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Effects of Stabilizer on Dynamic Characteristics of Self-Controlled
Externally Pressurized Bearing with Positive Static Stiffness

(Frequency and Indicial Responses)

Tsuyoshi OHSUMI, Haruo MORI, Ken IKEUCHI

In a self—controlled externally pressurized thrust bearing with positive static stiffness attaching
a stabilizer which consists of capillary restrictor and air chamber, its effects were investigated on

frequency and indicial responses and compared with those of an externally pressurized bearing with
a fixed restrictor.

Ass the result, it was proved that this bearing could be made superior to the bearing with a
fixed restrictor in static and dynamic characteristics.
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Augmentation Mechanism of Mass Transfer
Among Turbulence Promoters
on Wall Surface in Rectangular Duct

Hisashi MIYASHITA, and Kaichiro WAKABAY ASHI

Department of Chemical Engineering
Toyama University, Takaoka, 933, JAPAN

ABSTRACT

An augmentation mechanism of mass transfer was investigated phenomenologically by using
turbulence promoters on the wall surface in a rectangular duct. The augmentation of local mass
transfer among the turbulence promoters was measured by varying the diameter, the pitch of the
promoters and the clearance between the promoters and the wall. In order to examine the aug-
mentation mechanism, wall shear stress, mass transfer intensity and turbulence intensity at
the wall were measured by an electrochemical method. Further, flowbehaviors were measured
by visualization. .

It was found phenomenologically that the augmentation of mass transfer with the clearance
was caused by turbulence due to reattachment flow, large scale eddies and increase of shear
stress due to flowjet under the promoters and was caused by only turbulence on the wall surface
in case of no clearance.

1. INTRODUCTION

It is well known that roughening the surface by use of turbulence promoters (reqular geomet-
ric roughness element) on the wall surface in a duct improves the heat transfer from the surface
for the design of compact heat exchanger. The increase in heat transfer is accompanied by an
increase in resistance to fluid flow. The problem of optimizing heat transfer performance for
given flow friction has been studied by many investigators. Some of them are shown in Table 1.

It has been found in practical applications that an increase in flow resistance does not al-
ways decrease energy efficiencies. However, few investigations of the augmentation mechanism
of heat transfer have been published.

Mori et al(16) and Fujita et al(4) suggested that augmentation of heat transfer depends
mainly on turbulence intensity near the wall surface downstream from a single cylinder turbulence
promoter placed on the transfer wall in a reetangular duct.

Miyashita et al(14) pointed out that augmentation depends on the turbulence intensity near
the wall surface in the case of no clearance between promoter and wall, and depends not only
on the turbulence intensity but also on the shear stress at the wall in the case of non-zero
clearances in a rectangular duct.

In this paper, the augmentation ratio of local mass transfer coefficients among the promo-
tres was measured by varying the diameter, the pitch of the promoter and the clearane between
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promoter and wall surface. Flow behavior was observed by visualization. Wall shear stress,
mass transfer intensity at the wall and turbulence intensity close to the wall surface were
measured by an electrochemical method, in order to examine the detailed augmentation mechanism
of heat/mass transfer on the wall surface among the turulence promoters in a rectangular duct.

INVESTIGATORS GEOMETRY PROMOTER FULUID EXPERIMENTAL CONDITION
Mori et al.[16] rectangular duct cylinder electrolyte Re=4.5x10%,H/Dp=6.6
(H=33mm,W=77mm) solution
Kasagi et al.[9] water tunnel (step) water U, =25-60cm/s,step height=10,20,30cm
Igarashi et al.[8] wind tunnel (step) air Un=6-24cm/s, step height=10cm
Fujita et al.[4] wind tunnel cylinder air Uq=20cm/s, Dp=5mm
Oyakawa et al.[18] rectangular duct cylinder air Re=2.5x104,H/Dp=l.25-2.5
(H=50mm,W=300mn)
Hanawa et al.[6] rectangular duct cylinder air Re=6x103-3x10%, H/Dp=2,P/Dp=5,10,
(H=10mm,W=50nm) 15,20
Rao et al.[20] annulus wire ring air Re=9x10%-2.2x105, (Do-Di)/20p=30,42
(Do=152mm,Dj=76mm) P/Dp=3,7,10
Furuya et al.[5] wind tunnel cylinder air Ue=13,21cm/s,Dp=2mm,P/Dp=1-64
Han etal.[7] rectangular duct rectangular rib air Re=3x103-3x104,H/e=10-30,P/e=5-20
(H=13,25mm,W=30Tmm) ’
Konno et al.[11] rectangular duct cylinder water Re=8x102-3x104,H/Dp=1.3-3.] ,P/Dp=
(H=2.6, S5mm,W=70mm) 2-56
Oyakawa et al.[19] rectangular duct cylinder air Re=9x104-l.7x105,H/Dp=2.5, P/Dp=
(H=50mm, W=300mm) 4,8,12

Table 1 Investigations on enhanced heat transfer using turbulence promoters

2. EXPERIMENTAL APPARATUS AND PROCEDURE

A schematic diagram of the experimental apparatus and a detail of the test section are
shown in Fig.1 and Fig. 2, respectively. The dimensions of the cross section in a duct for
mass transfer measurements were 40 x 50 mm (height by width). The test section was 2800
mm long (63 hydraulic diameters in length) to obtain the hydraulically fully developed flow at the
mass transfer section. Following the entrance region, a mass transfer development region of 10
x90 mm preceded the cathode (10 x 360 mm) for measurement of average mass transfer coeffi-
cients. Further, 1.0 mm platinium point electrodes (30 points) for the measurement of the local
mass transfer coefficients, wall shear stress and mass transfer intensity were arranged at
intervals of 5 mm on the nickel cathode. Two anodes (17 x 450 mm?) were located on the
bottom side of cathode. Each electrode was isolated electrically by epoxy resin. A blunt nose
type probe with 0.3 mm platinium wire was used to measure the velocity profile in the duct.
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Fig. 1 Schematic diagram of experimental apparatus
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Fig. 2 Details of test section and probe

Experiments were carried out by varying the diameter of turbulence promoters Dp(3,5.7 and
10 mm), clearance between the promoter and the wall surface ¢ (0,1.3,5,7,10 and centre),
pitch among the promoters p (p/Dp=5,7,9,12 and 16) and flowReynolds number Re (6.64 x 10°
—1.73 x 10*).



H. Miyashita, K. Wakabayashi: Augmentation Mechanism of Mass Transfer

In experiments for the electrochemical method, 0.005M potassium ferri/ferro cyanide and 2M
sodiumhydroxide used as electrolyte solution. Temperature was set up 38 =£0.5 K. The den-
sity and viscosity of electrolyte were 1075 kg/m® and 0.0013 Pa. s (N.s/m?) respectively. The
diffusion coefficient for the ferricyanide ion was 5.776 x 107'° m?/s given by Mitchell and
Hanratty’s correlation(21), and the Schmidt number was equal to 2097.

In experiments for visualization, aluminium powder was suspended in water( 1). The flow
pattern was observed in a transparent duct. The experimental conditions were similar to those
for the measurement of mass transfer.

The coordinates and variables of the test section are shown in Fig. 3.

Flow
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Fig. 3 Coordinates and notations of test section

3. CALCULATIN OF TRANSPORT PHYSICAL FACTORS

The mass transfer coefficients were measured by using the potassium ferri/ ferrocyanide redox
electrochemical reaction as reviewed in detail by Mizushina(15). The basis of the method is
that when operating at the so- called “limiting current” condition the electrochemical phenomena
are limited by mass transfer at the cathode only, and hence the concentration of ferricyanide ion
is zero at this electrode. Mass transfer limitations do not occur at the anode, if its transfer
area is very large relative to that at the cathode. Under these conditions, the mass transfer
coefficient is given by

7
k_ne.F.A.Cb (1)

To overcome ion-migration effects in a potential field, potassium ferricyanide solution isdissolved
in strong electrolyte, in this case sodiumhydroxide when the concentration of this unreactive ele-
ctrolyte is high compared to the concentration of ferricyanide ion, the transfer of ferricyanide ion

is done ordinary diffusion or by the ordinary mass transfer mechanism with constant composition
at the wall.
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The principle of the shear stress and the fluid velocity measurement is also described by
Mizushina (15). The wall shear stress on the bottom wall can be calculated from following

the equation in the case of circular surface.

r=3.55 xlO“SB:#CZ—g'—E (2)

The above equation is given by the solution of Leveque, assuming that the velocity profile is
linear and that the Prandtl number of the fluid is large.
The fluid velocity can be calculated by the following equation from limiting current measured

by a blant nose type probe.
p=(i—a)/B* (3)

where, @ and B are constants given by calibration.
Mass transfer intensity is defined by the following equation.

VE” (4)

0

=100

ko and £ is calculated from Eq. (1), where \/?2 is the root mean square value for the fluctua
ting component of mass transfer coefficient. ko is the time averaged mass transfer coefficient
in a smooth duct. Mass transfer intensity is a transport property to be obtained the information
on turbulence close to the wall surface. Electric circuits for the measurements of mass trans-
fer coefficient, the intensity, and fluid velocity using a probe are shown in Fig. 4.
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Fig. 4 Electric circuits for measurement of transport factors
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4. EXPERIMENTAL RESULTS AND DISCUSSIN

pre—experiment

Before initiating experiments with turbulence promoter, mass transfer coefficient,

friction

factor and velocity profile were measured for smooth duct as shown in Fig. 5,6 and 7 , and ob-

tained the following correlations, respectively.
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Fig. 6 Friction factor for smooth duct
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She=0.023 (Re)*®*(Sc)** (5)
£=0.0791 (Re) % (6)
w=55+ 2.5(iny") (y* > 30 (7)

where, Re is based on equivalent diameter and in range of 4000<Re <18000. These equations
agreed with the classical well known ones within experimental errors.

The experimental equation in turbulent convective heat transfer is

Nu=0.023 (Re)*8(Pr)**
(Re >8000) .

With the electrochemical method, mass transfer experiments where the concentration on the wall
wall is zero are similar to those of heat transfer where the temperature on the wall is cons-
tant. Analogy between heat and mass transfer is shown by Eq.(4) and (7).

(8)

Next, in order to examine the entrance effects in the interval between the turbulence pro-
moters, the distributions of augmentation ratio SZ/Sh, of mass transfer among the turbulence
promoters were measured for case of P/Dp =11, c=0 and 3 as shown in Fig. 8. From the
data in the figure, it was found that the same distributions were observed downstream from the
third promoter. Therefore, the experiment with the promoters was carried out in the section
between the third and the fourth promoter, because of safety, though it was reported by the
other articles(17, 19) which was repeated in down stream from the second promoter.
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Fig. 8 Check for entrance effect among turbulence promoters
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Flowpattern

Flowpatterns among the turbulence promoters in turbulent flowfor each P/Dp were clearly
classified according the clearance between the promoter and the wall, that is, c =1 and =3 as
suggested by Miyashita [14) for a single promoter in a rectangular duct. Further, the flow
pattern was observed by visualization, in order to examine the effect on P/ Dp

(1) In the case of P/Dp=>5
Atypical sketch of the flow pattemn. ith clearance for P/ Dp=5 is shown in Fig.9.

Flow [:> Turbulence promoter ~ Re=155x10%

N\ N R
wall Qg) //Q

(c)C=3 ™~
IO
(b)C:=1 ANV ANPA:

T T T T T T

/_\
(@ C=0 QJ \\ — )Q
2

x/Dp[]

Fig. 9 Flow pattem for P/ Dp=5 (Re=1.55 x 10¢)

c=0:

The flow separated at the top of the promoter was not attached on the wall but collided to
the next promoter. It was observed that a part of the flowformed a normal circulating flow
among the promoters.

c=1:

A couple of normal and reverse circulating flowwas observed in the section between the pro-
moter andx/Dp=2 — 4.

c=3:

A large scale eddy was formed by the combination of the top and the bottom flowof the pro-
moter and Karman‘s vortex street was formed in back of the promoter as in the experiment(14)
for the single promoter.

In generally, the flowin p/Dp=5 seems to stagnate among the promoters because the pitch
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of promoters is small and the next promoter is located before the wake flow reaches the attach-
ment point.

(2) In the case of p/Dp=17
A typical sketch of the flowpattern with clearance for p/ Dp=7 is shown in Fig. 10.

Flow C—» Turbulence promoter Re =155 x10%
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Fig. 10 Flow pattem forP/Dp=7 (Re=1.55 x 10*)

c=0:

A part of the seperating flow attaches to the wall near x/Dp=6 in front of next promoter.
The other flow collides with the next promoter, and normal circulating flow is formed among the
promoters.

c=1

The top flowof the promoter attaches near x/ Dp=5 and the bulk flow behavior appears to
make violent turbulence before the next promoter.

c=3:

Karman's vortex street is formed in the same way as for p/Dp=5 and the effect on the
wall due to large scale eddies occuring from the top flow of the promoter was observed in the
range of x/Dp=3 to 4. It is similar to the flow pattern found in experiments for the single
promoter. For ¢>3, Kamman‘s vortex street was formed for all p/Dp.

(3) In the case of p/Dp=9,11 and 16
The flow pattems corresponding to clearance ¢ were recognized as the same as for p/Dp=7.
In conclusion, it was found that the flow pattern among the promoters distinguished p/Dp=5
from p/Dp =7, flom the behaviors of the separating flow having a direct influence on the augmen-
tation of mass transfer on the wall.
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DISTRIBUTION OF LOCAL MASS TRANSFER COEFFICIENT,
WALL SHEAR STRESS AND MASS TRANSFER INTENSITY

It may be concidered from the flow pattern that the attachment flow and large scale eddies
play important roles for the augmentation of mass transfer among the promoters on the wall.
In order to discuss the mechanism of this augmentation, local mass transfer coefficients, wall
shear stress and mass transfer intensity among the promoters were measured at clearances c=0,
1 and 3, for p/Dp=5 and 9(p/Dp=7), as typical examples of flow pattemns. The coefficients
were expressed as augmentation ratios, S%/Sho and |7/ 70|, and then correlated withx / Dp.

(1) General tendency

The augmentation ratio of mass transfer S%/S o usually has a peak just under the promo-
ter. This peak occurs at the same location as a peak in the absolute value of the shear stress
|7/ 70| and the place of the minimum value of the mass transfer intensity. Therefore, it ap-
pears that the augmentation of mass transfer.was caused by the thin laminar layer of the accele-
rated flow under the promoter on the wall. Wall shear streys is an important factor against
augmentation of mass transfer only atx/Dp=0. Because |7/ 7| is less than unity in all sec-
tions except under the promoter.

(2) In the case of p/Dp=5
The profiles of Sh/Sho, |7/ 7| and I among the promoters are shown in Fig. 11-(a).(b).(c),
for c=0,1 and 3 respectively. For ¢=0, the shape of S&/Shoand I are only increasing to the

30 | AL AL | | L L T T T T ] 150
% Dp=5 ; o Sh/She ]
B - P/Dp=5 - s TITo ]
_ ?P/Dpﬁ—’l ] Re =1.55x10" ] o 1 ]
.:' 20 Cylinder Position_| | a1 L —100
= —~ : :
= 1L 11 1 -
— L A 1 1 &
S0l s Ik 50
= i - 4
(V2] . | |
I 1] | BIR |
0 | T B | R R | | T N S N |
0 5 0 5 5 0
X/Dp [-]

Fig. 11 Profiles of transport factors for P/Dp=5

direction of flowand are similar. Therefore, it may be considered that the augmentation of
mass transfer is caused by the turbulence due to the circulating eddy formed among the promo-
ters near the wall. For c=1 and 3, both profilesS#%/S #,have minimum values at x/Dp=1-—2
Then increasing and approaches the values of Sk/Sho at x/Dp=0, These profiles are similar
to those of the mass transfer intensity /. Therefore, it was concluded that the augmentation
at the wall surface is affected significantly by the turbulence which caused by the separating
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flow or Karman'‘s vortex street formed from the first promoter colliding with the next promoter,
was caused by a high value inS%/Sho atx/Dp=4.

(3) In the case of p/Dp=9

The profiles of Sh/Shoand among the promoters are shown in Fig. 13—(a), (b), (c) with c=
0,1 and 3 respectively. For ¢c=0, Sh/Shohave a minimum point at x/Dp =2 corresponding to
at the stagnation point where reversed flowarises. It is some high values in the wide region of

30 T~ ——r——50 01— 150
(a) Dp=5 ©  ShiSh (b) ° Shish ]
- Cylinder PIDp=9 s TIT, F s TITe
T | Position Re:155x10° o 1 1 I o 1 ]
=¥ L}—Pmp-s — 100 =0t +00
~ ~
E ] E
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30 50
(c) o Shish, |
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T o 1 4
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J L 1 2
n
glor 7150~ Fig. 12 (a) Profiles of transport factors for P/Dp=9 (c=0)
| | ] (b) Profiles of transport factors for P/Dp=9 (c=1)
0= 6 S — lt' ———o (c) Profiles of transport factors for P/Dp=9 (c=3)
x/0p (-]

x/Dp=3 - 8 and is quite similar to the mass transfer intensity profile. Accorbingly, it is re-
congnized that turbulence due to attachment near the wall is a factor in the augmentation of
mass transfer.

For c=1,Sh/Sho gives a slightly lower value at x / Dp=4 but has high values over the
whole range except for just under the promoter. This profile is quite similar to the mass trans-
fer intensity. Accordingly, it is recognized that turbulence due to the attachment flow is also
a factor for the augmentation of mass transfer.

For c=3,'Sh/ Shohas a peak at x/Dp=3 — 4 as in the experiments for a single promoter.
The peak corresponds to that of the mass transfer intensity. This means that the augmen-
tation of mass transfer is caused by turbulence fromKarman's vortex street in the flow pattem.

CONCLUSIONS

~ An experimental investigation was performed to study the mechanism for the augmentation
of heat transfer due to the cylinder type turbulence promoters on the wall in a rectangular duct.
In this paper, an electrochemical method using the redox system of ferri/ferrocyanide ion was
used in order to measure the mass transfer coefficient, wall shear stress, fluid velocity and
mass transfer intensity. The augmentation mechanism of mass transfer among the : promoters
was explained through the behaviours of the wall shear stress, the mass transfer intensity and
the flow pattern by visualization. ‘
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Results were as follows.

It was confirmed that the measurement by electrochemical method was correct from the
agreement with well known correlations.

The flow patterns were classified by p/Dp=5 andp/Dp=7, because of the existance of an
attachment point among the promoters, and also classified by the clearance, in c=0,1 and 3.
As cincreases, a slipping flow occurs just under the promoter and Karman's vortex street is
formed downstream of the promoter for c=3 and any p/Dp.

It was found that the attachment flowand large scale eddies play an important role in the
augmentation of mass transfer among the promoters through the comparison of profiles of |7/ 70|,
[ and flowpattern.

p/Dp=5: For c=0, the augmentation of S/ Shodepends on the turbulence intensity 7.
For ¢>0, it depends not only on the increasing |7/ 70| under the promoter(x/Dp=0), but on
the turbulence due to large scale eddies among the promoters.

p/Dp=7 : For c=0, it depends on the turbulence due to the attachment flow among the
promoters. For ¢>0, it depends not only on the |7/ 70| under the promoter but also on the tur-
bulence due to attachment flow, circulating eddies and Karman's vortex (c=3) among the pro-

moters.

NOTATION

A =surface area of electrode ( cm?)

¢ =clearance between turbulence promoter and wall (mm)
o =bulk concentration of ferricyanide ion (mol/cm?®)

D =diffusivity of ferricyanide ion (cm?/s)
Dp =diameter of turbulence promoter (mm)
d =diameter of point electrode (mm)
F =Faraday's constant(=9.652x10*) (c/g-equiv. )
f =friction factor (-]

H =height of rectangular duct (mm)
I =mass transfer intensity (%)

i =electric current (A]

k  =mass transfer coefficient (cm/s)
ne =valence charge of an ion (=)

p  =pitch of turbulence promoter (mm)
Re =Reynolds number (-]
Sc =Schmidt number (—)
Sh =Sherwood number (-)

u*  =non—dimensional velocity(U/(4/z/0)) (—)
U =mean velocity (cm/s
u =free stream velocity (cm/s
y* =non-dimensional distance from wall (=)
X,y =coordinates of test section (mm)
y  =viscosity (pa.s)



Bulletin of Faculty of Engineering Toyama University 1985

o =density (g/cm?®)

r  =shear stress (g/cm. %)
subscripts

o =smoothed duct
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ABSTRACT

Forced magnetic reconnection induced by magnetohydrodynamic (MHD) waves may account
for the triggering of explosive solar activities such as flares. Reconnection in a neutral sheet
plasma can be driven by the ponderomotive force associated with nonlinear MHD waves accom-
panying plasma vortex motion. The nonlinear stage of forced reconnection by MHD waves is
simulated with a MHD particle-code: Some conditions for fast reconnection are discussed with
applications to solar flares.

1. INTRODUCTION

Magnetic field reconnection processes (Vasyliunas, 1975; Sonnerup, 1979; Syrovatskii, 1981;
White, 1983) may play a significant role in the fast release of magnetic field energy stored in
current—carrying plasma such as in a magnetic neutral sheet. They may be important also in
the acceleration process of high energy particles. It becomes clear, however, that both the old
steady reconnection models by Sweet (1958), Parker(1963) and Petshek(1963) and non-steady
reconnection models of tearing modes ( Furth, Killeen and Rosenbluth, 1963) are insufficient to
expalin the impulsive phase of solar flares (Svestka, 1976; Sturrock, 1981) or the sequential
triggering phase ( Vorpahl, 1976).

The observation ( Vorpahl, 1976) hints a mechanism of triggering of solar flares by fast
magnetosonic waves. In order to explain the triggering phase of flares, Sakai and Washimi
(1982) and Sakai(1983) proposed a theoretieal model of forced reconnection caused by fast mag-
netosonic waves. They showed that the ponderomotive force of fast magnetosonic waves en-
hances the plasma vortex motion in turm to a rapid growth of forced tearing modes.

Brunel, Tajima and Dawson (1982) showed that the effect of plasma compressibility leads
to fast reconnection following Parker’s slower reconnection phase. They demonstrated this by
computer simulation making use of MHD particle-code( Brunel et al.,1981). Furthermore, in
the nonlinear stage of forced tearing instability when magnetic islands are formed, the coales-
cence instability of magnetic islands may play a most effective role  (Leboeuf, Tajima and
Dawson, 1982) in the magnetic energy conversion.
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About 10% of the magnetic energy stored in the current filaments can be converted into the pl-
asma thermal energy as well as into high energy particles ( Tajima, Brunel and Sakai, 1982;
Tajima et al., 1983). The quasi—periodic acceleration mechanism( Tajima ei al. 1982and 1983)
through relaxation oscillations of two merging current filaments may explain the amplitude osci-
llations of X-ray, y-ray and microwave emissions( Forrest et al.,1981 ; Nakajima et al.,1983).

In the present paper we theoretically discuss the triggering phase in terms of forced reconnec-
tion caused by external nonlinear MHD waves, and, moreover, examine and visualize this pro-
cess by means of a MHD particle simulation. In Section 2, we discuss the nonlinear effect of
MHD waves, the ponderomotive force. The threshold condition ior external MHD waves to
drive the forced reconnection is estimated. In Section 3, we present some simulation results of
forced reconnection by nonlinear MHD waves and discuss conditions for fast reconnection. In-
Section 4, we discuss a situation where the present forced reconnection mechanism by waves may
play a significant role to trigger a flare.

2. INITIAL PHASE OF FORCED RECONNECTION BY WAVES

In this section we discuss how fast reconnection is triggered by external MHD waves (fast
magnetosonic waves and Alfvén waves). In the initial phase of reconnection forced by nonlinear
MHDwaves, the magnetic perturbation associated with the reconnection should be small. It is
possible then to treat the perturbation assotiated with reconnection as a linear one. On the
other hand, we must take into account nonlinear effects of external MHD waves and also coup-
ling between MHD waves and reconnecting magnetic perturbation. An important nonlinear effect
of MHD waves for the neutral sheet can be characterized by a slowly varying ponderomotive for-
ce, since the period of the MHD waves is much shorter than the growth time of reconnection
Both fast magnetosonic waves propagating perpendicular to the magnetic field (Sakai and Wa-
shimi, 1982; Sakai, 1983) and shear Alfvén waves propagating parallel to the magnetic field
(Washimi, 1980) drive plasma vortex motion through their ponderomotive force, as depicted in

Figure 1.
F F
; BO ; BO
7 F 77 ¢
- /////,- o <—F“‘ ' //f’ s < _sko

o PLASMA VORTEX
MOTION

(a) (b)

Fig. 1 Shematic plasma vortex motion by ponderomotive forces associated with
a wave packet (shaded region) of fast magnetosonic waves (a) and

shear Alfvén waves (b) .

In a uniform plasma, the ponderomotive force :f‘) associated with fast magnetosonic waves and
Alfvén waves is described by
Fu =pPo VIZA 7111,

(1)
FL-:_pO VﬁVJ_I,
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where Fi1 is the component parallel to the static magnetic field, F, the pemendicular compo-
nent, oo the background density, V. the Alfvén velocity and I the normalized wave intensity of
MHDwaves;, I =|#|? , where ¢ is the normalized wave amplitude 6B/ B~ and Bwis the value
of B, at x= o . This expression shows that curl Ei 0. This suggests fhat the plasma vortex
motion is created by the ponderomotive force (see Figure 2).

(a) (b}

Fig. 2 Finite- amplitude MHD waves propagate (a) across or (b) along the neutral
sheet, causing plasma vortex motion, which in turn causes reconnection.

In inhomogeneous plasma (e.g. a neutral sheet plasma and plasma configuration with magnetic
shear (sakai, 1982)), the ponderomotive force has additional terms due to the plasma inhomo-
geneity. This becomes important for forced excitation of the tearing mede and ballooning mode.

This fast magnetosonic wave-forced reconnection process in its initial phase may be descri-
bed by the following coupled equations (Sakai and Washimi, 1982):

o , oo 011 Boy 0 Boy 0 Vi 0l
— I7+— — —(P?A — A) +——{2(Vi+ — 2
ot 4 0o 0x0t 4mpo dy Boy ) oy (2(va Ci )(?x (2)

Vi ol

+2 — 13} =0

C¢ ot ) ’
0A oIl C? 1)
—— =Boy —+ P A+2—Boy I, 3
ot o oy 4drno k (3)

where a1:;1e Velo%i;y (v=rot ITez) and magnetic perturbations (B=rot Aey) are linearized. Here
r? :8— +BT “and the prime denotes the derivative with respect to x. Boy is the magne-
tic fielgproducejé by the neutral sheet current. Equation (2) describes the time evolution of
plasma vorticity; the last term drives plasma vorticity through the ponderomotive effect.
Equation (3) is the magnetic induction equation.

This set of equations along with the wave Kinetic equation for MHD waves self—consistently
describes the linear stage of forced reconnection. Forced excitation of tearing modes by magneto-
sonic waves has been studied ( Sakai and Washimi, 1982; Sakai, 1983). The instability grows
with a time scale 7 given by

7=0.27a (ka) ™ (va/ve) ¥3SY2 15*% | . (4)

where 74 is the Alfvén transit time across the current sheet, defined as 7, =a/va (Va=B«/
J4rxp(0) ), a thickness of the current sheet, o(0) the density at x=0, k the wavenumber of
the mode, vg the group velocity of fast waves, S=r:/ ra the magnetic Reynolds number,
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7r the resistive time and I, is the wave intensity of fast waves at x=0.
This forced tearing mode can be excited if the wave intensity Io of the fast waves exceeds
a critical value Ic given by

Ic =(va/vg)(ka) °/® S7Vs | (5)

From. Eq.(4), we find two conditions for rapid growth of forced tearing modes:
(1) when wave intensity is large;
(2) whenka is large.

Note that va ~vg and Sis fixed. The second condition indicates that if the extemal dri-
ven fast wave amplitude is modulated locally, we obtain a more rapid grewth. @ The threshold
(Eq. (5)) was drived from the condition that the width, xs =~ a(2loveg/vaS) '®, within which
the ponderomotive force is dominant, exceeds the usual reststive thickness layer, xr =~ a(kaS)™*?
(yze).

3. FORCED RECONNECTION OBSERVED IN A COMPUTER SIMULATION

It is difficult to study the nonlinear stage of forced reconnection analytically. Therefore,
we present instead the result of a MHD simulation. The purposes in this section are two-fold.
The first is to demonstrate the two factors for fast reconnection that were pointed out in the
previous section: (1) that the wave amplitude of the extemal MHD waves exceeds a threshold
value ; (2) that a local enhancement of the wave amplitude along the y—direction significantly
accelerates reconnection. The second purpose is to explore any hidden condition that escapes the
analytical approach, predicted in the previous section, playing a vital role in controlling the pro-
cess of wave-triggered reconnection. In particular we study the effect of the toroidal magnetic
field on wave-triggered fast reconnection.

The study of nonlinear development of forced reconnection by simulation is carried out us-
ing a MHD particle-code (Brunel et al.,1981). In the MHD particle-code, the equation of
motion is solved in Lagrangian coordinates, while the Maxwell equations are solved in Eulerian
coordinates, by means of Lax—Wendroff algorithm. The conservation of fluid and momentum is
exact, .

The density and the magnetic field of the neutral sheet plasma at t=0 should satisfy the
static pressure balance and the following choice was made:

0, =p(x=344) sech®*((x— 344)/a) (6)
B=B.. tanh{(x— 34 4)/a)ey +B: e (7)

where a is the thickness of the current sheet, B: the toroidal component of the magnetic field
and 4 is the grid length. A periodic boundary codition is imposed in the y—direction, while in
the x-driection the metallic boundary condition is taken (i.e. =090 and v=0 onx=0 and 64
4). The physical parameters used in the simulation are as follows: the magnetic Reynolds
number S =300 — 2020, a= 54, the resistivity 7 =0.06 in appropriate normalization of space
by 4 and velocity by cs. In order to excite nonlinear MHD waves far from the neutral sheet,
an oscillating external current with frequency wv=2.1, 3.1, 6.2(dcs?) is imposed at x =504 .
This option was due.to the metallic boundary condition employed in the code where the incoming
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wave solution is not allowed.
In order to observe the rate of reconnection, we have computed the destruction of magnetic

flux at the X—point as a function of time as shown in Figure 3. Figure 3(a) shows time evolu-
tion of the destruction of maguetic flux when the wave amplitude is above a threshold.

(a)

I / ]
y /
2t |
s 7
- /I / .
I, / —
O - 4’.’- L 1 1 L 1 1
03 T T r r : . :
(b)
? 0.2r 1
Youl ]
05 200 400 __ 600 __ 800
HAch) —-

Fig. 3 Reconnecting magnetic flux (¢) as a function of time
(a) Dash-dotted curve: B¢ /B~ = 3, S = 2020.
Solid curve: Bt /B =1.25, S =700.

Dashed curve: Bt /B» =0.625, S =300.
Dotted curve: B: /B =1.25, wave intensity 10 times larger then
above thtee cases. S =700 .

(b) No wave : B: /B =1.25, S =700 ,
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While Figure 3(b) shows the case when the wave is absent. When the wave amplitude is be-
low a threshold, no fast reconnection is observed as seen in Fig. 3(b). We could not find the
threshold of wave amplitude, numerically. We, therfore, discuss only cases above the threshold
in the following.

In order to confirm the second condition, i.e. a local enhancement of the wave amplitude
along the y-direction, we tried two different cases; (case 1) the extemal current intensity is
constant along the y-direction and (case 2) the current intensity is modulated in the y—direction
by superposing two Fourier modes with different wave numbers; ki, =27/128 and k. = 27/64,
whose amplitudes are 0.0625. In both cases we maintained the intensity of the extemal waves.
In the case(1), we hardly saw reconnection within the length of computer run.  Figure 4 shows
magnetic field lines in the x—y plane at t=300 4 c¢s' in the case of unlocalized wave simula-
tion. When a local enhancement of the wave amplitude is added with the total wave amplitude
kept constant, however, a dramatic acceleration of reconnection took place [ case(2)).

64

0 y 128

Fig. 4 Unlocalized wave-simulation result at t=30004cs'. Away
from the neutral sheet, the field lines are so dense that they
aggregate to look like dark areas, while the neutral sheet
region looks light.

A

N g it
X
e
6
ol B )
> L

1 =
x

0 et e, o oS =2 o

0 v 128 0 Ty 128

Fig. 5 Simulation results (Localized waves)

(b) The field line at t =120 dcs'. (e) The field line at t =800 dcs'.

(c) The field line at t =200 4 cs'. (f) The density contours at t =625 dcs'. The solid lines are

(d) The field line at t =610 dcs'. high density regions and the dotted ones are lowdensity
regions.
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Figure 5 shows the time evolution of magnetic field lines in the x-y plane for the case (2).
Reconnection started at the point in the neutral sheet where the amplitude of the external cur-
rent has a maximum. Figure 5(a) shows the intensity distribution of the extermal current
which was imposed near x =504 . The amplitude of the external current has a maximum ne-
ar y = 124 4 . Therefore the excited MHD waves can be considered to be generated with a max-
imum amplitude near y= 124 4 . At the stage of Figure 5(b) we see some modulations in the
magnetic field— lines due to the nonlinear MHD waves propagating across the neutral sheet. As
shown in Figure 5(d), reconnection occurs at the point where the external MHD waves push the
neutral sheet with maximum strength. As reconnection proceeds, the magnetic island grows as
shown in Figure 5(e). In Figure 5(f), the density distribution is shown at t=625 4 ¢cs'. Par
ticles are squeezed near the point where reconnection takes place. The time evolution of recon-
necting magnetic flux at the X- point corresponding to Figure 5 is shown by the solid curve in
Figure 3(a). The reconnection rate in this case is about 25 times faster than the case of no—
wave at t = 600 dcs'.

We now tum to a new effect of the toroidal magnetic field on fast reconnection. In this ser-
ies of simulation, we studied wave-triggered reconnection with the toroidal magnetic field B
(added vertically in the x—y plane) varied. It tums out that the speed of reconnection is much
reduced when the toroidal field is applied. Figure 3(a) shows the rate of reconnection for three
cases; Bt /B~ =3(dash—dotted curve), B: /B~ = 1.25(solid curve), and B: /B~ =0.625 (dashed
curve) . When the toroidal field(B: ) is less than the poloidal field (B-~), fast reconnection ta-
kes place. This effect is not explained by the conventional theories including Furth et al. s
(1963) and Sakai and Washimi(1982). We therefore seem to have found an additional parame-
ter that controls the wave-induced fast reconnection, i.e. the magnitude of the toroidal mag-
netic field We attempt to focus on this effect in the following.

Tajima (1981) found the threshold effect of the toroidal field on collisionless reconnection:
when the toroidal field is less than the poloidal field, fast reconncetion takes place, while no
fast reconnection is observed and instead a tearing turbulence occurs when Bt >Be. The pre
sent simulation of reconnection triggered by impining MHD waves is consistent with the collision-
less reconnection case. Figure 6 shows magnetic field—line reconnection with different toroidal
fields; (a) B: /B~ =1.25, (b) B:/Bo= 3 at t = 3004cs'. When B: >Bw ,the toroidal field
tends to bar rapid reconnection from developing either due to the increased incompressibility of
plasma by strong toroidal field or due to the increased magnitization of ions which changes the
response of ions to the magnetic perturbation.

Fig. 6 Comparison of magnetic field-line reconnection with
different toroidal magnetic fields ; (a) B:/Bw =1.25
(b) Bt /B» =3, at t =300 dcs’.
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Summarizing the simulation, for fast reconnection induced by extermal nonlinear MHD waves,
we find:
(1) A threshold amplitude for the external MHD waves exists.
(2) Localized wave pressure by nonlinear MHD waves can lead to fast roconnection.
(3) When there is no toroidal magnetic field, fast reconnection takes place more easily.
As the toroidal field becomes stronger, the reconnection process with waves becomes
slower or more difficult.

4. DISCUSSIONS

We now discuss possible mechanisms for MHD waves to localize near the neutral sheet.
When a fast magnetosonic wave propagates perpendicular to the magnetic field, the wave be-
comes unstable against a modulation along the magnetic field, if the amplitude of the fast
wave exceeds a critical value, ¢m = cs/va (Sakai, 1983). This modulational instability can
lead to a local enhancement of the wave amplitude.

For the Alfvén wave, local enhancement of the amplitude near the current sheet may be
realized by spatial resonance. The external Alfvén waves resonate at the point where the re-
sonance condition, @ =kuva(x), is satisfied (Chen and Hasegawa, 1974). A mplitude enhancement
takes place near the resonance when this happens.

The threshold phenomena ( Tajima, 1981) for the toroidal magnetic field to control fast re-
connection may be important for the magnetic energy storage in the current system of the solar
atmosphere. This is because only when the magnetic field B« produced by the neutral sheet cu-
rrent exceeds the toroidal magnetic field, fast reconnection can set in. This means that as
soon as Bw exceeds B:, an explosive reconnection can take place. This may account forimpulsive
nature of flares.

The stability of a single current loop(see Van Hoven, 1981) which feet tied to the photosp-
here has recently received attention. In this plasma configuration, the toroidal component of the
loop magnetic field changes its sign at a certain radial position in the loop. Nevertheless, the
tearing mode may not be excited due to line-tying (Mok and Van Hoven, 1982) in this confi-
guration. Although the resistive interchange instability (Schnack and killeen, 1981) could still
occur, the prowth rate is too small to explain the impulsive phase of solar flares for a single
current loop. If the nonlinear MHD waves localize near the region where the magnetic field
reverses, however, reconnection can occur fast enough through the present mechanism of forced
excitation of resisive interchange instability. This may lead to impulsive mass ejection near the
photosphere. Of course, when there are more than one loop currents, instead of a single current,
the coalescence process (Téjima et al. 1982, 1983) can also play a vital role in facilitating ra-
pid reconnection.
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ABSTRACT

It is shown that ion streanms across the magnetic field moving with electrons cause explosive
transverse electrostatic field during magnetic collapse such as coalescence instability of current
loops. The electrostatic field can explosively accelerate ions and electrons perpendicular both to
the magnetic field and ion streams. Ions and electrons are almost simultaneously accelerated to
the opposite direction, respectively. The results obtained here well explain the simulation resu-
Its of collisionless coalescence instability of current loops. The simultaneous acceleration mech-
anismof ions and electrons is applied to the origin of explosive high energy particles in cosmic
plasmas.

Keywords: Particle Acceleration, Explosive Transeverse Electrostatic Field, Magnetic Collapse,
Coalescence Instability, Solar Flare

1. INTRODUCTION

The acceleration mechanisms of charged particles to suprathermal energies in cosmic plas-
mas are of fundamental importance. A various kinds of acceleration mechanisms” in the use of
electric and magnetic fields in plasmas are proposed in connection with specific examples of ob-
served high energy particles since the Fermi- type acceleration.

Recent observations® of solar flares showed that in the impulsive phase ions and electrons
can be almost simultaneously accelerated .within a fewseconds in a quasi—periodic manner. This
observation implies the im provement of widely accepted stochastic acceleration of particles.
Tajima et al.® explained the quasi—periodic acceleration of ions and eleotrons by nonlinear coa-
lescence instability of two parallel current loops. In their computer simulation of the coales-
cence instability they showed the existence of strong explosive electrostatic field across the mag-
netic field which may cause the production of high energy ions and electrons.

Sugihara et al.? found a mechanism(\_/’pxﬁ acceleration) of charged particles trapped by
strong electrostatic waves propagating across the magnetic field. In the present paper we show
theoretically the existence of explosive electrostaic field across the magnetic field moving with
magnetized electrons during magnetic field collapse such as the coalescence instability of current
loops. The transverse electrostatic field grows explosively with a velocity relative to the mag-
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nitic field. The charged particles (ions and electrons) driven by the electrostatic field can be

accelerated in the direction perpendicular both to the magnetic and electric field. This accelera-
- -

tion mechanismis thought to be an extension of Ve XB acceleration.

2. BASIC EQUATIONS FOR 1-D MODEL OF MAGNETIC COLLAPSE

In this section we present basic equations for one dimensional model of magnetic collapse
such as coalescence instability of current loops. Before complete merging state of current loops
ion streams across the poloid al magnetic field ﬁproduced by the loop current T itself are driven
by Txﬁ force. For simplicity we choose the drirection of ion streams as x—coordinate and the
poloidal magnetic field as y—coordinate, while the loop currents flow in the z direction. We as-
sume that all physical quantities depend only on the x—coordinate (1-D model of magnetic
collapse). During magnetic collapse besides complete merging state of two current blobs the
pressure effect of plasmas are negligible compared with the Lorentz forces.

We start from two fluid equations of plasmas, neglecting the pressure terms as well as dis-
plaecement current in the Maxwell equation. We obtain the following equations for electron fl-
uid:

one 0

—~—— \DNe ex) — 1
ot + Fye (e Vex) =0, (1)
aVex 0 e Vez

ex ~ — Vex = — x 2
ot Tox ——— B, (2)
0Ve:z 0 e Vex

ex —— Vez —— Ez+ B . 3
o Fvergy Ve = (BB (3)

As the ions flow almost across the magnetic field because of J: X By force, we may treat ions
as unmagnetized fluid i.e. we neglect the term eByviz/c compared with eEx in the ion equa-
tion of motion. Therefore we obtain the following equations for ion fluid:

on;

0

W W(HIVIx)—O, (4)
OVix 0 e

+ x x = Ex, 5
ot Vi 0x Vi mi (5)
Vi 0 e Vix

X T z = z B . 6

3t +vi ox Vi m (E. + c v) (6)

Equations (1) —(6) are colosed by the Maxwell equations,

0By 0E.

= 7
ot “ox ’ (7)
0Ex

=4re(nmi—ne), (8)
0x
Ve, = C 0By (9)

4rene Jdx ’
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where we assumed that current in the z—direction can be maintained only by electrons in Eq. (9).

We try to seek local solutions of Eq.(1)—(9) representing magnetic collapse, where there
is no definite scale-length i.e. the scale-leneth characterizing a distance between two current
loop may continously vary in time during magnetic collapse. Such a physical situation may be
well described by self-similar solutions, in which scale factors a (t) and b(t) varying contino-
usly in time are introduced as follows,

X, (10)

Vex =

a
a
b
Vix :b— x, (11)

where the linear dependence on x means the fact that ion and electron streams are flowing in
the opposite direction around x=0, which is the center of two current loops. In Eq. (10) and
(11) a and b mean the time derivative. The unknown scale factors a and b wijl be determined
from the above basic equations. From the continuity equations (1) and (4), we obtain

Ne =No /a, (12)

ni: =no /b, (13)
where no is a constant. Equations( 12) and( 13) show that the density of ions and electrons is homogen-
ous in space and varies only in time during magnetic collapse. It is reasonable to assume that
the poloidal magnetic field may have linear dependence on x as By =Bo (t) x/A, because the po- -
loidal magnetic field reverses its sign at x=0. A is a characteristic length of magnetic in-
homogeneity. Above poloidal magnetic field means that the current along z—direction is cons-
tant in the range of A .

From Egs.(7) and (9) we obtain

_Bo(t)xz
P +E. (t) (14)
__ca(t) Bo(t)
Ve = emed (15)

Substituting Egs. (10),(14) and (15) into Eq.(3), we found

_Boox

By A (16)
Bouéx2 Boocmei.l
E.=— - , 17
ca*d 4 tnoe?Aa’ (a7
CBoo
2 =——— 18
Ve 4 renoAa (18)

Assuming the electrostatic field Ex as Ex = Eo(t) x/A and making use of Egs. (2), (5) and
(8), we found

'b. _eEo

b_ —m1/1 ’
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1 ___eEo . B3

a meA 4 tnomed?a® ’ (20)
1 1

Eo =4 menoA (—_—) . (21)
b a

Finally we obtain the coupled nonlinear equations for a(t) and b(t) from above equation's;

.. a Bgo
=—wi|—1| —Mm——«— 22
a pe(b ) 4 tnomeA?a’ (22)
.. b
b:a)ﬁi( 1——) , (23)
a
4 2 4 2
where @2, — TNoe Cand @l = Thoe
Me mi

3. EXPLOSIVE ELECTROSTATIC FIELD DURING MAGNETIC COLLAPSE

In the previous section we derived basic equations (22) and (23) describing one-dimensional
magnetic collapse. In Egs. (22) and (23) the two first terms of right hand sides represent the
effect of charge separation. While the second term of Eq. (22) comes from the force J.XxBy,
which can drive magnetic collapse. When this driving term is dominant, it is good approxima-
tion to assume quasi—neutrality (ni =ne) which means a=b. This was confirmed by the nume-
rical calculation of Eq. (22) and (23). In a quasi—neutral plasma we obtain the following
equation for a from the summation of Egs. (19) and (20),

Vi

a:_/lzaz ’

(24)
where vi =Bjo /4 7no(mi+me) .
The equation (24) is similar to the gravitational collapse in the Newtonian dynamics of a large
gas cloud. The solution of Eq.(24) repesenting magnetic collapse is given by

a(t)=al(to—t)?® (25)

1/3
where @ is gixen by az( 2—) (va/A)?"® and to is an explosion time.

The electrostatic field can be determined from Eq. (19), not from the Possion equation (21)

as
miA ‘a
Eo(t) Sk —
e a
_ m;i V%A (26)
Aead’ ’
By means of the solution (25) we obtain various kinds of physical quantities as follows;
2 x
Vex =Vix = —7—— 77— , 27)
‘ 3 (to—t) (
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We found that during magnetic collapse the electromagnetic fields can grow explosively intime as
seen from above relations. Particular interest in above solutions is that the explosive transverse
electrostatic field Ex can grow faster than the magnetic field By, because of the fast explosiven-
ess in time i.e. Ex oc(to—t) ™2, By o<(to—t)™*® in the limit of t—>to. From this fact we
may expect the particle acceleration driven by the electrostatic field as well as Vx X By accele-
ration in the z—direction. In the next section we examine the particle acceleration under the
above explosive electromagnetic fields during magnetic collapse.

4., SIMULTANEOUS ACCELERATION OF IONS AND ELECTRONS
DURING MAGNETIC COLLAPSE
In this section we examine a test particle motion under the explosive electromagnetic fields
during magnetic collapse given in the previous section. The equations of motion of a test ion
are given by

dvx _eExo x _ eByoxv: (32)
dt m (te—t)? mic(to—t)¥ ~’
dve _eEzo x? 9eE 20 c*v3"
dt my  (te—t)"3 2mi AP wde(to—t)"?
eByo xﬁ'C
+ , 33
mic (to—t)“® (33)
’ 2 2 2/3 BOOAI/S
where Exo =2m; /96, Ezo :3—( 9—) CVT ,
2 2/3 BOOAUS
and B =( 9—) T
Transforming the time t to 7 by 7=to—t, we obtain
dvx _ eExo 2 eBuw av: (34)
dr m 2 mic Ty 2
dv. _ eBuwo 2 x* A x dx (35)
dz- - mic 3 2-7/3 753 T43 d T )
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where A = 9c¢?v¥i®/2wie A?® and we used the relation E ;0 =2Bye/3c in Eq. (35).

Here we take particular attention to the-ion which can be almostly accelerated by the trans-
verse electrostatic field Ex across the magnetic field. This ion can be accelerated without gyra-
tion. ‘The equation of this ion is approximately given by

dvx :_eExo x , (36)
dr mi T2
because of eEx >ev. By /c.
The solution of Eq. (36) is given by
X =cCi 2-2/3 +C2 2-1/3 , (37)
2 1 : '
Vi=d=ocy TV 4, T (38)
3 3
where ¢; and c. are determined from initial conditions,
=3(voto"® —xoto?®
Ci1 ( olo olo ), l (39)

cz2 =3(xoto™® —votf’®), J

The equation (38) shows that the ion for nonzero ¢; and c. can be explosively accelerated in the
x—direction. By means of the solutions (37) and (38) we find the' solution for v. from Egq. (35)

Vz

_eByo ( ci+3a Ci1C2 )

2 T3 T3

(40)
miC .

which shows that the ion for a particular initial condition, i.e. c2 * 0 can be explosively ac-
celerated in the z-direction. The dominant term in Eq. (40) is the first term including c:' in
the limit of 7 -0 . The solution (40) also shows that ions and electrons can be accelerated in
the opposite direction each other, because v is proportjonal -to the sign of the charge e. Actually
we obtain for a test electron

B 2
Ves :_Ien (y:o { %l_ T#2 +:23—A 7% +did. 773
d2
+2—2 r‘”‘%} , (1)
where
£=(14+8m; /9me) > |
1-4 1_ hidal
d,=x7? [ Voto® _(—'_Z'ﬁ)" Xoto™s ] ’
1+ il e
d: =g [(—Z#L Xo to ® —Voto™ J

The main term in Eq. (41) is the last one, which shows that the electron with nonzero d. can
be explosively accelerated in the opposite direction compared with the ion.

The above acceleration can continue until the Lorentz force v. By /c exceeds the electrosta-
tic force. The ion with 'A<c} <(v¥®/2wh A%®) can be accelerated until the explosion time t=
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to, because the electrostatic force always exceeds the magnetic force . XBy. On the other
hand, the electron can be detrapped from the clectrostatic field at ¢ = 7a before the explosion

time,
-2 3
- :[ gz_ (eExo )(eByo ) ] 1-3A (42)
ds3 Me MeC

At t=ra the electron can gain the maximum velocity vie* ,

2
vmx =2 ( eByo ) P
2 MeC
2 [eB 2 eE eB 25—
=__2( ”)[_2/ °)( y°) ! . (43)
2 MecC d? \ me MeC J
The explosiveness (Vezoc 7™ - ) of electron acceleration in the z—direction is stronger than that

—2/3)

of ion acceleration (viz <t . Anyway ions and electrons can be almost simultaueously accele-

rated during magnetic collapse.

5. SUMMARY

We found that -ion streams across the collapsing magnetic field can generate explosive ele-
ctromagnetic fields. The transverse electrostatic field can grow faster than the magnetic field.
The ions and electrons can be almost simultaneously accelerated in the opposite direction along
the current floweach other. The computer simulation of opllisionless coalescence instability
showed® all above features. The dynamical magnetic collapse may occur in every plasma of
astrophysical interest. The magnetic collapse can be driven in a system of many current loops
such as in active star atomosphere. It may also be driven in accretion disk with mgnetized
plasma by strong gravitational force. The explosive acceleration of high energy particles can be
observed during such magnetic collapse.
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ABSTRACT
Double sub—peak structures in the quasi—periodic oscillations found in the time profiles of
two solar flares on 1980 June 7 and 1982 November 26 are well explained in terms of the coa-
lescence instability of two current loops. This interpretation is supported by the observations of
two microwave sources and their interaction for the November 26 flare. The difference of both
sub—peak structures and time scales between the two flares are discussed from the viewpoint of
different plasma parameters in our computer simulations.

I. INTRODUCTION

Recent observations of X-ray continuum emission, y—ray line, and continuum emission from
solar flares with instruments on the Solar Maximum Mission (SMM) and Hinotori  satellites
show that energetic ions and relativistic electrons are accelerated almost simultaneously with non
—relativistic electrons during the impulsive phase of solar flares. These observational results
make it necessary to revise the widely accepted hypothesis of particle acceleration that energetic
ions and relativistic electrons are produced in the second phase a fewminutes after the impulsive
phase (Wild et al. 1963; de Jager 1969; Svestka 1976). Although Bai and Ramaty (1979), Bai
(1982), and Bai et al. (1983) revised the hypothesis as the second-step acceleration taking note
of a small delay of y-ray line emission from hard X-ray emissioh, Kane et al. (1983), and For-
rest and Chupp (1983) pointed out that such a small delay can be ‘explained simply by either the
injection, propagation, or enefgy loss processes of particles which are accelerated in a single step.

Tajima et al. (1982, 1983) proposed a simultaneous acceleration mechanism of protons and
electrons in solar flares by the nonlinear coalescence instability of two current loops, based on
the results of computer simulation. Two adjacent, parallel current loops are unstable against
the coalescence instability which involves the rapid ( sometimes explosive) conversion of magne-
tic energy to kinetic energy of particles (Tajima 1982). The results of computer simulation reve-

*NASA/NRC resident reseach associate from Nobeyama Solar Radio Observatory of Tokyo
Astronomical observatory.



Bulletin of Faculty of Encgineering Toyama University 1985

aled that the time profiles of the proton and electron temperatures show qua51 —perlodlc oscilla-
tions with double sub-peak structures. : . DS B

Recently Nakajima et al. (1983) and Kiplinger-et al. (1983) reported observations of quasi
—periodic pulses with double sub—peak structure seen in hard X-ray, y—ray, and microwave emi-
ssions in the two intense solar flares of 1980 June 7 and 1980 June 21. We are interested in
the close similarity between the observed time profiles and those obtained” with the - computer
simulation by Tajima et al.

In this letter, we present the results of our analysis of the 1980 June 7 and 1982 Novem-
ber 26 events, both of which show double sub—peak structures in quasi-periodic oscillations: Since
these two events are widely different from each other in duration, source size, source height, etc.
they provide a stringent test for examining the validity of our model of particle accelera-
tion in solar flares in terms: of the coalescence instability. Our study shows that observational
features of the two events are consistent with the results of our computer simulation.

oI. SUMMARY OF OBSERVATIONS

(a) 1980 June 7 Event , _ »
‘ The impulsive burst of the 1980 June 7 solar ﬂarev (Figure 1) has been investigated by
many authors (Fdrreét et al. 1981; Kane et al. 1983; Forrest and Chupp 1983; Nakajima et
al. 1983; Klplmger et al. 1984). Weé sumrharize below some essential points from these'obser-
vations.

1980 June 7
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Figure 1: Time profiles of the 17 GHz microwave emission and the 150 260 keV X—ray
emissions. ( from HXRBS) for  the 1980 June 7:event:
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(1) The burst is composed of seven successive pulses with a quasi—periodicity of about 8 se-
conds. Each of the pulses in hard X-rays, prompt y-ray lines, and microwaves is almost syn-
chronous and similar in shape.
(2) The microwave pulses consist of double sub-peaks as seen especially in the second and
fourth pulses in Figure 1(a). The double sub-peak structure is also evident in the hard X-ray
time profiles ( Figure 1(b)).
(3) The starting times of hard X-rays, prompt y-ray lines, and microwaves coincide within %
2.2 seconds.
(4) The time scales of accelerations for both electrons (up to energies above 1 MeV) and ions
~ (above 10 MeV/nucleon) are less than 5 seconds. And the accelerations must occur almost
simultaneously.
(5) The height of the microwave source is estimated to be within 10 arc sec above the photo-
sphere (Ha flare; N12° ,W74° ). The source has a small size of less than 5 arc sec in the east
—west direction and shows no motion.

The He photographs from the Peking Observatory (H. Chow, private communication) add a
new finding The flaring region has two structures that appear to be in contact with each
other, one stretching in the east—west direction and the other in the north—south.

(b) 1982 November 26 Event

We briefly outline the characteristics of the 1982 November 26 flare (Figure 2). This eve-
nt is of much longer duration than the event on 1980 June 7, about 20 min compared to about
1 min.
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Figure 2: (a) The time profile of the 17 GHz microwave emission and (b) the time

variation of the heights of two microwave (17 GHz) sources for the 1982
November 26 flare.
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The microwave observations were made with the 17 —GHz interferometer at Nobeyama, Japan,
and the hard X-ray observation with the Hard X-Ray Burst Spectrometer (HXRBS) on SMM.
More details will be reported in a separate paper ((Nakajima et al. 1984).

(1) “The microwave burst is composed of three successive peaks with a quasi—periodicity of about
6 min as indicated by number 1-3 in Figute 2(a).

(2) Each of the microwave peaks further consists of two sub-peaks. The hard X-ray time pro-
files seems to coincide with the microwave sub—peaks. The SMM hard X-ray data are availa-
ble only for the first peak.

(3) The microwave and hard X-ray emissions start almost simultaneously within 10 seconds.

(4) The microwave source is composed of two sources, one at a height of ~ 10* km above the
photosphere and the other at ~ 3x10* km. These values are derived on the assumption that the
sources are located directly above the Ha flare (S10°, W88 ).

Figure 2(b) shows the height of the two microwave sources as a function of time. In the
pre-burst phase (phase 1: 0220-0228 UT), the upper source appears at a height of ~2.9x10*km
above the photosphere and the lower one at ~ 0.7x10* km. In phase 2, the lower source rises
at a velocity of ~ 30 km s™. The main phase (phase 3)started when the lower source reaches
a height of ~ 1.5x10* km. It is suggested that the two sources collide with each other at this
time. In fact. a small up-and—down motion of the lower source is observed in the main phase.
The oscillation period and peak—to-peak amplitude of the up—and—-down motion are ~ 14 min and
~ 2x10® km(significantly larger than the fluctuation level due to the signal to noise ratio), res-
pectively. -~ After the main phase, the lower source begins to go down towards its previous posi-
tion. On the other hand, the upper source rises gradually, though it remains at almost the
same height until the decay phase starts.

The observational facts summarized above, especially the collision of the two microwave sour-
ces and the small up—and —down motion of the lower source in the 1982 November 26 event,
suggest that the current—loop coalescence takes place. The existence of two Hea bright compon-
ents in the 1980 June 7 event also supports this interpretation.

II. INTERPRETATION BY SIMULATIONS

Two parallel current loops are unstable against the coalescence instability (Pritchett and
Wu 1979). They are attracted by and collide with each other and finally coalesce into one loop.
Its nonlinear development can release a large amount of poloidal magnetic energy associated
with the current loops into particle energies ( Tajima et al. 1982; Leboeuf et al. 1982). We in-
vestigated this process, i.e., the global plasma dynamics, heating and acceleration of particles,
and so on, through computer simulations. Here, we made two different types of simulations in
order to experiment with a wide variety of plasma parameters: one is an MHD particle simul a-
tion ( Brunel et al. 1981), and the other a collisionless full-electromagnetic particle simulation
(Tajima 1982), both of which are two-dimensional in space across the plane perpendicular to the
current loops and three-dimenstinal in velocity space.

(a) Fast Coalescence———1980 June 7 Flare
The case that two parallel loops have sufficient electric currents so that they attract each
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other fast enough (in about one Alfvén transit time) was simulated using the collisionless full-
electromagnetic particle code.

The resultant time history of the electron temperature is shown in Figure 3(a).
100
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Figure 3: (a) The time history of the electron temperature T. in case of fast

coalescence ( the oscillation period is about one Alfvén time) from the
EM nparticle simulation. wc = eB/Mc the ion cyclotron frequency
and here one Alfvén time is about 8 wci{. Te is normalized with the
initial value. ‘

(b), (c): Time histories of (b) the electron kinetic energy Ex and
(c) the integrated reconnected flux A ¥ through the X-points, in
case of slower coalescence (the oscillation period is about five
Alfvén times), from the MHDparticle simulation. The time unit

is & ¢! with & and cs being the grid spacing and the sound speed,
respectively. The inttial separation of loops is ~ 60A.  m is the
slope (A ¢ oc (t—to)™).

We can clearly see a quasi—periodic oscillation, the period of which is about one Alfvén transit
time (8 wc!). The cause of this oscillation is as follows: after fast reconnection of poloi-
dal magnetic fields takes place at the X-point between two approaching current loops, the two
plasma blobs pass through each other and overshoot, resulting in the repetition of this process.

Figure 3(a) also shows that the electron temperature oscillation is characterized by promi-
nent double sub-peak structure. The double sub-peaks occur just before and after each peak in
the magnetic field intensity. ~ Just before a peak, the magnetic acceleration of -the plasma by
x B becomes strongest so that the magnetic flux behind the colliding plasma blobs as well asthe
plasma blobs themselves are strongly compressed. This plasma compression causes the first sub
—peak of the electron temperature. Then, the plasma particles acquire velocities close to the Al-
fvéen speed along the colliding direction, so that they detach from the magnetic flux against which
they have been compressed, resulting in an expansion and hence in an adiabatic cooling' of the
plasma as the magnetic fields obtain peak values. After the peak in the magnetic fields, the
process reverses giving rise to the second sub-peak of the electron temperature.
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A similar time history is obtained for the kinetic energy of high—energy tail electrons and
protons as=well as for the proton temperature. The acceleration of the high energy—tail partic-
les is due to a combination of localized electrostatic field acceleration across the poloidal magne-
tic field and magnetic acceleration in the poloidal to toroidal directions (Tajima et al. 1983).
Since these processes accompany the local plasma compression/ decompression just before and
after coalescence, it is not surprising that the time profile of the microwave emissions caused
by high—energy tail electrons ( Figure 1(a)) resembles that of figure 3(a).

The results of this simulation can also explain the observed period of the quasi—periodic osci-
llation of the 1980 June 7 event. The observed period ( ~ 8 seconds) of the June 7 flare is
close to one Alfvén transit time ( ~ 4 sec) which is estimated with source size ( ~ 5 arc sec),
magnetic field ( ~ 200 Gauss: Kiplinger et al. 1983) and emission measure ( ~ 10*° cm™)
from the GOES soft X-ray data (Solar Geophysical Data).

(b) Slow Coalescence——— 1982 November 26 Flare.

When two parallel Joops have insufficient electric currents or are well separated and hence
the attracting force of them is weaker than that of the previous case, reconnection of poloidal
magnetic fields during loop coalsecence becomes slower. ( However, this reconnection rate is still
faster than what would be predicted by a classical tearing theory (Furth et al. 1963)). This
case was also simulated using the MHD pérticle code. Figure 3(b) shows the temporal deve-
lopment of plasma kinetic energy ( the electron pfessure energy) during the coalescence. Also
shown in Figure 3(c) is the time history of the integrated reconnected magnetic flux through the
X-point (case shown in Figure 5(a) in Bhattacharjee, et al. 1983). Note that a slight amount
of oscillations of reconnected flux can be seen around the straight line. Again we can see the
oscillatory behaviour with double sub—peak structure in both time histories, though it is less pro-
minent compared with that of the fast coalescence case presented in the previous subsection.
The period of oscillation is about 5 times the Alfvén transit time.

The obtained time history resulting from the simulation is explained as follows. In the case
of slower reconnection, the two plasma blobs do not pass through each other but are qushed back
by the magnetic field compressed between the two loops. This motion is repeated resulting in the
damping oscillation shown in Figure 3(b). The amplitude of the oscillation in this case is less
prominent compared with the previous case ( Figure 3(a)).

The observed plasma kinetic energy oscillations exhibit a structure quite similar to the mic-
rowave time profile of the 1982 November 26 flare as shown in Figure 2(a). The source size of
the November 26 flare is about 10 times larger than that of the June 7 flaree We therefore
estimate the calculated period of the oscillation to be 5x4x10 = 200 sec, assuming that the Al
fvén velocity is about the same for both cases. This period is close to the observed period of
about 6 min. Note also that in this case the flow velocity is much belowthe Alfvén velocity in
agreement with the observational fact that the 30 km/s colliding velocity of the lower loop is
much smaller than the Alfvéen velocity of ~ 10® km/s.

IV. SUMMARY AND CONCLUSIONS
The results obtained from computer simulations of the coalescence instability of two current
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loops are in good agreement with observations of two widely differing flares.

The key characteristics which are well explained are the simultaneous accelerations of both
electrons and ions, and the double sub—peak structure in quasi—periodic pulses. The double sub-
peak structure is more pronounced when the currents in the two loops are sufficient for the fast
coalescence to occcur. ‘This case corresponds to the 1980 June 7 flare. When the currents are
insufficient for the fast coalescence, the double sub-peak structure is less pronounced. -This
case corresponds to the 1982 November 26 flare. In addition, we have the observation sugges-
ting the collision of the two microwave sources for the 1982 November 26 event.

Therefore, we consider that this mechanism is a plausible process for the particle accelera-
tion mechanism in solar flares.
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A Dynamical Model of Solar Prominences
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Abstract

Recent observations of solar prominences show that slow upward motions( =1 kms™) ‘occur
through quiescent prominences and a fast input of material with horizontal motions (= 5 kms™)
occurs at both edges of prominences. A time-dependent dynamical model of solar prominences
with current sheet is investigated. It is natural extension of the magnetostatic models proposed
by Kippenhahn and Schliter (KS) and Kuperus and Raadu (KR). It is shown that horizontal
nonlinear oscillations can exist in the prominences. The global structure of curreht sheet inclu-
ding solar wind plasmas is also simulated by means of full MHD equations.

1. Introduction

Solar prominences are thin condensed sheets of cold material located in the low corona. They
are suspended against gravity and above magnetic neutral lines between two opposite magnetic
polarities (see Tandberg—Hanssen'!’, 1974). Recent observations ( Malherbe et al.?, 1983;
Schmieder et al.®, 1984) showed that slow upward motions(0.5 km s™! in He and 5.6 kms™
inCw) occur in the prominences and a fast input of material with horizontal mo (~5 km
s™') occurs at both edges of prominences.

Previous solar prominence models such as Kippenhahn and Schluter®’ (KS)(1957)and Kuperus
and Raadu (KR)® (1974) are magnetostatic and do not take into account the plasma dynamics,
except for eruptive prominence model. (see Sakai and Nishikawa®, 1983). Recently, Malherbe
and Priest (1983)” proposed a qualitative dynamical model with magnetic configurations etiher
of the KRor KS type to explain the observed upward motions.

In the present paper we investigate a time-dependent dynamical model of solar prominences
with current sheet. It is natural extension of the magnetostatic models proposed by the KS or
KR. We pay particular attention on the local solutions describing the dynamical accumulation of
plasmas near the current sheet. Coupled basic equations with self-—similar solutions are derived.
It is recently shown that magnetic reconnection forced by external plasma flow induced by coa-
lescence of two current loops can be well described by the self-similar solutions (Sakai et al.,
1984)% . ’

It is shown that for nearly one-dimensional accumulation of plasmas horizontal nonlinear
oscillations can exist in the prominences. Finally the global structure of current sheet inclu-
ding solar wind plasmas is simulated by means of full MHD equations.
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2. Basic equations for current sheet model
We consider solar prominences as

corona

Omlnence

vertical thin current sheets supported
by magnetic field in the low corona
shown in Fig. 1. We consider a dyna-
mical condensation of plasmas in the
current sheet only by j X B force,

neglecting the effect of themmal inst-
ability. We assume the law of adia-

\ “\\\\\\\\\\l

N

AN

N

[/

batic compression and that the sheet y /
is homogenous in the z-direction. The photosphere
MHD equation including gravity gives Fig. 1
0
8% +div(pv) (1)
p(—+v Vv>=—7P+—rotB><B—pgex, (2)
0B
=rot{v X B) + 4B, 3
at =rof{ v ) dro (3)
0P
aT+v-VP+7Pdivv=0, (4)

where the gravity is given by g(x) = GM. R2(1+x/R.) 2=g,(1+x/R:?)?
and g.=GM.R..
We assume that the input horizontal flows around the current sheet obey
a
Vy=——Y , ( 5 )
a
where the dot means the time derivative and a(t) is a scale factor characterizing continuous
change of thickness of current sheet. The upward flow is taken as
b
Vx=0x (1) +b—x , (6)

where vxo and a scale factor b(t) are determined self—consistently. The magnetic fields are ass-
umed that

Bx=DB«(t)y/A, By =Bno (#) +Byo(t) x/A, B: =B (t) . (7)
From the continuity equation (1) we find

plo+alatb/b=0 |, (8)
where o is a function of time only. The equation (8) gives

o=po/ab , (9)
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where oo is a constant. From the induction equation (3) we obtain

Bxo(t)=Bo/a* ‘ ‘ - (10)

Byo(t)=Bo/b* , v (11)

B.o(t)=Bo /ab , ' (12)

0Bno vxo Bo b '
=—| —— +Bno — ,

at ( A b B b) .

where Bo and Boo are constants.
If we assume that the pressure P is given by

x2

[N}

<

P(x, 4, )= Pool £) = Po( ) = Pro( )y —Puolt) 25, (14)
s A A A
we find fromthe equation (4)
Pxo (t)=Po/a’db"** (15)
Pyo(t)=Po/a’ b , (16)
aP ) ) P
" P (2 atb/b)— el = , . . (17)
at A
Lok Ly, R/PR(t)Aa’ b'** +b/ b+ (é/b+&/ )—0 ' (18)
Pt ot xolo/ fo " @)=

where P, is a constant. o
Finall we obtain.basic equations for scale factors a(#) and b( ¢) from the equation of moti-
ons (2) :

.. ct 1% 1 b
el b IR (19)
. Jor Vi ( a 1 ) . ge ' '
b A2a’ ' b7 A%\ b2 a Ro b, (20)
9 xo b _Po(t) ab  Bno(t)Bo (&*—0*) ,

+vxo—= —_ = — ,
at vxo b Oo A g® (21)

47poA ab

where we assumed that the gravitational acceleration g(x) is approximated by g(x) =g¢(1—2x/
Re), when x&KRo. ¢ =2P¢/00 and Vi =B} /4rpo.
I1f we neglect the pressure terms and the effect of gravity in the above equations we obtain

.. Vi 1 b v : . :
a:Ez— b7 ) (22)

a
.. %A 1 . - :
b:_/12 (% _;) , . . (23)

which were first derived by I mshennik and Syro{iatski i(1967)® for the investigation of plasma
dynamics near X-type neutral point.



Bulletin of Faculty of Engineering Toyama University 185

3. Self-similar solutions

We examine a few limiting cases for applications of solar prominence dynamics.
(case 1) By=0 and g=0. '

In this case it is consistent to assume Vxo=0 and Po=0. The above basic equations are
simplified to

.. Jor Vib

a:/12a7b7—1 - /12612 ’ (24)
.. c

el | (20)

(case 2) By=constant and g=constant.
In this case we can neglect the inhomogenous terms in vx and By in Eq.(6) and (7). We
find for a(t)

. Vi
a:AZaT _Azaz (26)
and vxo (t) is determined from
0 Vxo _ Vi Bn _ (27)
at ABoalt) go

instead of Eq.(21).
When the ratio of adiabatic capacity 7 is larger than 2 (7 >2), the equation (26) has the solu-
tions of nonlinear oscillation. The period T of the nonlinear oscillation when y =3 is given by

T=2rVA/E¥*7* | (28)

where E is a constant which is related with the initial conditions.
The minimum period Tmn is given by

T in =27l'33/2 Ta , . (29)

where S=87xPo/Bi=c3/Vi , and ta =A/Va
when =2 and va >cs , there occur only compressional motions. When E is small, we find

9

1/3
a(t):(_z_) (v%—c%)”a A—zla(to_t)zw . (30)

By means of Eq.(30) we obtain the upward flow vxo from eq.(27)

(z)usva Bn (te—1)'5
Uxo =3

\9) % B, i-c)

T —&elte—1). (31)

If we take to as the value when vxo =0, we find

to=0.84Va/cs)®Ta . (32)
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The first termof Eq.(31) is always larger than the second term, so that we have upward flows.
The time to is the life time of the solar prominence which is order of 3.4 days if we take Va/
cz =33.3and A/Va = 10 seconds.

4. Simulation of global structure with solar wind pl asmas

We show the results of computer simulation by means of full MHD equations, which inclu-
des the expanding supersonic solar wind plasmas. The dipole magnetic field is taken at x= 0.9
Re. On the solar surface the flows are taken along the magnetic field. The other boundary
conditions are free. Fig.2 shows the global plasma flowand magnetic field—line pattem. Fig. 3
shows the inflow velocity profile across y axis. Fig.4 is the density profile and Fig.5 is: the
magnetic field Bx. As seen in Fig. 3 and 5 the inflow velocity and magnetic field produced by the
sheet current are well described as self-similar solutions which space dependency is proportional
to y. The more detail comparison between the theory and the results of simulations will be
needed.

-4 '
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ABSTRACT

Particle simulations of collisionless tearing, reconnection and coalescence of magnetic fields
for a sheet—pinch configuration show that reconnection is Sweet—Parker like in the tearing and
island formation phase. It is much faster to explosive in the island coalescence stage.  Island
coalescence is the most energetic process and leads to large ion temperature increase and oscilla-
tions in the merged state. Similar phenomena have been observed in equivalent MHD simula-
tions. Coalescence and its effects, as observed in our simulations, may explain many of the
features of solar flares and coronal X-ray brightening.

1. INTRODUCTION
Computer modeling of magnetic field reconnection, including island coalescence, has been
tackled mainly with collisional MHD codes. Few kinetic studies of reconnection have been re-
ported so far (Dickman and Morse, 1969; Amano and Tsuda, 1977; Katanuma and Kamimura,
1980; Terasawa, 1981; Hamilton and Eastwood, 1982; Leboeuf, Tajima and Dawson, 1981
and 1982; Tajima, 1982) even though in space plasmas collisionless tearing modes are believed
to be one of the most effective mechanisms for magnetic field line reconnection. This is parti-
cularly true for the Earth' s magnetospheric tail where the particles mean free path is very lar-
ge. Dickman, Morse and Nielson (1969) used a magnetostatic code to study tearing modes in
the Astron fusion device. They found that the Astron plasma layer first develops tearing modes,
but at later times the wavelength of this mode increases by coalescence until the plasma is
completely reassambled. Amano and Tsuda (1977) were the first to study forced reconnection
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with an electromagnetic code. They forced a flow towards the initial magnetic neutral sheet and
observed the formation of an x—point. They also remarked that Joule heating in the diffusion
region was not sufficient for the explosive energy release such as that observed in astrophysical
and geophysical phenomena. The study of Katanuma and Kamimura (1980) involves using a
magnetostatic code to study the nonlinear evolution of collisionless tearing modes. They verifi-
ed the Drake-Lee (1977) theory of tearing. They did observe island coalescence in the case of
multi-mode tearing. However, no discussion of the energetics of the interaction was given.
Again using a magnetostatic code, Hamilton and Eastwood (1982) realistically modeled ® the
geomagnetic tail and confirmed the stabilizing influence of small magnetic field normal to the
sheet of the tearing mode. Finally, Terasawa (1981) used a reduced Darwin model, with ele-
ctrostatics neglected, and followed the ions only. He verified the explosive tearing mode theory
of Galeev, Coroniti and Ashour—Abdalla (1978). The question is whether adding the elect-
rons and the electrostatics will modify his conclusions.

Our program of kinetic simulations of collisionless reconnection was primarily motivated by
the laboratory experiments of W. Gekelman and R. L. Stenzel. (Stenzel and Gekelman,
1979; Gekelman and Stenzel, 1981) The tools used consist of magnetostatic and electromagne-
tic finite size particle simulation models with two spatial dimensions only. This paper will
mainly be a reviewof our own work, and some comparisons with similar MHD simulations.
Applications to the physics of solar flares will also be discussed.

By having a current flow in two strips perpendicular to the plane of the simulation, with
the current ramped in time much as it is in the experiments of Gekelman and Stenzel, we are
able to pass through the successive stages of current sheet formation in between the two strips,
tearing of the current sheet to form magnetic islands and finally magnetic island coalescence.
The onset of coalescence occurs in an explosive fashion.. Recent MHD simulations of reconnec-
tion and coalescence (Brunel, Tajima, and Dawson, 1982) exhibit comparable behaviour.
Addition of a magnetic field parallel to the strips (a toroidal field in tokamaks) introduces in-
compressibility and prevents the fast reconnection that otherwise occurs ( Tajima, 1982). The
tearing phase leads to almost no energization of the particles’ kinetic energy. Magnetic island
coalescence, on the other hand, leads to a large increase in ion temperature. The oscillations
exhibited by the ion temperature in the merged phase have also been observed in an MHD simu-
lation of island coalescence (Wu, Leboeuf, Tajima, Dawson, 1980). These oscillations
resemble what is reported of the solar gamma ray amplitude oscillations ( Forrest et al., 1982)
associated with loop coalescence in solar flares ( Tajima, Brunel, Sakai, 1982).

O. COMPUTER MODEL

Our collisionless particle simulations follow the evolution of a plasma configration which is
unstable against the tearing and subsequent coalescence instabilities. The electromagnetic code
(Leboeuf, Tajima, Dawson, 1982) is two-and-one-half (two space, x and y, and three veloc-
ity and field, x, y, and z dimensions) dimensional and periodic in both the particles and field
quantities. The model includes electrons and ions, with ion—to—electron mass and temperature
ratios of Mi /me =10 and T: /Te =1/2 respectively in a benchmark case. Both species of
particles are given Maxwellian velocity distributions in all three directions at time t = 0. Four
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particles per unit cell are typically used. The particles are loaded uniformly in space so that the
density is uniform at t=0. We focus on rectangular system sizes Lx X Ly=1284 X324 and
2564 X164, where 4 is the unit grid spacing. For the first, 4 = Ae, the electronic Debye
length and the speed of light ¢ = we, the electron thermal velocity, so that the collisionless skin
depth 6 =c/w,, =5Ae. For the second, 4 =2Ae, with collisionless skin depth ¢/ w,.=6A4e and
the ratio of thermal velocity to speed of light vie /c=1/6.

The magnetic configuration is established by extemal current strips placed at y=0 and y =Ly
which extend along x. The current flows in the z—direction. To avoid infinite magnetic energy,
the retumn path of -the current is chosen to be through the plasma. At t =0, the current is
zero in the strips and rises sinusoidally from zero at t=0 to a maximum at the quarter perod
after which it is kept constant (crowbar phase), with a rise time greater than or equal to the
magnetosonic transit time from center to plates. By varying the strength of the currents in the
strips, different plasmas are obtained. For the 128 X 32 case, the plasma /4 =0.2, for max-
imum magnetic field and average density. This entails electron and ion Larmor. radii of 1.3 Ae
and 2.6Ae respectively, and an Alfvén velocity va = 1.22 vie. For the 256 X 16 case, the
maximum field is such that 8 = 0.06, pe =.85Ae, o1 =1.901e. The Alfvén speed is va = 2.2
vie. When a constant toroidal field is imposed in the z—direction it is such that 0.2 <B:/Bp <
4 where B, is the maximum poloidal field. Straight forward calculations of the magnetic Rey-
nolds number from the finite size particles collision frequency yield S=800 . However since the
current flow is in the ignorable z direction, the actual collisionality may be regarded as much
smaller than the in—plane value and S greater than the above value.

It should be noted that our model is limited by the periodic boundary con litions imposed on
both the particles and fields. Moreover, the system sizes used only describe a few collisonless
skin depths, ion Larmor radii and Debye lengths. We are actually looking at rather microscopic
x—points and o—points.

M. MAGNETIC RECONNECTION
We discuss the compressible cases without toroidal field first and those with toroidal field
next. The “collisionless” reconnection rate in both cases is measured and compared with theory

and similar MHD simulations.
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Fig. 1 Time evolution of the magnetic field lines in the 128 X 32 case with B./B, = 0. (Leboeuf,
Tajima, Dawson, 1982)
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Fig. 2 Time evolution of the current density in the 128 X 32 case with B:/By, = 0. The dotted
contours indicate regions of maximum plasma current. (Leboeuf, Tajima, Dawson, 1982)

The evolution of the field lines in the 128 X 32 case (B:=0) is shown in Fig. 1. The cor-
responding plasma current density is displayed in Fig.2. The various stages of evolution consist
of a current sheet formation at the center of the system, break—up of the current sheet to form
a chain of x—points and o-points, i.e. establish a sheet pinch configuration, swelling of the is-
lands by reconnection and finally coalescence of the islands. All of these phenomena happen wi-
thin 2 to 4 Alfvén times. As the current increases in the strips, an equivalent amount of cur-
rent is returned through the plasma. (Note the external current is maintained throughout the
simulations.) Pinching occurs and induces a flow (Vy = £ Ji X B%) through the x—pointsand
into the o-points where the plasma remains trapped. The attractive force between the so—formed
plasma filaments induces coalescence. The external circuit is coupled to the plasma and is the
source of free energy.  The events described are forced on the plasma by the external circuit and
in that sense we are looking at forced reconnection.

In the 256 X 16 case (B: =0), the change in magnetic topology is best illustrated by the
plasma current density. Tearing of the long and narrow current sheet induces 16 islets. They
eventually coalesce pairwise down to one island, as shown in Fig. 3.

Tajima (1982) found that when a constant toroidal field B. of strength B: isadded to the
above configuration things happen in a qualitatively similar fashion for B: < B, the maximum
poloidal field, as when B: = 0 in terms of topological changes. In particular the violent coa-
lescence instability is still seen. When B: =B, however, the current sheet -still tears into
many islets but the coalescence instability does not occur (within the simulated time scales).
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Fig. 3 Time evolution of the current denstty in the 256 X 16 case with B:/B, = 0. (Leboeuf,
Tajima, Dawson, 1982)

For Bt = By 1i.e. strong field perpendicular to the plane of the simulations, the plasma is
strongly magnetized (pe < 4, o1 < 34) and cross—field motion of the particles is strongly im-
paired except through E X Bspatial diffusion, i.e. the plasma is nearly incompressible since ¥ -
v=p + (EX B) =0. In this case many islets lead to turbulence of tearing modes. Each
mode has a lifetime roughly the inverse of the linear growth rate. A renormalized turbulence
theory was constructed by Tajima (1982) based on this observation. The flux increases with a
time exponent smaller than predicted by Rutherford (1973 ) or Drake and Lee (1977) and may
be explained by this turbulent tearing mode theory. In the collisionless tearing turbulence the
magnetic fluttering—induced electron response adds the essentially new physics.

Measurements of the poloidal flux trapped in one island or islet (private flux) as a function
of time for B:/B, = 0.2 (128 X 32 case) and B: /B, =2 (256 X 16 case) are shown in Figs.
4a and 4b resspectively. In the weak toroidal field case, a linear phase, which encompasses the
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Fig. 4 Time evolution of the private poloidal flux in a) the 128 X 32 case with B./B, = 0.2 and
b) in the 256 X 16 case with B: /B, =2. &, represents the electron gymofrequency
measured with respect to the maximum poloidal field. (Tajima, 1982)

island swelling stage, preceds the explosive coalescence one. For the strong toroidal field case,
the rise is linear in time over ten times longer time scales and the flux increase is 107 times
smaller.

MHD simulations of magnetic reconnection driven either by external currents pinching the
plasma by Brunel, Tajima and Dawson (1982) or by the coalescence instability of an equilibrium
chain of magnetic islands by Bhattacharjee, Brunel and Tajima (1983) show similar behavior.
It is found that fast magnetic reconnection may consist of more than one stage. After the
Sweet—Parker phase ( Parker, 1979) is established for an Alfvén time, a faster second phase of
reconnection takes over if the plasma is compressible. The Sweet—Parker flux is

i vz Va 1z
¢’Sp(t) :77”231)(3/:61) ( ) ( ) t, (1)
Ne L
where ne and n; are the densities outside and inside the current channel, a the current channel
width, 7 the resistivity-, L the length of the reconnecting region, By, the poloidal field and
va the Alfvén velocity. Our basic equations to describe the system have been reduced in order
to gain reasonable analytical expressions and straightforward understanding of the underlying phy-
sics:

( outside)
0
9 v xB,, (2)
pé +B: /8x=pf +Bi /8x~p: (3)
(inside)
0
%ﬁ/VHWﬂBP/a , (4)
ne Lvi=mnmi au . (5)
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The left-hand side of Eq. (5) is the particle flux outside the separatrix, while the right—hand
side is that within the separatrix. The first equations (Eq. (2) and Eq. (4)) are the mag-
netic flux equations, i.e. Faraday s law, while the second equations (Eq. (3) and Eq. (5)) are
related to the equations of motion of the plasma. As is expected, the outside solution should be

the MHD solution according to Eq. (2). The velocity u in the internal layer was determined
to be

u~va =Be /(47 Mn:)"? (6)
by Brunel and Tajima (1983). Using Eqs. (2) —(6) the second phase flux is calculated to go as
¢=gsp(ta) (t/ta)™me . (7)

Scalings of ¢oct* have been obtained in the pinching cases. Coalescence driven reconnection

yields scalings up to ¢ o< #? for the compressible cases, but ¢ o< t when a large toroidal field
is applied.

IV. ENERGETICS
We concentrate here on cases with 0 < B: /B, < 0.2 or compressible situations. A sum-

mary of the behavior of the various components of the temperatures for the 128 X 32 case with
B: = 0 is given in Fig. 5.

5

T, (1)/T,(0)—~

n
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T(t)/T,(0) —

0 200 400
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Fig. 5 Time evolution of the temperatures in all three directions in the 128 X 32 case with B¢/Bp
= (. for a) electrons and b) ions. The full curve refers to the x—direction, the crosses and
circles to the y and z ones respectivelv. (Leboeuf. Taiima. Dawson. 1982)

No sizable increase is detected in the current sheet formation and tearing phases, just the adia-
batic compression component associated with the external current rise in the strips. As the is-
lands coalesce, fast increase in the temperatures is apparent. Most of the increase is concent-
rated in the x—direction, where the ion temperature in the merged phase is on average 30 times
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its initial level.
tions.
in the merged phase.

The ions achieve a higher temperature than the electrons in all three direc-
Note the large oscillations in the ion and electron temperatures with a period 7 = 60/ wpe
The momentum distribution functions of electrons and ions in the x—direc-

tion displayed in Fig. 6 exhibit bulk heating and symmetric high energy tails at late times. As

shown in Fig. 7, an even more pronounced increase in temperature is obtained from the successive

coalescence events of the 256 X 16 case with B

1000}~

Flpy) —>

=0.

1, £)/7,(0) —>

T/ 0 —

py/myc—
Fig. 6
Fig. 6 Momentum distribution functions in the x—direction for the 128 X 12 case with B:/B»
= 0. and for a) electrons and b) ions at wpe t =50 (full bold curve: island formation

stage), wpe t =225 (dotted curve: coalescence phase), wpe t = 325 (full thin curve:
merged qtate.). The momenta are normalized to me ¢ for the electrons and M; ¢ for
the ions. (Leboeuf, Tajima, Dawson, 1982)

Fig. 7 Time evolutipn of the temperatures in all three directions in the 256 X 16 case with Bt

/Bp =0. for a) electrons and b) ions. The full curve refers to the x—direction, the
crosses and circles to the y and z ones respectively. (L eboeuf, Tajima, Dawson, 1982)

Results for the compressible
128 X 32 case with B¢/Bp= 0.2
are displayed in Fig. 8. Fig. 8a
is a plot of ion temperature ver-
sus time. . Again sharp increase
upon coalescence followed by os-
cillations is apparent. Fig. 8b,
which represents the ion ditribu-
tion function in the x-direction
shows bulk
heating and symmetric tails.
Fig. 8cis aplot of the ion
distribution function along the
toroidal field. It shows three
regimes. First the bulk, then
the exponential section f, (pz)

—P./Py)

after coalescence,

=exp(
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Fig. 8 Various data from 128 X 32 case with B./Bp, = 0.2. a) Time

evolution of the ions temperature. Phases.1 and 2 are the tearing
growth and saturation phases, phase 3 is the expjosive coalescence
phase. The period of temperature oscillations in the merged phase
is ¢ ~ ra b) ion distribution function in the x—direction and in
the merged state. c¢) Ion distribution function in the z-direction
and in the merged state. The thermal momenta are indicated by
tickmarks near p = 0. Momenta are normalized with respect

to Mi ¢. (Tajima, Brunel, Sakai, 1982)
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and third the flat distribution extending up to the relativistic factor y ~ 2 in the relativistic
region, where p§ /2M: = 10x (bulk temperature). The bulk ion heating in the is
attributed to the adiabatic heating”; the exponential heating in the x and z directions are in-
ductive in nature. The hot flat long tails in the x and z directions are due to acceleration by
the magnetosonic shock ( Tajima et al., 1983). The maximum energy may be estimated based
on the Alfvéen Mach uumber. Most of the energy of the particles still belongs to the bulk com-
ponent, however.

We have seen that the total flux reconnection of two islands takes place within 1 to 2 Al-
fvén times. The magnetic energy contained in the islands is explosively released into kinetic en-
ergy as seen in Figs. 6, 7 and 8. The amount of available potential energy Wc¢ by attracting
two toroidal current rods I of radius a with separation L is

We=—=21%/c* ¢n(L/a) . (8)

Our simulations show that about 1/6 of the energy Wc was transferred to kinetic energy upon
coalescence in the 128 X 32 case with Bt = 0. This amount of energy conversion is about two
magnitude above that during the tearing process. The oscillations in temperature observed in the
128 X 32 cases are found to be magnetosonic ones with a frequency w=Xkva, where k =27/a, a
the current channel width and va calculated according to the magnetic field measured at the is-
land. These temperature oscillations can be attributed to the overshooting of the two coalescing
and colliding current filaments. Once the two filaments merge, they are bound by the common
flux and the resulting island shape oscillates from prolate to oblate on the time scale of the
temperature oscillations. The colliding plasmas cause turbulent flows within the final island
and the originally directed energy is eventually dissipated into heat. The turbulent mixing inthe
island also cause the bulk heating observed on the distribution functions.

Similar features have also been observed in 2—D Eulerian MHD simulations of the coales-
cence instability of magnetic islands formed by nonlinear tearing modes ( Wu, Leboeuf, Tajima
and Dawson, 1980). A sheet—pinch configuration is modeled. Initially small perturbations con-
sisting of two linearized eigenfunctions are imposed: one with a wavelength A = L/2 and a sma-
ller perturbation with A = L, L being the system size. The perturbation with L/2 gives rise to
the formation of two magnetic islands at the stage of the nonlinear tearing mode. These
islands then interact with each other due to the presence of the smaller perturbation with wave-
length A = L; they coalesce and merge into larger units. The time evolution of the fluid kine-
tic energy for an MHD case with S = 2000 is displayed in Fig. 9b, alongside a temperature
plot for the 128 X 32 case with Bt = 0, The initial increase in energy up tot = 120 za  cor-
responds to the exponential growth of the L/2 perturbation with linear growth rate 7.,z = 9.6
X 107%. By t = 720ra, the perturbation with wavelength A = L(y.=1.2 X 1072) has rea-
ched a large enough amplitude to trigger coalescence. During coalescence, the fluid energy rises
almost exponentially with growth rate yc = 3.8 X 1072 (y7c¢>71, yiz). While the kinetic ener-
gy only accounted for 0.04% of the magnetic energy up to t = 720 ra, it accounts for 10% of
it in the merged phase, 220 times the saturation value for the island formation stage. In the
merged phase, the kinetic energy presents oscillations whose priod 7= 80 7., with ra defined
with respect to the asymptotic field, rughly equivalent to oscillations at the Alfvén frequency
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Fig. 9 Comparative data from particle simulations and MHD simulations. a) Ion ( full curve)
and electron (dotted curve) temperatures in the x—direction for the 128 X 32 case with
B:/Br = 0. polotted as a function of time. b) Time evolution of the kinetic energy
for the MHD simulation of island coalescence induced by nonlinear tearing modes with
S = 2000. Note the oscillations on both at 7 ~ 7 with the poloidal field measured
at the island. (Wu, Leboeuf, Tajima- Dawson, 1982) ,

determincd with the field at the island. ‘These oscillations and the larger energy gain upon coa-
lescence are similar to what we observe in the particle simulations.

V. APPLICATION TO SOLAR FLARES

Recent direct observations in soft X-rays (Howard and Svetska, 1977) of interconngcting
coronal loops spur the theorist to consider loop coalescence as an important process for solar
flares and coronal X-ray brightening phenomena. Another recent observation (Forrest et al.,
1982) of amplitude oscillations in gamma-ray emission fromthe impulsive phase of a solar flare
adds curiosity and an important clue to the underlying physical process. The nonlinear develop-
ment of the coalescence instability of the current loops might provide a coherent explanation of
the above observations ( Tajima, Brunel and Sakai, 1982). Some of the results presented here
offer a quantitative and natural explanation of such known characteristics as the impulsive na-
ture of flares, the time scale of the impulsive phase, intense heating by flares, and formation
of the high energy tails on the particle distributions.

The following scenario has been proposed by Tajima, Brunel and Sakai (1982). The flare
loop slowly expands after it emerges from the photosphere as the toroidal field curvature of the
loop makes the centrifugal motion. In time, the toroidal current J: builds up, increasing the
poloidal magnetic field Bp. As the poloidal field B, reaches the critical value that is of the
order of magnitude B:, the adjacent flare current loops can now coalesce rapidly facilitated by
the fast reconnection process governed by Eq. (7), the faster second phase. Such a fast coales-
cence of flare loops proceeds explosively once in its nonlinear regime in a matter of one or two

Alfvén times, releasing more than one-tenth of the magnetic energy into (ion) kinetic energy.
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For the flare loop magnetic field (100 Gauss) with current rod size (a = 10%cm), the energy
density is We ~0.5 X10%° #n(L/a) ~ 1.5 X 10?° erg/cm and the energy available in length
= L(~10°cm) is E=1.5 X10%erg for a =10%, d =L =10° and E=1.5 X10% erg for a =10°,
d =L =10'"°. The released ion energy is Eion ~E/6 and is in between 2 X 10?® and 2 X 10%°
erg due to coalescence. This amount of energy is in the neighborhood of the solar flare energy
(Sturrock, 1980). These energies can be releasgd during the impulsive phase as well as during
the main phase.

With this magnetic field, the Alfvén time is of the order of 1-3s, which is approximately
the time scale for fast coalescence. The time scale for the impulsive phase is observed to be
of the order of a few seconds. The sudden nature of the impulsive flare phase (Sturrock, 1980)
is thus explained by increasing the fiejd aligned current and by the faster secend phase reconnec-
tion in the course of coalescence. The field aligned particle distribution f(p.) of Fig. 8 should
represent approximately the energy observed in gamma rays from the flare loop interface with the
photosphere where the energetic pbrticles react with dense photospheric nuclei. The X-ray spec-
tra represent the electron energy distribution, which also shows the oscillatory characteristics in
parallel with the ions characteristics. Observation of these radiation spectra by Chupp, Forrest
and Suri (1975) shows that the soft X-ray energy domain (up to 400 keV) and hard X-ray do-
main (up to 7 M MeV) have different distribution characteristics: in the hard X-ray domain
(700 keV-7 MeV) the energy spectrum is exponential. This type of characteristic seems to
match the simulation results of Fig. 8, where the particle distribution breaks into the bulk, the
exp(—pz/po) domain (energy up to a typical temperature 10-50 times of the bulk temperature),
and the flat low—population relativistic domain. The amplitude of the oscillation (~1  Alfvén
time) and its more minute characteristics, resemble what is reported of the solar gamma ray
amplitude oscillations (Forrest et al., 1982).

VI. DISCUSSION

We have examined through collisionless particle simulations some of the phenomena associa-
ted with current sheet formation, tearing of the sheet to form a chain of x—points and o—points
and finally island coalescence. The analysis of these phenomena is far from complete. = Never-
theless, the measured reconnection rates in the island formation stage can be matched with the-
oretical results from an analysis which is a modification of the Sweet—Parker reconnection rate
by plasma compressibility. The effective resistivity is supplied in the collisionless case by wave
—particle interactions and turbulent electron orbit modifications. The coalescence instability
leads to an explosive increase of the reconnection rate. The consequences of tearing on the pla-
sma are minimal in terms of particle energy gains. The consequences of the coalescence insta-
bility are large ion temperature increases and large temperature oscillations in the merged phase.
The energy increase is accounted for by the loss of potential energy of the attracting current fi-
laments, i.e. loss of poloidal magnetic energy. The oscillations in temperature are explained
simply by the oscillations of the merged island at its magnetosonic frequency. It has been in-
teresting to note that similar phenomena are observed in MHD simulations of reconnection and
island coalescence even though both types of simulations cover vastly differing spatial scales.
Finally, the nonlinear development of the coalescence instability seems to account for the im-
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pulsive nature of some types of solar flares, their time scale, intense plasma heating by flares
and formation of high gnergy tails on the particle distributions.
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Triangular Factorizations and Matrix
Riemann-Hilbert Problems

Tsutomu KAWATA

An important type of MX M-th spectral problems are studied for developing its inverse
scattering theory. Under the assumption of the potential on a compact support, we showthat the
spectral solution can be continued analytically into the upper or lower spectral plane and result
in triangular states at x=* oco. The trianqular factorization of the scattering matrix is studied
generally and the inverse problems reduced to a “principal” type of Riemann—Hilbert problems.
The scattering data is given by the “strongly” triangular matrices for the scattering matrix. For
M=<3 the Gel " fand-Levitan integral eguation which solves the inverse problems systematically
derived, while this falls difficult for 4 =M.
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