ichi Sakai

Abstract

We investigate non-steady magnetic collapse driven by Lorentz force in two-dimensional X-
type current sheet. When adiabatic ratio, ¥ = 2, the current sheet can oscillate during magnetic
collapse. While the current sheet can collapse without oscillation when 7 = 5/3. We show that
during the magnetic collapse in the current sheet fast magnetosonic shock waves can be gener-

ated. .
(19884F10 431 H % #E)
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Direct Potential Proliferation, Connection with
‘the Riccati Equation and Related Tranformation

Tsutomu KAWATA*

1. Introduction

It is interesting to seek the simplest way solving nonlinear evolution equations (NLEE). A
contribution by Cruml)should be emphasized, where a simple way of potential proliferation had
given for the one-dimensional Schrodinger operator and the resulting potential is characterized
by a parameter. Wadati et alZ)had pointed out that is applicable for.the Biacklund transformation
(BT) solvmg the integrable NLEE. We thought Crum’s method well comparable to a version of
Riemann-Hilbert transform (RHT}3 except for the contribution from continuous scattering data.
Recently various kinds of transformations have been studied for integrable NLEE’s. Our hope is
to arive at such a situation based on the RHT. Along this thema we specially show a crucial
point for deriving the BT in this note.

Discussions are given generally as possible. Based -on the RHT, we derive a general and
direct potential proliferation by using a projection matrix. The proliferation formula generally
solves soliton solutions, but we distinguish this from the BT. according to Alberty et al?)we de-
rive the Riccati equation and change the RHT as suitable for description of the associated
transformation between solutions of Riccati eqs. The resulting transformation includes.a “singu-
lar” one and we find it playing a kee role for deriving the BT. For examples the two-dimension-
al MXM—AKNS class of NLEE's is discussed and we show how to eliminate the Riccati slution
from the transformation.

2. Direct Potential Proliferation

We consider matrices @ and @ with a parameter A, satisfying
(@4 )01 -) =EQ), ‘ (2.1)

where orders (=M) of matrices and the number of dimensions are arbitrary, and Z(A) is inde-
pendent on dimensional variables. We assume another pair of matrices ' and @?,

(29)70° = (&) 2", (2.2)

and define a transformation as

% Faculty of Engineering, Toyama University, Toyama, 930 Japan
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¢l[¢0]—1 — [élT]—-l@OT =X = [ZT] —-1’ (23)

o' =xd° BT = HOTIT, S : (2.3)

Both uppei‘-scripts “0” and “1” are used to distuinguish both original and excited states, respec-
tively.
A 1-form 2 (A; +) is introduced to give general evolutions of the system,

d®°® = N°®° dol = 0'o!, (2.5)

and d®° means the exterior derivative of ®@° (A:+ ). The exteriour derivative of eq. (2.5) de-
fines a flat connection, ie., the integrable condition

d2°—-02°A0° =0, do'-Q'AR'=0. (2.6)
Because d®! = d (XP°) = (dAX+X02°) &° = Q' XD°, we obtain

Q' =dx-x" '+ (2.7)
Since d(®TP) = 0, adjoint relations are similarly given by

do°T = — 97O, do'T = — o't (2.8)
It is necessary to determine both matrices X and X, then we assume these as

X(;+) =1—a)P(-), X'Q;-)=1-a)P(-), (2.9)

where P(=P?) a projection matrix, while both scalars a and & constants. Because XT (1) X (1)
=1, we must set

a(QA)+a(Q) =a(A)a(l). (2.10)
We can find a simplest solution of eq.(2.10) as
_ A=A _ _ A=A S
a) =50 e = (2.11)
The projection matrix can be chosen as
|$0><4ol 2
P=——5—7_-, P =P, 2.12
<Bol$o> L

where [$0> = ®° (o) [¢>, <8¢ = <&|P°(Ay), ¢ and ¢ are arbitrary constants.
It is not difficult to get the exterior derivateve of eq. (2.12),
the exrivative of eq.(2.12),

dP = (1—P) QIO(AO)P—PQO(%) (1—P). (2.13)

From egs. (2.7), (2.9), (2.10) and (2.13) we can obtain the proliferation of A -dependent
potential {2 (A;+),

A =0'—-0°
=a(2) (1—P) { 2°(20) —2°(R) } P
+a(A)P{ 02°(A) —0°(1) } 1—P). (2.14)
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3. Riccati Equation and Connection to Projection Matrix

We take a quantity yi' = y'/y", \)vhere |y > { = |y, y2..> } is a vector satisfying eq.
6.
(2.5), then its derivative is given by :

dyy; = %:-quykq_gykjnqkykq‘ ' (3.1)

This can be regarded as the Riccati equation, and the conservation laws can be derived actual-
ly. For this purpose we define

wj = %.quyjq. (33)
Here wj is a closed form, that is,
doj = rgq('ij/\nqj)ypjyjq =0, (3.3)

because (Opj/\.()qj) is anti-symmetric while y;°y;? symmetric as to (p, q). If we expand dw; (A)
6
as to 4, infinite conservation laws are obtained.
From eq.(3.1) we can define a vector type of Riccati equation,

ldy;> = (2—w) ly;>, ;= <jl2]y;>, (3.4)
where |y;> =]y >/y’. Here we must note
doy = <j| { d2—2AQ }|y;> +wjnw; = 0,

that is, wj is a closed 1-form and just equal to the one already introduced in eq.(3.2). Including
adjoint relations, we list

ldg;> = { QW) —a; }$>, @ = <jla@Is>, (3.50)
<dbl = —<hl{0W-a}, a=<hla@WlL>  (35b)

where the upper script «On

1) > =1$>/¢,  <$Q)] = <B1/¢", (3.6)

We remark a fact <j|$;> = 1, then 0 = <j|d$;> also results in w; = <j|£2 () |$;>.
The projection matrix in eq.(2.12) can be replaced with
<$(A0) |$;(A0) > : o
which of course gives the same derivative as in eq.(2.13). The transformation in eq.(2.4) may
be translated for the Riccati equattion and it is our interst. Then it is necessary to construct

<$'| and |¢;' >,
141> = (1—aP) 118>, py° = /Y. S (39)

meaning the ground state is omitted and

P:

which must satisfy |d$;"'> = (2'—w;') [$;1>. It is not dfficult to show this directly, by using
dpljo = Pljo (wj—cujl), etc.. .

The adjoint case is obtained similarly,
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<M =<hll-aP)pn® ©(39)
where 010 = $/ 8 ¥, dPC (@ —a@x) and @ = < $i| 2k >. We can again show < $,' |
satisfying <d$,!| = —<8,' | (2'—a,"'). We remark that the unknown scalar factor 0,;° in

eq. (3.8) does not give any difficuty to construct the next-order projection matrix P'. This
makes it possible to reconstruct the solutions recursively. '
Under j, k fixed, it is better to represent the solution of Riccati eq. as

8> =3p>0p  <hl =3 <ad! (310)

where @ () = &,5 (1) = 1. From egs. (3.5) and (3.10) the A-dependent Riccati eq. can be
obtained,

d®P = VP—VjdPr,  —dd) =V, -V} (3.11)
where
VP(A) = 20 Q) 2P (A), Vi Q) = gdéki(a)nqk(a). ‘ (3.12)

Both eqgs. (3.11) and (3.12) self-consistently satisfy @,"®@;* = ohe
4. Transformation of Riccati Solutions

We can directly proliferate the solutions of Riccati equation. If we take the j-th component
of eq.(3.8),

1 —4ify) | <$ol$;(2) > i | :
$2(2) = # Q) MMW, (3.8)
where |¢0j> = |¢j(A0) > and <¢0k| = <$k(;‘0)

, the followingbis obtained,

_ 13 ><B0i180>—a (A) [$0;><Bg;1$;(2) >
14 (3)> =— <$0j|¢0j0>—01(/\)<¢0?|¢,'(X)0> ' (4.1a)
<di)| = <Polba><)|=a W) <B(D) [Bo><Bol (1}

<¢0k|¢0k>_71(/1)<.¢k(/1) |¢0k>
In these relations both factors a (A) and & (A) diverge at A = Ao and Ao, respectively. Hence
we obtain

[$;1 (Xo) > = |$0;>, <31 A0) | = <Boil. (4.2)

From substitution of eq.(4.2) into eq.(3.11), the A -independent Riccati eqs. are obtained as
AP = VP — Vo Do = VoiP— Vol Do, (4.32)
—d@opj = Vopj_vOjj(.popj = VOIDIj_Vojlj[popj, (43b)

where @ = @ (1g), Vo = V(A0) etc., and from these we can get
WoP = Woi @0, Wo,' = Wo'®o)  (p=)), | (4.4)

where
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Wojq = gAquQOjk, quj = %[\oqk@ij, (458)

Ro=02'(1)~02(), Ro=0'QR0)—02(). (4.5b)
Because of _ .
wjl(io) —w;j(Ao) = <j|AOI¢Qj>y 7 G)jl(AO) —@; (A0) = <¢0j|[\0|j>,

relations(4.3) can be written as the eigenvalue equations,

Aol$o;> = 160;><ijlAoldo;i>, <Boxl Ao = <Borl Aolk><Boul.
' ‘ : (4.6)

This relatio makes it pssible to determine both vectors |¢oj> and <§50j| from matrices Ag and
Ao, but this process is not so clear. Let’s consider the first of eq.(4.6),

ngqp(Pojq = %Aoqj¢0jq¢0jp.
If we multiply <15opj on the both sides, it can be reduced to
§A0qp¢0pq = éAoqj¢qu- (p=j (4.7)
As shown later by this relation we can solve @o;" basically.
5. Two-Dimensional MXM-AKNS problem and Consevation Laws
In this section we limit the discussion to the case of two dimensios, and give the 1-form {2
explicitely,
N ,
2R -) = 20,1“(2,,( +) =D(Ax,t)dx+F (Ax.t) dt, (5.1)
o

and consider the conservation laws which is important to derive the Hamiltonian formalism of
problems. The principle is that “w;(4) is a closed form; dw; = 0”. We denote

w;(A) = J;(A)dx+K;(A)dt, ‘ | (5.2)
where
Q) =<iIp@) ;0> KQ) =<jIFQ)14,(2) > (5.3)
Takihg the exterior derivative of eq.(5.2), we easily obtain |
3J;(A) = 3:K;(2). | | ‘ (5.4)
If K;() vanishes rapidly as x—+ oo, the A~ '-expansion of J;(A),
Q) = Say®@, (5.5)

should give infinite conserved densities under solvable conditions.
As a primitive case for example, we take the MXM—AKNS system defined by
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D(Axt) =iAA+Q(x ), : o (5.6)

where A is constant and diagonal, while @ is an off-diagonal potential matrix.
We specially take and denote the x-component of eq.(3.5a) as

3.14> = D)~/ $;>, (5.7)
and use an expansion for convenience of calculations,

1#,0)> = [>+ 34750,k k>, (5.8)
After tedious calculations we can obtain an explicit formula of Riccati equation,

9Dk = q*+iA (ax—a;) D+ %%k@mj“ %‘,qm@j“‘@jk, (5.9)
and expand it as the A~ !-series as

D) = AR (k) (5.10)
Substituting eq.(5.10) into eq.(5.9), we get

A7 0 =q*+ila,—a) ;. (5.11a)

/1_1 . 8145,-'1“ = i(ak—aj) Qj'2k+ %quéj_lm. (51 lb)
It is necessary to take care of the order: A~"(2 = n), from eq.(5.10a) we obtain
n-1 .
a.z'@j,nk = i(ak_aj) @j,n+ 1k+ Ekaéj,nm_ 21 zlqm"@j'pm@j_n—l;(. (51 1C)
: . polmel

These egs. (5.17) show that (P,-,,{‘ can be solved recursively, and from substitution of egs.(5.3),
(5.8) into (5.5), we obtain the infinite conserved densities as

5" = §ij¢j.nk- (h=12,.) - (6512)

6. Derivation of Backlund Transformation

As shown in §5 we examine the two-dimensional M X M—AKNS system. The evolution of t is
omitted for simlicity. ,
6A) 2X2—AKNS System: We denote the 2 X 2-AKNS equation as4)| $.>=D(;Q) | $>,
where D (A;Q) = —ido3+Q, o3 one of Pauli’s spin matrices. The ket [$> { =4 (Az)> }
means usual column vector, while the bra <¢ | = (—%}1) satisfies its adjoint equation, <s7>1|

= —<3|D(Ax). The projection matrix is given by

__1#><3o|
P= )
<$oldo>
which still satisfy eq.(2.13) and the potential proliferation (2.15) is reduced to
AQ = QW —Q = i(Ag—1o) (P.o3). | (6.2)

Elements of Q are denoted as Q.' = q and Q,% = r. If the Riccati eq. is taken as ', = q—rI'?
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—2iAT, the projection matrix is given by

_ 1 [1‘0, —TIoly ]
P=+=r 1 . ZF J (6.3)
where I'o = I'(A¢; ) and I'o = I'(Ag; ). From egs.(6.2) and (6.3) we can det
a) — 2i (Aog—Ao) I'o o
=q+ , }
W — o 2i(Ag—20)

It is also possible to proliferate the solutions of Riccati equations by the fractional formula
(4.1) corresponding to

P () = LA (To=Fo) =a () Lo (@) =T

(Fo—To)—a(Q) (F(RQ)—T0) (6.52)
] _ ') (Po=To) =& () T (I'(3) —Ip)
rew = (1"’—01*0)0—&(/1) (r&)_po) . (6.5b)

Both relations (6.4) and (6.5) give a direct and recursive soliton construction, because the Ric-
cati equation is easily solved for the trivial (null) potential. Furthermore this process is simpler
than using egs. (2.4), (2.9), (6.1) and (6.2). It is not difficult to calculate a composite consist-
ing of two transformations characterized by sets of parameters. (A0,40) and (A, A;). It is in-
teresting to examine the commutivity of two possible composits orderd by { (Ao, Ao), (Ay,
A1) } and { (A1, A1), (Rq, A0) }, repectively. This can be shown as abelian then the process
of N-soliton can be done uniquely without introducing any freedom.

We can derive the BT without any meditation (P or I'). It is basically impossible to elimin-
ate the projection by using only eq. (6.2). Then we provide its differentiation as another inde-
pendent relation. If eq.(2.13) is rewritten as

P, = —iAgosP+iAoPos+i(Ag—Ag)PosP+ (Q, P, - (6.6)
the RHS of eq. (6.2) can be differentiated as

(P, 63) = i(Ao+20) (P, 03)a3+i(Ag— o) (PasP, a3) + ((Q, P),a3).
(6.7)

The second and third terms of this relation still consist of the projection. From eq. 6.2),
however, the projection included in these terms can be eliminated basically, because eq.(6.2) is
also solvable inversely. These two terms are written as

Po3P = pgP, ((Q, P),o3) = 2p,, (6.8)

where po = (I'g+I'o)/ (Fo—I'y) . From substitution of egs. (6.7) and (6.8) into eq.(6.2) we
can get

QY —Q), =i(Ro+10) QP —Q)as+i(R0—20) Lo @M +Q),  (6.92)

o= £ v/1—0q -+ Ar/ (Ag— o) 2 (6.9b)
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The meaning of these relations becomes clear, applying to such a special case as the nonlinear
Schrodinger equation. We simply take a case r = —q”, and the spectrum point as pure imagin-
ary Ao = 1770(770>0). then

- -1 _ Ilol?—1
FO— FO ’ PO |I10|2+1 (610)
Egs. (6.4) and (6. 9) are simplified to
Aq = SERIEE Aq; = —27opo(q+qY), (6.11a)
2(Dox—Iy’I" '

On the other hand we can formally set A = A, in eq.(6.5), then r® (A) yields a finite value,
rev (0) = Ty, ro (A0) = I (6.12)

From the view point of RHP, however, this setting is abnormal. This can be said as a “singular”
transformation, but plays another key role for deriving the BT (see the former of eq. (6.10))
and the result is exactly same as egs. (6.9). The intuitional method by konno and Wadati7)just
corresponds to this. - o ‘

6B) MXM-AKNS System: The case of M=3 had been treated by Case and Chiu%) only by us-
ing the potential proliferation formula,

AQ =i(Ao—12o) (4, P), ‘ - (6.13)

obtained from eq.(2.14), which yet remains the projection. To obtain a complete BT, we must
eliminate the projection as shown in the 22X 2-case. In this case, however, we:note that the vari-
tion AQ can not be given by P, because the freedom of P is less than the potential’s. That is, the
potential is under a certain constrain. We must emphasize eq.(6.13) still avairable under such
a situation, and its inverse is given by,
P = ~Aij
1(/10—/10) (aj—ak)

= [%é’quQ’qu]—I- (6.14)
Because of

P?=P or P}=3PJPy
the diagonal entry is calculated as

Pi = (1/2) { 1% V1=43PJP7 }. (6.14b)
Similaly to eq.(6.7) we consider

P. = (Q,P)—i(Ao—A0) PAP+iAgAP—iA,PA,
(A4,P), = iA0A (4, P)—ido(4,P)A—i(Ag—Ao) (4, PAP)+ (4, (Q,P)).

The potential is differentiated as
AQ, =i(A04 + AQ —A0AQ-A) +i(Ao—20) (4, (Q,P))
+ (Ao—Ao) (A, PAP). (6.15)
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For elimination of P, we take the j-k element rf eq. (6.15) and use eq. (6.14),
inO, 9 anQ. . .
<illa, @.P) k> = —(’a—k)z (Qab@ _ QBq ) _ (o (pi—pNQY,
i(Ag—Ag) @ aq—ay aj—aq v

aj—ak- AQ Ja,0Q,°
(A0—2X0) % @ (aj—ag) (ag—ax)
where = must be taken for q # j, k. Eq.(6.15) can be reduced to

<j|(A,PAP) k> = — + (aj—ay) (a;P] +aP") P,

AQkfi = i(AOaj_ioak) Aij_i(Ao_;\o) { (anklj_akaj)ij+ (akaIj—ankj)Pkk }

+2 { Agk (@Qq"—aQq) +——+ (31Qk1q‘aka ) } (6.16)

The singular transformatlon (4 1) is expected to give the same rsult as eq. (6.16), but we
omit it here. However, we can show that functions d5’()k may be determined from eq. (4.4),
which is explicitly given by

AQP+ Z8QPPPo — {1 (R0—%0) (ap—ay) + AQ,' B0 | Bo® =0, (6.172)

AQy+38Q, Do — {i(0—20) (a,—a)) + $AQ*®oq’ } Doy’ = 0. (6.17b)
If we introduce
Ag; = gAqud%jq, (6.18)
eq.(6.17a) can be reduced to

Agli—Ogk = i(A0—2o) * (aj_ak). (6.19)
A general solution is easily given by
Ag'i = i(Ao—20)aj+¢, (G=1,2..M) ' (6.20)

and we remark that an arbitrary function ¢ is equal to the value of both sides in eq. (4.7) .
From eqgs. (6.4) and (6.6) we can omit Ag’; and change the notation to the one consisting of
components $o*(k=1,2,.M),

(E—{D'(A0) =D (Ao) }) |0 >=0. (6.21)

This is homogeneous as to |$o>=|$¢;>, that is, equal to eq.(4.6) and { = <j| { D' (o) =D
(A0) } | $ ;>. If we want to get a nontrivial solution, the characteristic equation

det(£— { D' (Ap) =D (o) } ) =0, (6.22)

must be solved but it is not easy to solve when the order is higher. At least we say that the
eigenvalue problem can be solved.

7. Concluding Remarks and Discussions

A direct potential proliferation formula had been derived for generally integrable NLEE and
translated into the one of Riccati equation. That a “fractional” transformation is obtained. The
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RHT of course enables us to describe contributions from continuous scattering data, but we can’
not get a good sucsess relating the analysis for continuous scattering datag’with the present
case. We must note the form of projection in eq. (2.9) is not general, ie., such a sine-Gordon
type of equation can not be treated without some improvements. Furthermore we can employ a
more complicated projection ’matrix?)which may effect to the freedom in eq.(2.14).

It was shown that the BT can be derived in two ways. The one directly uses the potential
proliferation (6.2) , while a singular transformation (4.2) gives the other. Along this line we
obtained the BT, that is, eqs.(6.9) or (6.16) is regarded as a nonlinear equation recursively
determine potentials { Q*,Q | . As shown in egs.(6.21) and (6.22) it is also possible to obtain
a relation between potentials { Q' Q } and Riccati solutions solutions { Do, Doy } , without
any their derivatives. For the case of M = 2, we obtain '

@02 = {i(Ag—2A0) + v/Bq-Ar— (A0—10) ? } /Aq. (7.1)

It is well-known that a psedopotential plays an important role for deriving the BT and infi-
nite dimensional algebra relatiﬁg with symmetric transformation. We must note 45012 regarded
as a psedopotential. We can expect to connect our method with the infinite dimensional algebra.
It is interesting to research the connection of that algebra with the scattering matrix defined in
the RHT or inverse scattering method.
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AN EXPERIMENTAL INVESTIGATION ON PURE TONE GENERATION
BY SELF-SUSTAINED OSCILLATION OF THE WATER FLOW
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The auscultatory technique are developed based on the KOROTKOFF sound emitted when the
blood pass across a strangulation of the artery.

The reason of the phenomenon was investigated mechanically by using an acrylic pipe, an ori-
fice plate and water, instead of the artery, the strangulation and the blood respectively.
" An essence of the phenomenon is as follow: according to the flow velocity the several natural
resonances of the orifice produce a pressure disturbance in the fluid, and emit the corresponding
sound, being the frequency of it proportional to the flow velocity. According to the length of ori-
fice the different natural resonances can be excited producing jumps from one to another frequen-
cy of sound.
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