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Abstract

Basic plasm a processes associated with driven collisionless m agnetic reconnection 
at the E a r th ’s dayside m agnetopause are studied on the basis of particle simula­
tions. A two-and-one-half-dim ensional (2 |-D )  electrom agnetic particle sim ulation 
m odel w ith  a  driven inflow boundary and an open outflow boundary is developed 
for the  present study. The driven inflow boundary  is featured w ith a driving electric 
field for the vector po ten tial, while the open outflow boundary is characterized by a 
vacuum  force free condition for the electrostatic potential. The m ajor findings are 
as follows. (1) The sim ulations exhibit both  quasi-steady single X line reconnection 
(SX R) and  in te rm itten t m ultiple X line reconnection (M XR). The M XR process is 
characterized by repeated  form ation and convection of m agnetic islands (flux tubes 
or plasm oids). (2) Particle acceleration in the M XR process occurs m ainly in 0  
line regions as particles are trapp ed  w ithin m agnetic islands, not in X line regions. 
The M XR process results in a  power law particle  energy spectrum  of f ( E )  ~  E ~4.
(3) F ield-aligned particle heat fluxes and intense plasm a waves associated w ith the 
collisionless m agnetic reconnection process are also observed. (4) W hen applied to  
the  dayside m agnetopause, sim ulation results show th a t the M X R process tends to  
generate a sim ultaneous m agnetic field p ertu rb a tion  on bo th  sides of the dayside 
m agnetopause, resembling the  observed features of two-regime flux transfer events 
(F T E s). (5) An intrusion of m agnetosheath  plasm a bulge into  the m agnetosphere 
due to  the  form ation of m agnetic islands may lead to the layered structures ob­
served in m agnetospheric F T E s. (6) In  the current sheet, the  enhanced tearing 
m ode instab ility  caused by the  driving force applied a t the driven inflow bound­
ary creates an energy source a t a specific wavenumber range w ith  k zL  ~  0.3 in 
the  m odal spectrum  of the m agnetic field B x com ponent. An inverse cascade of

iii
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the m odal spectrum  of B x leads to the form ation of the large-scale ordered m ag­
netic island structu res observed in the simulations. (7) In addition, the results of 
a theoretical study  show th a t the tearing mode instability, and hence the m agnetic 
reconnection at the  dayside m agnetopause, do not exhibit strong dependence on 
the m agnetosheath  (3 values.
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Chapter 1 Introduction

M agnetic field reconnection is believed to play a crucial role in many im portant 
plasm a processes, ranging from cosmic plasm a environm ents to controlled labora­
tory  plasm a experim ents. One of the  most im portan t features of m agnetic recon­
nection process is the  release and conversion in a very short tim e period of huge 
am ounts of energy stored in the m agnetic field into plasm a kinetic energy, accom­
panied by a change of m agnetic field topology. For exam ple, solar flares are a 
m anifestation  of such explosive energy release and conversion. For a typical solar 
flare, an energy of 3 X  1032 ergs can be released and  converted w ithin 30 minutes 
[e.g., P riest, 1985].

M agnetic reconnection was first proposed by solar physicists to  explain solar 
flares [e.g., Giovanelli, 1946, 1947]. The concept of m agnetic reconnection was 
then  applied to the  e a r th ’s m agnetosphere to explain the geomagnetic storm  and 
auroral activities [Hoyle, 1949; Dungey, 1961]. T he m agnetic reconnection process 
was subsequently identified in  o ther astrophysical and in terp lanetary  objects, e.g., 
Jovian m agnetosphere [Nishida, 1984] and com ets [Niedner, 1984], as well as in 
laborato ry  plasm as, such as tokam aks [Pare, 1984] and reversed field pinch (R FP) 
devices [Baker, 1984].

T here are several different ways to define the  m agnetic reconnection process. 
V asyliunas [1975] defined m agnetic reconnection as a process whereby plasm a flows 
across a  surface th a t  separates regions containing topologically different magnetic 
field lines. In this definition, the surface th a t separates different m agnetic field line 
regions is called a separatrix  and the two separatrix  branches intersect at a line
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called a separato r [Vasyliunas, 1984; Sonnerup, 1985]. The reconnection ra te  refers 
to the am ount of m agnetic flux transpo rted  per unit time across a  unit length of 
the separato r. The unit for the reconnection ra te  is the same as the unit of electric 
field.

T he basic reconnection geom etry is illustra ted  in Figure 1.1. T he field line a, 
originally located in dom ain 3, moves tow ard the separatrix  surface and lies in th a t 
surface a t location b. W hen reconnection occurs, the field lines at the separator 
break in to  com ponents c and d, located in dom ains 1 and 2, respectively. In general, 
however, the  m agnetic field along the entire separato r is not zero. Therefore, a  field 
com ponent By may be present along th a t line. The term  separator is synonymous 
w ith reconnection line, merging line, or X line. The phrases neutral line and null 
line are also used when the m agnetic field along the entire separator is zero.

A lternatively, some authors emphasize the electric field com ponent parallel 
to  the sep ara to r (E y) as the distinguishing characteristic of reconnection process 
[e.g., Cowley, 1976; Sonnerup, 1985]. In this case, magnetic field reconnection is 
defined to  occur in a plasm a whenever Ey is present along a m agnetic separator 
[Sonnerup, 1985]. The electric field, Ey, is proportional to the reconnection ra te  
defined above. Finally, o ther authors em phasize the localized breakdow n of the 
frozen-in field condition and the  resulting changes of connection as the basis of 
m agnetic reconnection [e.g., Axford, 1984]. They define magnetic reconnection as a 
process involving a violation of the m agnetohydrodynam ic frozen field theorem  in 
which higher order effects such as resistivity, norm ally negligible in the large scale, 
become locally dom inant w ith d ram atic  consequences in the natu re  of the  large- 
scale flow and m agnetic field configuration which could not be achieved otherwise.

These three definitions of m agnetic reconnection are equivalent. For exam ­
ple, Vasyliunas [1975] argued th a t the  plasm a flow across a separatrix  requires an

2
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Figure 1.1 Basic geometry for the magnetic field reconnection process 
[Sonnerup, 1985].

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



electric field com ponent E || along the separator, which in tu rn  implies a localized 
violation of ideal O hm ’s law and  breakdown of the frozen-in field condition [Baum 
and B ratenahl, 1980; Vasyliunas, 1984). Specifically, if an electric field component 
Ey is present along the separator, the plasm a will move across the separatrix  under 
the influence of E  x B  force. On the o ther hand , the topology of m agnetic field 
is changed when a plasm a flows across the separatrix , leading to the  presence of 
an induction  electric field E || along the separator. If a plasm a is frozen-in w ith 
m agnetic field, then it cannot move across any m agnetic field lines; whereas, if a 
plasm a flows across a separato r th a t is also a  part of m agnetic field line, then the 
frozen-in field condition is violated in the vicinity of the separatrix; and vice versa.

To fu rth er illum inate the  concept of m agnetic reconnection, an example of 
the  tim e evolution of m agnetic field configuration in a laboratory  reconnection 
experim ent is shown in Figure 1.2 [Gekelman et al., 1982]. The reconnection process 
is illu stra ted  by the topology change of the pair of field lines a  — a and 6 — 6 (heavy 
lines). D uring reconnection, p lasm a and m agnetic flux are transferred from cells 1 

and 2 to  cells 3 and 4. The separato r is located at the center of the  figure, along 
w ith the reconnection electric field Ey, is perpendicular to the plane of the paper.

As an effective m echanism  for energy release and conversion, m agnetic field 
reconnection has a ttra c ted  a  lot of a tten tion  am ong theoretical, experim ental, and 
com putational physicists [e.g., see Magnetic Reconnection in Space and Laboratory 
Plasmas ed. by Hones, 1984 and Physics of Magnetic Flux Ropes ed. by Russell 
et al., 1990]. M agnetic reconnection has been used to explain solar flares, mag- 
netospheric storm s and substorm s, and m any o ther plasm a processes observed in 
n atu ra l and laborato ry  p lasm a environm ents. M agnetic field reconnection is now 
believed to  be one of the m ost im portan t processes in the  transfer of solar wind 
m ass, m om entum , and energy into  the  e a r th ’s m agnetosphere [e.g., Vasyliunas,

4
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Figure 1.2 The time evolution of magnetic field configuration in the labo­
ratory reconnection experiment [Gekelman et al., 1982],
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1975; Sonnerup, 1979; Cowley, 1982; Haerendel and Paschm ann, 1982; Pudovkin 
and Semenov, 1985; Lundin, 1988; Heikkila, 1990].

The discovery of flux transfer events (FT E s) [Russell and Elphic, 1978, 1979] 
provided the first observational evidence for magnetic reconnection at the e a r th ’s 
dayside m agnetopause [Paschm ann et al., 1979; Sonnerup et al., 1981]. O bser­
vations of F T E s based on ISEE 1 and ISEE 2 satellites, as well as the recent 
A M P T E /U K S , A M P T E /IR M , and A M P T E /C C E  spacecraft, reveal many new fea­
tures associated with F T E s th a t have dram atically changed our understanding of 
the reconnection process a t the  dayside m agnetopause [see recent review by Russell, 
1990; Elphic, 1990]. It is now well accepted th a t the  dayside m agnetic reconnection 
is an in te rm itten t process ra th e r than  the steady-state  process suggested by Dungey 
[1961].

Satellite observations have revealed th a t many distinct m agnetic field and 
p lasm a characteristics are associated with FTEs. These characteristics include the 
b i-polar B n signatures [Russell and Elphic, 1978, 1979; Rijnbeek et al., 1984], the 
high-speed plasm a flows [Saunders et al., 1984], the presence of a m ixture of mag- 
netosheath  and m agnetospheric plasm a populations [Speiser and W illiams, 1982; 
R ijnbeek et al. 1984], and the presence of energetic particles and particle heat flux 
[Daly et al., 1981; Scholer et al., 1981; Sonnerup et al., 1981; Daly and Kepler, 
1983; Sibeck et al., 1987; Scudder et al., 1984; Thom sen et al., 1987; K lum par et 
al., 19891.

O bservations of F T E s have fascinated many researchers in the space physics 
com m unity. Various theoretical models have been proposed and m any com puter 
sim ulations have been carried out to  exam ine the features associated w ith FTE s. 
One of the many a ttem p ts  to  explain the occurrence and properties of F T E s is 
the  m ultip le X line reconnection (M XR) model proposed by Lee and Fu [1985] and
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sim ulated by Fu and Lee [1985]. In the Lee-Fu m odel [Lee and Fu, 1985], multiple 
X line reconnection can be considered as a m agnetic reconnection process between 
two approaching m agnetized plasm as, carrying opposite-directed m agnetic fields. 
M ultiple X line reconnection is not a steady process. At first, the reconnected m ag­
netic field lines form  m agnetic flux tubes. T hen , as the magnetic flux tubes grow 
to a  size much larger th an  the original current sheet thickness, the reconnection of 
m agnetic field lines will slow down and  eventually stop due to  nonlinear saturation  
of the  tearing  mode instability. Subsequently, reconnection will resume when the 
sa tu ra ted  m agnetic flux tubes are convected out of the reconnection region. Re­
peated  form ation and convection of m agnetic flux tubes during the M XR process 
would lead to  the  observed features of FTE s at th e  dayside m agnetopause. Fu and 
Lee’s sim ulation [Fu and Lee, 1985] and o ther MHD sim ulations of M XR process 
perform ed by Lee and Fu [1986], Fu and Lee [1986], Shi et al. [1988], Fu [1989], 
and Fu et al. [1990] have confirmed the above speculation.

A lthough MHD sim ulations provide much useful inform ation abou t the mag­
netic reconnection and  F T E s, the plasm a kinetic effects associated w ith the day­
side m agnetic reconnection process and F T E s, such as the generation of energetic 
particles and particle  heat flux, can rarely be stud ied  based on MHD simulations. 
Furtherm ore, in MHD sim ulations of the  m agnetic reconnection process, the anom a­
lous resistiv ity  th a t  is required for reconnection to  take  place has to  be arbitrarily  
assum ed. T he assum ed spatial and tem poral variations of resistivity may not be 
realistic in th e  collisionless m agnetospheric plasm a. For this reason, it is im portant 
to use particle  sim ulations to study the particle kinetic features associated with 
collisionless m agnetic reconnection process a t the  dayside m agnetopause. The p ar­
ticle code has a  d istinct advantage over an MHD code in the sim ulation study of 
the m agnetic reconnection process. In a particle code sim ulation, the anomalous

7
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resistivity can be generated naturally  by the non-MHD effects, such as particle in­
e rtia  a n d /o r  wave-particle in teraction  in the collisionless plasm a [Vasyliunas, 1975; 
Sonnerup, 1979].

This thesis reports on a series of particle sim ulations of the dayside m agnetic 
reconnection process. In  the sim ulations, bo th  one-component (ions only) particle 
code and two-com ponent (ions and electrons) particle code are used. Many features 
associated w ith  the  dayside m agnetic reconnection process, such as the acceleration 
and  heating  of particles, the  generation of energetic particle and particle heat flux, 
and the generation of plasm a waves are exam ined in the sim ulations. The field 
and  particle signatures obtained  in the sim ulations are com pared w ith the satellite 
observations of F T E s at the dayside m agnetopause.

Specifically, th is thesis is organized as follows: C hap ter Two presents an
overview of the  historical development of the concept of m agnetic field reconnec­
tion , the  observational features of F T E s, and the Lee-Fu M XR model. In C hap ter 
Three, the  linear theories of collisional and collisionless tearing mode instabilities 
are reviewed; also exam ined is the effect of plasm a /3, the ra tio  of plasm a pressure 
to  m agnetic pressure, on the  tearing  mode instabilities. C hap ter Four presents 
the m agnetoinductive particle sim ulation model used in the present study  and the 
boundary  conditions necessary for the sim ulation of the  driven collisionless m agnetic 
reconnection process. The one-com ponent particle sim ulation of the dayside m ag­
netic reconnection process is reported  in C hap ter Five, where application of sim­
ulation  results to  flux transfer events is also discussed. Based on two-com ponent 
particle  sim ulations, the driven collisionless m agnetic reconnection process is ex­
am ined in C hap ter Six and th e  results are com pared w ith satellite observations of 
FT E s. This chapter fu rth er exam ines the driven collisionless m agnetic reconnection 
from  ano ther point of view, the perspective of self-organization. In C hap ter Seven,

8
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particle acceleration processes in the collisionless m agnetic reconnection are studied 
based on full particle  code sim ulations. Finally, a sum m ary and discussion on the 
present thesis study  is included in C hapter Eight.

9

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 2 A n Overview of Magnetic Field Reconnection and 

Flux Transfer Events

Since Giovanelli [1946, 1947] proposed the neutral sheet model for solar flares, 
m agnetic reconnection process has been studied for more than  four decades. After 
Dungey [1961] applied the concept of magnetic field reconnection to the ea rth ’s 
m agnetosphere and Russell and Elphic [1978, 1979] discovered flux transfer events 
(F T E s) a t the  dayside m agnetopause, m agnetic reconnection process has been ac­
cepted as one of the prevailing mechanisms for in teraction  between the solar wind 
and  the  m agnetosphere. In one of the many a ttem p ts to explain FT E s, Lee and 
Fu [1985] proposed a m ultiple X line reconnection model for the  dayside magne­
topause. This chapter contains an overview of the historical development of the 
study of m agnetic field reconnection, the observational features of FT E s, Lee and 
Fu’s M XR model and o ther theoretical FTE  models, and com puter sim ulations of 
the dayside m agnetic reconnection.

2.1 Historical Development of the Concept of Magnetic Field Reconnec­

tion

The concept of m agnetic field reconnection (m agnetic field line m erging, or m ag­
netic field annihilation) was originally proposed by solar physicists to  explain solar 
flares based on the neu tra l point theory. Giovanelli [1946] first proposed th a t the 
optical emission from solar flares originates from atom s excited by electrons which 
are accelerated in the induced electric fields near neu tra l points in the evolving

10
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m agnetic fields of sunspots. Fascinated by the  rem arkable resemblance between 
m agnetic storm s and solar flares, Hoyle [1949] suggested th a t the prim ary auroral 
particles which bom bard the e a r th ’s polar atm osphere are accelerated at neutral 
points form ed by the  com bination of an in terp lanetary  field and the geomagnetic 
field.

The application  of m agnetic reconnection theory to the ea rth ’s m agnetosphere 
was form ally com pleted by Dungey [1961], who proposed an open m agnetosphere 
model in which the in terp lanetary  m agnetic field (IM F) connects w ith the geomag­
netic field b o th  a t the dayside m agnetopause and in the nightside m agnetotail. A 
schem atic d iagram  of D ungey’s model is sketched in Figure 2.1. Region 1 repre­
sents the  e a r th ’s in ternal m agnetic field, while region 2 is the external geomagnetic 
field. T he thick lines are the separatrices. The open field lines in region 3 are con­
nected to  bo th  the in terp lanetary  m agnetic field and the geom agnetic field. The 
field lines on the  left side represent the southw ard IM F. Two X lines are present, 
ind icating  m agnetic reconnection a t both  the  dayside m agnetopause and the m ag­
neto tail. In D ungey’s model, m agnetic reconnection in the e a rth ’s m agnetosphere 
is a  steady -sta te  process.

M athem atically, m agnetic field reconnection process is governed by the m ag­
netic induction  equation,

d B  c2n2 -  =  V x (U  x B ) +  —^ V 2B  (2.1)
o t  47T

where B  is the  m agnetic field streng th , t is tim e, U  is the plasm a flow velocity, c is
the  speed of ligh t, and 77 is the resistivity. This equation is derived from  Maxwell’s
equations and  O hm ’s law. If the second term  on the right hand  side of (2.1) is much
larger th a n  the  first term , then (2 .1) reduces to  the  m agnetic diffusion equation,

d B  c2n -
« r  -  i 7 v  B  < 2 -2 >
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Figure 2.1 A schematic diagram of the open magnetosphere model pro­
posed by Dungey [1961], in which magnetic reconnection takes place both 
at the dayside magnetopause and in the nightside magnetotail.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



O n the o ther hand, if the first term  dom inates, then (2.1) becomes the magnetic 
convection equation,

—  =  V X (U  X B ) (2.3)

T he ratio  of the first term  to the second term  on the right hand side of (2.1) 
yields a  dim ensionless quantity, the m agnetic Reynolds num ber R m =  4 n U L / c 2 t j , 

where U and L  are respectively the characteristic speed and scale length of the 
physical process concerned. A large m agnetic Reynolds num ber obviously shows 
th a t m agnetic convection is im portan t, while a small m agnetic Reynolds num ber 
indicates th a t m agnetic diffusion is dom inant.

It is clear from the above th a t the basic m agnetic field configuration for the 
reconnection process consists of two parts: a diffusion region and a convection re­
gion. T he diffusion region is a small dom ain in the neighborhood of the magnetic 
neu tra l point. In the diffusion region, the scale length (Td) is small and the  resis­
tiv ity  (ty) is im p ortan t, leading to a small m agnetic Reynolds num ber (R m), and 
diffusion of m agnetic fields dom inates the process. The convection region is the 
ou ter p a r t of the reconnection configuration. Here the  scale length (L c) is large 
and  the resistiv ity  (ry) is u n im portan t, resulting in a  large m agnetic Reynolds num ­
ber, and the  plasm a and m agnetic fields are frozen-in and move together because 
of the negligible m agnetic field diffusion.

A steady-sta te  reconnection configuration can be obtained when m agnetic field 
configuration does not change w ith  tim e, i.e., d B / d t  =  0. To describe the steady- 
s ta te  m agnetic reconnection process, several theoretical models have been proposed 
[Parker, 1957; Sweet, 1958; Petschek, 1964; Sonnerup 1970; Yeh and Axford, 1970].

13

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



As pointed out by Vasyliunas [1975], the above theoretical models are fundam en­
tally  consistent, representing different aspects of the reconnection process. Some 
characteristics associated w ith different models will be briefly described below.

The first reconnection model th a t describes the  diffusion region in a neutral 
sheet was proposed by Parker [1957] and Sweet [1958]. In the Sweet-Parker model 
(F igure 2.2a) opposing m agnetic field lines are carried by the plasm a toward the 
diffusion region. T he length  of the diffusion region is 2L  and the w idth is 26. If 
the  inflow and  outflow speeds respectively are U\ and U2 , then  it is found from the 
conservation of plasm a mass th a t U\L  — U2 6 , and  hence

U2 = ~ U 1 (2.4)

for an  incom pressible fluid w ith  p\  =  p 2 =  p. If the m agnetic field outside the 
current sheet is B 1, then  from  the  m om entum  equation it is obtained th a t B \  / 87r =  
pU 2 /2,  and hence,

Ul = 7 S rP =  Vai  (2-s)
where Va \ is the  Alfven speed based on B j. In the  diffusion region, the convection
of the m agnetic field is balanced by m agnetic field diffusion. Therefore, the  diffusion
tim e (td =  AnS2 / c 2rj) m ust equal the  convection tim e ( tc = 6 / U 1 ). W ith  14 =  tc, it 
is obtained  th a t

^ c2j7 / \
I  =  AirUiL (2‘6)

D uring m agnetic reconnection, the  reconnection ra te , w ith a  unit similar to 
th a t of electric field as discussed in C hap ter One, refers to  the am ount of magnetic 
flux transpo rted  per unit tim e across a  unit length of the  separator. However, a 
dim ensionless quan tity  (Alfven Mach num ber M a  =  U \ /V a \ )  is also used conven­
tionally as a  m easure of the  ra te  for reconnection process [Vasyliunas, 1975]. In the
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Figure 2.2 MHD reconnection models, (a) Sweet-Parker model [Parker, 
1957; Sweet, 1958] and (b) Petschek model [Petschek, 1964],
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following, to  distinguish the dim ensional reconnection ra te  from the dimensionless 
reconnection ra te , reconnection electric field (E r ) refers to the reconnection rate  in 
its dim ensional u n it, while the Alfven Mach num ber (M A ) refers to the dimension- 
less reconnection ra te . T he relation between the Alfven Mach num ber ( M a ) and 
the  reconnection electric field ( E r ) can be w ritten  as M a =  cE r / V a i B i . Since 
Ui =  M a Va \ is the  speed of the steady-state  m agnetized plasm a inflow toward 
the diffusion region, a  large reconnection rate  M a , hence a large inflow speed U\, 
indicates th a t more m agnetic energy is released and converted into plasm a kinetic 
energy; a small reconnection ra te  M a , hence a small inflow speed U\,  indicates tha t 
less m agnetic energy is released and converted. For the reconnection processes in 
the  solar atm osphere and the e a rth ’s m agnetosphere, a typical reconnection rate 
M a  w ith a  value of 0.1 ~  1.0 is needed.

From (2.4) — (2.6) and after some straightforw ard algebra, it is found th a t the 
reconnection ra te  ( M a ) in the  Sweet-Parker model can be expressed as

= h  -  (2 -7)

where R m = AttLV a i / c2?] is the m agnetic Reynolds num ber based on the  cur­
rent sheet length  L  and  the  Alfven speed V.A1. The typical value of the m agnetic 
Reynolds num ber (R m ) for solar flares is 108 ~  1010. Therefore, it is found tha t 
the  reconnection ra te  M a  in the  Sweet-Parker model is too  small, by a factor of 
10-5  to  10- 4 , to  account for the rapid energy conversion observed in solar flares. 
This is also true  for m agnetospheric substorm s.

In order to  increase the reconnection ra te , Petschek [1964] proposed th a t the 
diffusion region is confined to a small area only, w ith  four slow shocks a ttached  
to  the  central diffusion region, and the conversion of m agnetic field energy into 
plasm a kinetic energy is accomplished mainly through the acceleration and heating

16
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of plasm as by the  slow shocks. Figure 2.2b shows Petschek’s model, in which the 
length of the  diffusion region is only 2Z, while the scale length of the system  is 2L. 
The reconnection ra te  in Petschek:s model is found to have a weak dependence on 
the m agnetic Reynolds num ber, M a ~  l / ln ( /? m ). Therefore, a larger reconnection 
ra te  w ith a  typical value of 0.01 ~  0.1 is obtained.

A new reconnection model th a t also contains four slow shocks was developed 
independently  by Sonnerup [1970] and Yeh and  Axford [1970]. However, as pointed 
out by Vasyliunas [1975], in the Sonnerup-Yeh-Axford model, the plasm a flow to­
ward the diffusion region is a divergent flow, in which the plasm a experiences a slow 
mode expansion; in Petschek’s m odel, the plasm a flow is a convergent one, in which 
the plasm a experiences a fast mode expansion. The upper lim it of the reconnection 
ra te  ob tained  in the Sonnerup-Yeh-Axford model can be as large as \/2 4- 1.

In the ir study of linear steady-sta te  reconnection processes, Priest and Forbes
[1986] found th a t m agnetic reconnection configuration is very sensitive to  the con­
ditions im posed at the  inflow and outflow boundaries. They obtained a  unified 
family of models for incom pressible, steady-sta te  m agnetic reconnection processes. 
As shown in Figure 2.3, reconnection configurations o ther th an  the  Petschek and 
Sonnerup m odels, such as a slow compression model, a hybrid expansion model, 
and a flux pile-up m odel, may be obtained  as different special cases in this family 
of models, depending on the upstream  inflow boundary  conditions.

Recently, P riest and Lee [1990] proposed a nonlinear model for the fast steady- 
s ta te  m agnetic reconnection process. In the Priest-Lee model, the inflow region 
possesses highly curved m agnetic field lines, which is different from th a t in the 
classical Petschek m odel, and a  separatrix  je t of plasm a is ejected from the cen­
tra l diffusion region along the m agnetic separatrix . It is shown in Priest and Lee 
[1990] th a t boundary  conditions, bo th  a t the  upstream  inflow boundary and the
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(e ) Hybrid Exponaion (0 < b ,« 2 /- r )

( •  ) Sonnarup ( b , * l ) (f ) Flu* Plla-up (b0 > I )

Figure 2.3 A unified family of models for incompressible, steady-state mag­
netic reconnection [Priest and Forbes, 1986].
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dow nstream  outflow boundary, are im portan t in determ ining the reconnection con­
figurations; and, th a t plasm a outflow across the  separatrix  jet can be slowed down 
by fast-m ode shocks or speeded up by slow-mode shocks, depending on dow nstream  
boundary  conditions.

In the  above reconnection models, the m agnetic field configuration is sym m et­
ric abou t the  current sheet, i.e., the m agnitude of m agnetic field on both  sides of 
the  current sheet is the same. At the dayside m agnetopause, however, the mag- 
n etosheath  field generally is sm aller than  the m agnetospheric field. Therefore, the 
reconnection configuration at the dayside m agnetopause would be asym m etrical. 
Levy et al. [1964] applied Petschek’s reconnection model to the dayside m agne­
topause and  modified D ungey’s open m agnetosphere model. In the  model of Levy 
et al. [1964], shown in Figure 2.4, the m agnetospheric field is larger th an  th a t in 
the  m agnetosheath  side. Shocked solar wind p lasm a flows in from the left side only, 
w ith a vacuum  condition in the m agnetosphere on the right. P lasm a acceleration 
is accom plished through a large am plitude Alfven wave or ro tational discontinuity. 
A slow expansion fan is formed inside the m agnetopause. In Levy et al. model, 
the  reconnection ra te  could reach as high as 2. Recent sim ulation results of Shi 
and  Lee [1990] have shown th a t in asym m etric dayside reconnection configurations, 
in term ediate  shocks may also be form ed in the m agnetosheath  region, while weak 
slow shocks are formed inside the  m agnetopause.

All the  theoretical models for the steady-sta te  reconnection process described 
above are two-dim ensional and based on the  MHD equations. Except for Sweet- 
P arker’s m odel [Parker, 1957; Sweet, 1958], all o ther models are characterized by 
the  presence of slow shocks [Petschek, 1964; Sonnerup, 1970; Yeh and  Axford, 1970; 
P riest and Forbes, 1986] or large-am plitude in term ediate  waves and  slow expansion 
fan [Levy et al., 1964] in the external convection region. The incoming plasm a
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Figure 2.4 Levy et al.’s asymmetric reconnection model at the dayside 
magnetopause [Levy et al., 1964],
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is accelerated to the Alfven speed by the slow shocks or the Alfven waves. The 
features of the reconnection process in a collisional plasm a are described by these 
classical m odels based on MHD equations. However, in a collisionless plasma, the 
picture of the reconnection process is quite different.

The first collisionless, self-consistent neu tral current sheet model was proposed 
by Alfven [1968]. In  Alfven’s model, shown in Figure 2.5, a neutral sheet with 
B  =  0 lies in the x  — y plane between oppositely directed m agnetic fields. During 
the collisionless reconnection process, plasm a flows from both sides toward the 
neu tra l sheet under the  influence of the E  x  B  drift. W hen they reach the neutral 
sheet, particles are ejected in the ±y-direction  (+ y  for ions and —y for electrons). 
T he incom ing flux of plasm a kinetic energy and m agnetic energy are balanced by 
acceleration and ejection of the charged particles forming the current sheet. This 
current generates a self-consistent m agnetic field, w ith a gradient across the neutral 
sheet. N ote th a t in the collisionless neutral sheet m odel, plasm a is ejected at a speed 
com parable w ith the inflow Alfven speed along the direction of current, which is 
different from th a t in the  MHD neu tral sheet models. Alfven’s neutral sheet model 
was fu rther developed by Dessler [1968], Speiser [1970], Eastwood [1972], Cowley 
[1973], and Lyons and  Speiser [1985].

If the  current sheet system  is bounded by a plane of conducting walls separated 
by a  distance L , then  the to ta l po ten tial drop across the current sheet system  is 
uniquely determ ined by the self-consistent requirem ent. The to ta l potential drop, 
known as the  Alfven potential, was first derived by Alfven [1968]. It is given by

<2-8>
where B  is the m agnetic field outside the current sheet such th a t the inflow plasm a 
speed (U ) is c E / B , the  plasm a density in the current sheet region is N ,  and the
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Figure 2.5 Alfven’s [1968] collisionless neutral sheet model.
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m agnitude of an electron charge is e. The electric field is determ ined by E  = §  AjL .  
The reconnection ra te  for the collisionless neu tra l sheet system  is given by Cowley 
[1973] as

M a = t a = [ t ) (2-9)

23

where VA =  B / yjAirNmi  is the inflow Alfven speed, A{ — c / u pi is the ion inertial 
leng th , and ujvi = \ J A k N e2 /m.i is the  ion plasm a frequency. For both  solar flares 
and m agnetospheric substorm s, the ion inertial length  A, is generally much smaller 
than  the system  length  L.  Thus, the  reconnection rate  given by (2.9) is very small, 
sim ilar to  th a t obtained w ith the Sw eet-Parker model. Therefore, the above colli­
sionless neu tra l sheet models describe the  inner diffusion region for the collisionless 
reconnection process.

On the  o ther hand , a collisionless model for the external reconnection re­
gion is provided by Hill [1975], who generalized the Alfven-Speiser-Eastwood self­
consistency condition for a current sheet to  o b ta in  collisionless reconnection con­
figurations. A schem atic picture of Hill’s model is p lo tted  in Figure 2.6. The key 
feature of Hill’s collisionless reconnection model is th a t the m agnetic field reversal 
takes place m ainly along the current sheet (R). Across the four shocks (S), there is 
only a small am ount of field line bending. The m agnetic tension force associated 
w ith the central current sheet may provide m ost of the particle energization. Al­
though the acceleration m echanism  in Hill’s m odel differs from th a t of the MHD 
model, its p lasm a flow p a tte rn  is sim ilar to  th a t in Petschek’s model. T he reconnec­
tion ra te  in Hill’s model is closely related  to the angle (x) between the separatrix  
line and  the field reversal plane, so th a t

M a — sinycosx (2.10)
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Figure 2.6 Hill’s [1975] collisionless reconnection model.
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Collisionless m agnetic reconnection between arb itrarily  oriented asym m etric mag­
netic fields was also discussed by Hill [1975].

In the  early epoch of reconnection study, the a tten tion  of most researchers was 
concentrated  on the  sim plest reconnection process, i.e., two-dimensional, sym m et­
ric or asym m etric, s teady-state  m agnetic reconnection, based on either the MHD 
equations or collisionless p lasm a models [see reviews by Vasyliunas, 1975; Sonnerup, 
1979, 1985; Cowley, 1985]. For the reconnection process a t the e a rth ’s dayside 
m agnetopause, Levy et al. [1964] pointed out th a t a com ponent of m agnetic field 
norm al to  the m agnetopause and  high-speed plasm a flows should be observed at 
the  dayside m agnetopause as a  consequence of dayside m agnetic reconnection. The 
presence of the norm al m agnetic field com ponent would indicate th a t the magne­
tosphere is open, whereas the  presence of high-speed plasm a flows would indicate 
th a t p lasm a acceleration occurs when the m agnetic energy is converted into plasm a 
kinetic energy during the  reconnection process.

However, in  the late  1960s and early 1970s, these predicted signatures of an 
open m agnetosphere and the  reconnection process at the dayside m agnetopause 
were not observed as often as expected. Therefore, the reconnection process a t the 
dayside m agnetopause rem ained in doub t until the  ISEE satellites provided am ­
ple observational evidence [Russell and  Elphic, 1978, 1979; Paschm ann et al., 1979; 
Sonnerup et ai., 1981]. A lthough the  satellite observations confirmed th a t the recon­
nection occurs a t the  dayside m agnetopause, the observed characteristics of FTEs 
ind icated  th a t the  dayside m agnetic reconnection process is different from the pre­
dictions of D ungey’s steady-sta te  model. F urther observations of F T E s showed tha t 
the  dayside m agnetic reconnection is a three-dim ensional, in term itten t or patchy 
process [see reviews by Elphic, 1990; Russell, 1990]. W ith  these new observations, 
theoretical m odeling study  of th e  m agnetic reconnection process entered a new era,
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characterized by the  three-dim ensional, tim e-dependent reconnection models and 
large-scale 2-D and 3-D com puter simulations of m agnetic reconnections.

2.2 Observational Features and Theoretical Models of FTEs

In  the late  1970s, Russell and Elphic [1978, 1979] discovered a  distinct magnetic 
field and plasm a stru c tu re  in the ISEE satellite data . They identified this structure 
as a  flux transfer event (F T E ) in which magnetic flux is transferred  from the solar 
wind into  the e a r th ’s m agnetosphere. Subsequently, previous observations of im­
pulsive erosion of m agnetic flux tub es [Haerendel et al., 1978] were also identified as 
F T E s [Rijnbeek and  Cowley, 1984]. The discovery of FT E s m arked a new departure 
in  the  study  of the  reconnection process a t the dayside m agnetopause. Since then, 
the  in te rm itten t reconnection has become one of the  accepted hypotheses for the 
transfer of solar w ind m ass, m om entum , and energy into  the m agnetosphere at the 
dayside m agnetopause.

Over the  past decade, the  satellites ISEE 1, ISEE 2 , and HEOS 2 , have pro­
vided m any valuable observations of FTEs. Recently, high resolution measure­
m ents of F T E s have becom e available from the A M P T E /U K S , A M P T E /IR M , and 
A M P T E /C C E  spacecraft. So far, m any observational features of F T E s have been 
identified and  exam ined, including magnetic field B , electric field E , p lasm a waves, 
plasm a density, p lasm a tem pera tu re , plasm a flows, energetic particles, particle heat 
flux, and layered struc tu res inside the FTEs [e.g., Russell and Elphic, 1978, 1979; 
Daly et al., 1981, 1984; Scholer et al., 1981, 1982; Sonnerup et al., 1981, 1987; 
Cowley, 1982; Berchem  and  Russell, 1982, 1984; Paschm ann et al., 1982, 1986; 
R ijnbeek et al., 1982, 1984, 1987; Daly and K eppler, 1983; Rijnbeek and Cowley, 
1984; Saunders et al., 1984; Scudder et al., 1984; Daily et al., 1985; Heikkila, 1986;
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C haloner et al., 1986; Sm ith et al., 1986; Southwood et al., 1986; Elphic and South- 
wood, 1987; LaBelle et al., 1987; Farrugia et al., 1987, 1988; Thom sen et al., 1987; 
Papam astorak is et al., 1989; K lum par et al., 1989; Elphic, 1990; Gosling et al., 
1990].

Figure 2.7 shows an example of m agnetosheath  F T E s observed on O ctober 23, 
1978 by ISEE 1 (heavy line) and ISEE 2 (light line) [Saunders et al., 1984]. The 
p lasm a d a ta  are p lo tted  in the top  five panels, while the m agnetic field d a ta  are 
shown in the bo ttom  five panels. In Figure 2.7, N p  is the total plasm a density, while 
N p  and N e  a re respectively the  densities of energetic ions and energetic electrons. 
T he p lasm a bulk flow velocity is p lo tted , approxim ately, in the geocentric solar 
ecliptic (G SE) coordinate system . (T he origin of the  GSE coordinates is located  at 
the  center of the  ea rth , with X  pointing sunw ard, Z northw ard and  perpendicular 
to  the  ecliptic plane, and Y  duskw ard and com pleting the right-hand orthogonal 
triad .) V  is the  m agnitude of the bulk flow velocity, V \  and Vy are the  com ponents 
of the  bulk flow velocity. The m agnetic field d a ta  are p lo tted  in  the  boundary 
norm al coordinate system , in which Bpj is outw ard along the boundary  norm al, 
B l  is along the  projection of the  geocentric solar m agnetospheric (GSM ) Z-axis 
in  th e  m agnetopause plane, and B m  com pletes the orthogonal triad  and points 
westward [Russell and Elphic, 1978]. (The origin of the GSM coordinates is at 
the  center of the ea rth , w ith X  pointing sunw ard, Z northw ard and in th e  plane 
determ ined by X  and  the e a rth ’s m agnetic dipole, and Y  duskward and com pleting 
the  right-hand  orthogonal triad .) The field angle in the L — M  plane is defined by 
q im  =  ta n _ 1  ( B m / B l ) -  ISEE l ’s position is given at the base of the  figure in term s 
of geocentric radial distance ( R ) in  E arth  radii, and GSM local tim e ( L T q s m ) an^ 
la titu d e  (L A T g s m )• At 1326 U T ,  ISE E  1 and ISEE 2 were separated  by 5540 km 
along the iV-direction w ith ISEE 2 leading the orb it.
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Figure 2.7 An example of magnetosheath FTEs observed by ISEE 1 and 
ISEE 2 [Saunders et al., 1984].
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Figure 2.7 shows three m agnetosheath F T E s labelled by (a), (b), and (c). 
During each F T E , indicated  by the bi-polar signature in Bp/, energetic particle 
density increases, while the  to ta l plasm a density slightly decreases; plasm a bulk 
flow velocity and  m agnetic field strength  are enhanced. It is also observed th a t the 
m agnetic field com ponent and flow pertu rbations approxim ately satisfy the Walen 
relation  [Walen, 1944]: A v  =  ± A v ^ , where =  B / y /47T~p is the Alfven speed.

In addition  to  m agnetosheath  FT E s, m agnetospheric FTEs have also been 
observed inside the m agnetopause [e.g., Daly and Keppler, 1982; Berchem and 
Russell, 1984; Rijnbeek et al., 1984, 1987; Farrugia et al., 1987, 1988]. Rijnbeek et 
al. [1984] showed th a t the m agnetosheath  F T E s and m agnetospheric FTEs have 
sim ilar recurrence tim es and sim ilar scale sizes, and th a t the  m agnitude of the mag­
netospheric F T E  B n  signatures is generally sm aller than  th a t of the  m agnetosheath 
F T E s. This indicates th a t the  m agnetosheath  F T E s and m agnetospheric FTE s are 
p art of the same physical phenom enon at the dayside m agnetopause. A summary 
of the  observed properties of FTE s is listed below.

(1) F T E s have a strong correlation w ith the B z com ponent of the  interplanetary  
m agnetic fields (IM F). Large F T E s w ith  a  duration  about 2 m inutes are observed 
to  occur repeatedly  approxim ately  every 10 m inutes when the IM F has a southward 
B z com ponent.

(2) F T E s, which originate in low -latitude regions, are observed bo th  inside 
and outside the  m agnetopause and in both  the  northern  and southern hemispheres. 
Two-regime F T E s characterized by a sim ultaneous F T E  signature both  exterior 
and in terior to the dayside m agnetopause have been reported  by Farrugia et al.
[1987]. Sim ultaneous F T E  signatures have also be observed at bo th  northern  and 
southern  hem ispheres [Elphic and Southwood, 1987].
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(3) F T E s are distinguished by the bi-polar signature in the B n com ponent of 
the m agnetic field and  a  strong guiding field, or core field, in the B y com ponent. 
S tandard  F T E s are F T E s w ith an outward followed by an inward (positive-negative) 
p ertu rba tio n  in the B n  com ponent. Reverse FTE s are FTEs w ith an inward fol­
lowed by an outw ard (negative-positive) p ertu rba tio n  in B n  com ponent. However, 
irregular F T E s, w ith  e ither a single inward (negative) or outw ard (positive) p ertu r­
bation, or a more complex variation in the B n  com ponent, have also been observed 
[Rijnbeek et al., 1984].

(4) Early observations show th a t during F T E s the m agnetic field strength  
typically is enhanced [Russell and Elphic, 1979]. It was first pointed out by Rijnbeek 
et al. [1984] th a t  the  m agnetic field strength  during F T E s may decrease as well 
as increase. C rater-like FTE s w ith a m agnetic field strength  enhancem ent a t the 
edges and  a  reduction  at the  center have been identified in the m agnetospheric FTEs 
[LaBelle et al., 1987; Farrugia et al., 1988]. P enetrating  deep into an F T E , satellites 
have also observed a m agnetic cavity structu re  (m agnetic hole) characterized by a 
sim ultaneous large decrease in the  m agnetic field strength  and increase in plasm a 
density w ith  a nearly constant to ta l pressure. [Liihr and Klocker, 1987].

(5) Associated w ith  FTE s, the  electric field shows significant pertu rbations in 
the  E n  and E m  com ponents w ith  an average m agnitude of 3.5 m V /m , and the flux 
tubes move across the  m agnetopause plane at an average E  x B  speed of 125 k m /s 
w ith respect to  the  am bient flow.

(6 ) Some dayside auroral activities are optical signatures of FTE s in the iono­
sphere, which are usually found at the equatorw ard edge of the polar cap [Cowley, 
1984; G oertz et al., 1985; Sandholt et al., 1986; Lanzerotti et al., 1986; Freeman and 
Southwood, 1988; Lockwood et al., 1989]. The vortex-like plasm a flows observed in 
the ionosphere associated w ith the field-aligned current system  [e.g., G oertz et al.,
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1985; Todd et al., 1986] are believed to  be caused by the m otion of m agnetic flux 
tubes form ed during FTE s [Southwood, 1985, 1987; McHenry and Clauer, 1987].

(7) M agnetospheric FTE s have a m ultilayered structure w ith distinct and sys­
tem atic  behavior in fields and  charged particle populations: an outside draping field 
region, an inside tw isting field region, and betw een them  an interm ediate boundary 
layer region.

(8) H igh-speed plasm a flows and field-aligned particle heat fluxes are observed 
in the boundary  layer region of F T E s, indicating  particle acceleration and  heating 
during the continued m agnetic reconnection process. An enhancem ent in energetic 
particle  densities is usually observed during m agnetosheath FT E s, while a  reduction 
in  energetic particle densities is often observed during m agnetospheric FT E s. Inside 
the  F T E s, the  to ta l pressure, consisting of therm al and m agnetic pressures, is 
usually higher th an  th a t outside the  FT E s.

(9) For large F T E s, the  area of the  flux tub e  cross-section is typically 1 R 2E 
and  elongated in the L-direction of the  boundary  norm al coordinate system , which 
is approxim ately  the north -sou th  direction in GSM. A moving deHoffmann-Teller 
(H T ) fram e of reference can be found for an F T E , in which the local plasm a veloc­
ities are nearly antiparallel to  the  local B  vector and have m agnitudes in the  range 
70% — 90% of the  local nom inal Alfven speed [Papam astorakis et al., 1989].

(10) Tw isted m agnetic field lines are observed in the open flux tubes, ind icat­
ing the presence of field-aligned currents /y . The field-aligned current produces the 
ground m agnetic signatures of F T E s, e.g., unipolar and bipolar profiles of the ver­
tical m agnetic field [Goertz et al., 1985; M cHenry and Clauer, 1987; Wei and Lee, 
1990]. S ta tistical studies show a correlation betw een FTEs and transversely  polar­
ized Pc 4 pulsations w ith periods betw een 60 and 120s [Gillis et al., 1987]. FTEs 
may also contribute to  certain  Pc 5 m agnetic variations [Lanzerotti and M aclennan,
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1988). The cusp region ultralow frequency (U LF) hydrom agnetic waves associated 
w ith F T E s m ay be generated  by the sporadic m ultiple X line reconnection process 
at the  dayside m agnetopause [Lee et al., 1988].

(11) A ssociated w ith  FTE s, intense electrostatic  and electrom agnetic plasm a 
waves are observed, ranging from below the ion gyrofrequency (~  1Hz) to above 
the  electron p lasm a frequency ( ~  50kHz). For waves associated w ith F T E s, the 
power spectrum  of electric field fluctuation is p roportional to  f ~ 2, and the power 
spectrum  of m agnetic field is proportional to  / “ “ , where a  is between 3.3 and 4.7.

Various observational features associated w ith FT E s have fascinated m any re­
searchers and  a ttra c ted  the  a tten tion  of the  so lar-terrestrial space physics commu­
nity. Since the  discovery of F T E s at the  dayside m agnetopause, theoretical models 
for the m agnetic reconnection process have undergone a  significant change: from  
steady-sta te  to  tim e-dependent reconnection models [Lee, 1988]. It is now widely 
accepted th a t dayside m agnetic reconnection is basically an in te rm itten t process, 
even though  the  detailed p icture of the  tim e-dependent reconnection process re­
m ains a  controversial issue, and hence an active research topic.

To explain the  in te rm itten t natu re  of the  dayside m agnetic reconnection pro­
cess associated w ith  F T E s, a  num ber of theoretical models have been proposed. 
These include: (1) the elbow-shaped flux tube model [Russell and Elphic, 1978, 
1979], (2) the  cusp region reconnection m odel [Podgomy e t al., 1980], (3) the  te a r­
ing hole m odel [Sonnerup, 1984], (4) the m ultiple X line reconnection model [Lee 
and Fu, 1985], (5) the split separator line merging model [Crooker, 1985], (6) the  
stochastic percolation  m odel [Galeev et al., 1986], (7) the bursty  single X line re­
connection m odel [Scholer, 1988; Southwood et al., 1988], (8 ) the three-dim ensional 
tearing  m odel [Kan, 1988], (9) the vortex induced tearing model [Liu and Hu, 1988],

32

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(10) the tu rbu len t reconnection model [Song and Lysak, 1989], and (11) the three­
dim ensional general m agnetic reconnection model [Hesse et al., 1989]. Note that all 
the theoretical F T E  models listed above are related  to  the m agnetic reconnection 
process at the dayside m agnetopause.

The first morphological F T E  model, the elbow-shaped flux tube model of Rus­
sell and Elphic [1978, 1979] (F igure 2.8), proposes th a t the relaxation of the bent, 
elbow-shaped flux tubes in term itten tly  formed during the  patchy reconnection at 
the dayside m agnetopause results in the observed features of FTEs. Although 
this model successfully explained the F T E  signatures, the question of how the re­
connection process leads to  the in term itten t form ation of such flux tubes remains 
unsolved.

To explain the  in te rm itten t form ation of the  elbow-shaped flux tubes, Son­
nerup [1984] proposed a tearing  hole model for FTE s. In this model, the nonlinear 
development of the tearing  mode instability  at the  dayside m agnetopause results 
in patchy and in te rm itten t reconnection, which in tu rn  leads to  the form ation of 
elbow-shaped flux tube  pairs in both  the northern  and southern  hemispheres. The 
pair of elbow-shaped flux tubes form a hole struc tu re  at the  dayside m agnetopause. 
This model implies th a t reconnection might occur at m ultiple sites during the for­
m ation of the  flux tube pair. Sonnerup also speculated th a t a  threshold, other than  
the  southw ard IM F B z , m ight control the onset of patchy and in term itten t recon­
nection and th a t under certa in  circum stances, quasi-steady reconnection could also 
be established at the dayside m agnetopause.

Considering the coupling of the solar wind and  the e a r th ’s m agnetosphere as a 
driven process in which th e  interaction  between solar wind and the magnetosphere 
leads to  the in te rm itten t reconnection at the dayside m agnetopause, Lee and Fu
[1985] proposed a  m ultiple X line (M XR) reconnection model for FTE s. The most
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Figure 2.8 The elbow-shaped flux tube FTE model [Russell and Elphic, 
1978, 1979], ’
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im portan t and distinguishable feature of Lee and Fu’s MXR model is th a t the 
in terp lanetary  m agnetic fields (IM F) reconnect w ith the geomagnetic fields along 
several reconnection lines (X lines). Figure 2.9 is a perspective picture of the 
M XR m odel at the  dayside m agnetopause. In this model, the F T E  signatures 
are generated  by the convection of the m agnetic flux tubes th a t are in term itten tly  
formed during the M XR process. The M XR process tends to occur in a system  with 
a characteristic length  (L ) much larger than  the characteristic thickness (/) of the 
current sheet. As dem onstrated  in the sim ulations [Fu and Lee, 1985, 1986; Lee and 
Fu, 1986; Ding et al., 1986; Shi et al., 1988], the m ultiple X line reconnection takes 
place in a highly nonlinear driven system  so th a t the  MXR process is intrinsically 
tim e-dependent. Like S onnerup’s tearing  hole m odel, Lee-Fu’s MXR model also 
seems to  have a threshold th a t controls the onset and subsidence of the MXR 
process. Lee and Fu suggested th a t the threshold  might be closely related  to the 
nonlinear sa tu ration  of the tearing  mode instabilities at the dayside m agnetopause.

M agnetic reconnection a t m ultiple sites was observed by Dubinin et al. [1980] 
and Podgornv et al. [1980] in their laborato ry  plasm a experim ents, which inves­
tiga ted  the  in teraction  between a supersonic or super-Alfvenic collisionless plasm a 
flow and a m agnetic dipole. These experim ents showed th a t for a southw ard IM F 
B z , bo th  single X line reconnection and m ultiple X line reconnection may occur 
a t the  dayside m agnetopause. W hen the  solar w ind Alfven M ach num ber is small 
(M a  ~  1), a single X line is form ed at the  low -latitude subsolar region of the  m ag­
netopause; when the solar wind Alfven Mach num ber is large (AfA ~  10), two X 
lines are formed at the h igh-latitude polar cleft regions and a huge O line, also 
called m agnetic curl, is formed at the front nose of the dayside m agnetopause. In­
side the  m agnetic curl, several small m agnetic islands are present due to the  tearing 
mode instability . However, the  open field lines associated w ith the m agnetic curl
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are dragged by the solar wind in the equatorial direction. Therefore, the topology 
of m agnetic field lines in Podgorny et al. [1980] is very different from th a t proposed 
by Lee and  Fu [1985], since in the Lee-Fu model the multiple X line reconnec­
tion is allowed to occur near the subsolar point of the dayside magnetopause and 
the poleward convection of m agnetic islands leads to  the observed B n signature of 
FTE s.

To o b ta in  a unified p ic ture  th a t can explain bo th  the subsolar region reconnec­
tion  and the cusp region reconnection, Crooker [1985] proposed a split separator 
line m erging m odel for the dayside m agnetopause. In this model, the dayside m ag­
netic field configuration is determ ined by the superposition of three m agnetic field 
com ponents th a t include ( 1) the  geomagnetic dipole field, (2 ) the  m agnetic field 
caused by the C hapm an-Ferraro  current, and (3) the  in terp lanetary  m agnetic field 
(IM F). D epending on the o rien tation  and the m agnitude of the  IM F, one can obtain  
b o th  m ultiple X line reconnection at e ither the  subsolar region or the  cusp region, 
and single X line reconnection at the subsolar region. In Crooker’s model, the re­
connection takes place at m ultiple merging lines. Reconnection w ith classical single 
X line geom etry occurs a t th e  outer m erging lines, producing accelerated boundary 
layer flows. Reconnection in the  subsolar region, between the separator lines, leads 
to  the  form ation of m agnetic islands, producing the  signatures of FTE s. However, 
C rooker’s m odel is mainly a  topological one w ithout any inform ation about the 
dynam ics, except the  predicted  location of accelerated boundary flow layers.

Galeev et al. [1986] pointed  out th a t the m agnetic surface at the dayside mag­
netopause could be destroyed by th e  growth and overlapping of m agnetic islands. 
The stochastic m eandering of m agnetic field lines between the destroyed surfaces 
would result in the m agnetic percolation, i.e. the  appearance of a topological con­
nection of in terp lanetary  and  geom agnetic field lines. Galeev et al. suggested th a t
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a percolation process of th is kind might lead to  the patchy reconnection at the 
dayside m agnetopause, and hence the signatures of FTEs.

To explain the  in term ittence  of dayside reconnection, Sonnerup [1984] and Lee
[1986] suggested the existence of a threshold th a t controls its onset and subsidence. 
A detailed  m echanism  for such a threshold was proposed in the m agnetic perco­
lation  m odel by Galeev et al. [1986]. Based on the coupling of the drift-tearing 
m ode to  th e  ion-acoustic waves, Galeev et al. obtained a  sa tu ra tion  m echanism  for 
the m agnetic percolation  process: the ion-acoustic waves carry  away the wave en­
ergy from  the  in teraction  region, thereby leading to  the nonlinear sa tu ration  of the 
tearing m ode inside the  m agnetopause current sheet, and hence, the interruption  
of the  percolation  process. However, in this model, the m ost favourable condition 
for the percolation  process to  occur is a magnetic field ro ta tion  of abou t 8b  =  70° 
w ithin the  m agnetopause, where 8b  is the angle between the  m agnetic fields in the 
m agnetosheath  and m agnetosphere. This seems to  be inconsistent w ith  the satellite 
observations th a t  F T E s occur when the IM F has a  large negative B z com ponent,
i.e. the m agnetic field ro ta te s  about 8b — 180° w ithin the m agnetopause.

Recently, several au thors argued th a t the F T E  signatures m ay also be produced 
by a  bursty  reconnection process occurring at a single reconnection line a t the 
dayside m agnetopause [Scholer, 1988; Southwood et al., 1988]. The bursty single 
X reconnection (SX R) process can be caused by an enhancem ent and a subsequent 
reduction  of the  reconnection ra te  a t the reconnection region. Figure 2.10 shows a 
schem atic sketch of the  bursty  single X line reconnection (SXR) model, in which the 
bursty  reconnection process leads to  the form ation of m agnetic bulges a t the dayside 
m agnetopause. A m agnetic bulge formed at the low -latitude region propagating to 
the h igh-latitude region produces magnetic pertu rb a tions and energetic particle 
features sim ilar to  th a t  of FTE s. In the bursty  SXR model, all of the reconnected
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A schematic drawing of the bursty single X line reconnection
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m agnetic field lines are open field lines, a loop-like struc tu re  is produced, and 
no m agnetic flux tubes are formed. Therefore, the footprints on the ionosphere 
produced by the bursty  SXR are expected to be much different than  those generated 
by the m agnetic flux tubes. On the o ther hand, the physical mechanism th a t 
controls the bursty  n a tu re  of the bursty SXR process has not been clearly identified.

Based on the  argum ent of three-dim ensional tearing of the m agnetopause cur­
rent sheet and three-dim ensional com ponent reconnection on the  dayside m agne­
topause driven by the solar wind, Kan [1988] proposed a patchy and in term itten t 
reconnection model for F T E s. In K an ’s three-dim ensional tearing (3DT) model, 
the  patchiness of F T E s is caused by the stru c tu re  of the three-dim ensional tearing  
on the  dayside m agnetopause. The in te rm itten t natu re  of the F T E s is externally 
controlled by the  fluctuation  of IM F and internally  modified by the ionospheric 
line-tying effect. For the 3DT model, bo th  single X line reconnection, bursty  or 
quasi-steady, and  m ultiple X line reconnection may take place.

At the dayside m agnetopause, sheared velocity and m agnetic fields have been 
observed. The K elvin-Helm holtz instability may be excited due to  the presence of 
the sheared p lasm a flows [e.g., Southwood, 1968; M iura, 1984; Wu, 1986]. Large 
scale fluid vortices may be formed because of the developm ent of the Kelvin- 
Helmholtz instability . Considering such a response of m agnetic field lines to  the 
fluid vortices, Liu and  Hu [1988] proposed a vortex-induced patchy reconnection 
m odel for the  form ation of FTEs. In this model, F T E  signatures are produced 
by helical m agnetic vortex tubes form ed during the vortex-induced reconnection 
process th a t may occur a t bo th  the low -latitude region and the cusp region of the 
dayside m agnetopause when the IM F has a large southw ard B z .

Based on the ir study  of the changing of m agnetic helicities during m agnetic 
reconnection, Song and Lysak [1989] suggested th a t three-dim ensional m agnetic
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reconnection was a self-organized evolution process of a nonequilibrium  dissipative 
system . During m agnetic reconnection, the in ternal and external m agnetic helic- 
ities are red istribu ted , although the to ta l helicity is nearly conserved. A dynamo 
effect is in troduced by a tu rbu len t electric field th a t is produced by the helicity 
conversion. Applying their theory  to  the  dayside m agnetopause, Song and Lysak 
proposed a m ultiple-site tu rbu len t reconnection model for FTEs. During the tu rb u ­
lent reconnection, fluctuating  velocity and m agnetic fields cause an average nonzero 
electric field, leading to  the form ation of many small tw isted flux tubes. Then, the 
self-organization of the small tw isted tubes results in a coalescence process and 
hence the  form ation of large tw isted F T E  flux tubes. In the  Song-Lysak model, 
the tw isted F T E  flux tubes represent a mixed s ta te  w ith m inim um  energy and 
m axim um  cross helicity during the three-dim ensional m agnetic reconnection.

Recently, three-dim ensional m agnetic reconnection has a ttrac ted  more and 
more a tten tion  in the theoretical study  of reconnection process [e.g., Greene, 1988; 
Schindler et al., 1988; Hesse and Schindler, 1988; Fu, 1989; Fu et al., 1990]. After 
exam ining the  three-dim ensional topological struc tu re  of m agnetic field lines in a 
model m agnetosphere, Hesse et al., [1989] proposed a m agnetic flux knot model for 
FTE s. They showed th a t a  localized pertu rb a tio n  a t the m agnetopause can open a 
closed m agnetosphere, leading to m agnetic connection across the m agnetopause and 
the form ation of F T E  m agnetic flux tubes. However, the three-dim ensional mag­
netic reconnection topology is different from the traditional viewpoint: the linkage 
of m agnetic flux tubes results in  the  form ation of a m agnetic flux knot w ithout 
the  presence of any neutral points; and a com plicated filam entary substructure of 
m agnetic field lines is present w ith a decrease of m agnetic shear a t the magne­
topause. One feature of the m agnetic flux knot model is the  sim ultaneous presence 
of ionospheric signatures of the  same single F T E  flux rope in both  the southern and
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and northern  hem isphere, because the flux rope is connected to both  hemispheres 
at the  sam e tim e.

Many observational features associated with F T E s are summ arized in this sec­
tion. V arious theoretical F T E  models have also been reviewed. M agnetic recon­
nection and  form ation of F T E s at the dayside m agnetopause are com plicated. The 
theoretical models discussed above provide m any possible explanations for dayside 
reconnection and  F T E s. C om puter sim ulation provides a  powerful and useful tool 
for exam ining the  feasibility of these theoretical models for m agnetic reconnection 
and FT E s a t the dayside m agnetopause. B oth MHD sim ulations and particle sim­
ulations have been carried  out to study dayside m agnetic reconnection processes 
and  F T E s. C om puter m odeling of magnetic reconnection and FTE s at the dayside 
m agnetopause is discussed in the  next section.

2.3 Necessity of Particle Simulation for Magnetic Field Reconnection 

Study

W ith  the  developm ent of large-scale, high-speed com puter technology, com­
p u ter modeling has been widely used in many research areas. C om puter simulation 
provides a  unique too l to  bridge the gap between theoretical and experim ental re­
searches. Theoretical analysis, experim ental observation, and  com puter modeling 
today have become three inseparable parts of scientific research. C om puter simu­
lation  studies of th e  dayside m agnetic reconnection process and  FTE s have been 
carried out by m any researchers. These studies include both  MHD simulations and 
particle sim ulations.

The first two-dim ensional (2-D) MHD sim ulation of F T E s, nam ely the simu­
lation of m ultip le X line reconnection, was reported  by Fu and  Lee [1985]. Later, a
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series of sim ulations were perform ed to  study the in term itten t M XR process based 
on a 2-dim ensional slab model [Lee and Fu, 1986; Fu and Lee, 1986]. B oth steady- 
sta te  SXR and  tim e-dependent M XR were observed. The results show th a t when 
the sim ulation system  is long and resistivity is small, in term itten t reconnection 
occurs a t m ultiple sites, leading to the repeated  form ation of magnetic islands; o th ­
erwise, steady-sta te  single X line reconnection take place as the system  length is 
reduced. Lee and Fu [1986] and  Fu and Lee [1986] dem onstrated th a t for a given 
current sheet thickness the steady-sta te  single X line reconnection m agnetic field 
configurations of the  Sweet-Parker model [Sweet, 1958; Parker, 1957], the  Sonnerup 
model [Sonnerup, 1970], and  the  Petschek model [Petschek, 1964] can be obtained, 
depending on the  length of the  current sheet.

The sim ulations of Fu and  Lee [1985, 1986] and  Lee and  Fu [1986] were based 
on the 2-D slab model w ith lim ited system  lengths, im itating  the reconnection 
process a t the  subsolar region of the dayside m agnetopause. To study  the dayside 
reconnection on a global scale, Shi et al. [1988] sim ulated the in teraction  between 
the in terp lanetary  m agnetic field and the  e a rth ’s geomagnetic field a t the  dayside 
m agnetopause when the IM F has a southw ard B z com ponent w ith a 2-D global 
MHD code. They found th a t when the m agnetic Reynolds num ber (Rm)  is small, 
the  SXR process takes place; w hen R m is large, M XR occurs. They also found 
th a t w hen the  solar wind M ach num ber ( M a ) is sm all, dayside reconnection takes 
place in the low -latitude region; when M a  is large, reconnection occurs a t the high- 
la titu d e  region. These results are consistent w ith the  laboratory  experim ent of the 
dayside reconnection [Dubinin et al., 1980; Podgorny et al., 1980].

2-D MHD sim ulations of F T E s were also perform ed by Scholer [1989a, 1989b], 
who sim ulated the bursty  single X line reconnection process w ith  b o th  sym m etric 
and  asym m etric m agnetic configurations. Note th a t  in a sym m etric m agnetic field
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configuration, the  antiparallel m agnetic fields on the  two sides of the current sheet 
have the sam e m agnitude. The sim ulation results indicate th a t m agnetic bulges can 
indeed be form ed as a result of the bursty  reconnection process. The sim ulation 
results also show th a t when the m agnetic field is sym m etric, m agnetic bulges can be 
form ed on b o th  sides of the current sheet; when the m agnetic field is asym m etric, 
the m agnetic bulge can only be formed on the side w ith  a weaker m agnetic field, 
i.e., the m agnetosheath .

The m agnetic reconnection process in the real world is a  three-dim ensional 
phenom enon. A lthough the  2-D sim ulations have revealed many im portan t features 
of the reconnection process, the lack of the  th ird  dimension definitely lim its our 
understanding  of m agnetic reconnection in the  3-D environm ent. As large scale 
supercom puters becam e available, three-dim ensional com puter sim ulations of the 
FTE s a t the dayside m agnetopause were also carried out.

The first 3-D M HD sim ulation of the form ation of FTE s was reported  by Sato 
et al. [1986]. T he sim ulation of the in teraction  betw een the solar wind, which has a 
southw ard IM F B z com ponent, and the e a rth ’s m agnetosphere is based on a semi- 
global sim ulation m odel. They found th a t tw isted  m agnetic flux tubes are form ed as 
a result of repeated  reconnection between the  IM F and the geomagnetic field near 
the  equato ria l plane and  th a t these flux tub es subsequently propagate to  higher 
latitudes. The flux tub e  struc tu re  observed in the  sim ulation is similar in many 
respect to  the F T E s observed at the  dayside m agnetopause. T heir 3-D sim ulation 
result basically confirmed the m ultiple X line reconnection model proposed by Lee 
and Fu [1985].

A nother global 3-D MHD sim ulation of F T E s was carried out by Ogino et al. 
[1989]. They found th a t when R m is high, the  reconnection is in te rm itten t and 
tw isted flux tubes can be formed. The form ation of flux tubes is closely associated
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with the  orientation  of the  in terp lanetary  m agnetic field. A strongly tw isted and 
localized flux tube is formed when the IM F has a strong B y com ponent, whereas 
twin flux tubes are form ed when the IM F has a small B y com ponent. Both of the 
flux tubes show characteristics similar to th a t observed during the FTEs. However, 
the  m agnetic flux tu b e  is tw isted  due to  the high viscosity used in their simulation.

Recently, Fu [1989] and Fu et al. [1990] sim ulated the MXR process based 
on a 3-D MHD m odel. The sim ulation is conducted in a local rectangular box. 
U nder the driven boundary  conditions, through which a  constant plasm a flow and 
a  m agnetic inflow flux are im posed, the MXR process is triggered self-consistently 
w ithout using a  localized resistiv ity  enhancem ent. In the  presence of a finite B y, 
helical m agnetic flux tubes can be formed as a consequence of the M XR process. 
At the ends of a helical flux tube , a com plicated topological feature of the  magnetic 
field lines is revealed. D uring the  M XR process, tube-aligned plasm a flows are 
observed inside the helical m agnetic flux tubes. The sim ulation also showed th a t 
the m agnetic flux ropes form ed during the 3-D reconnection have frayed ends.

By using MHD sim ulation m ethods, the reconnection process can be im itated 
on a macroscopic scale. Large-scale changes of m agnetic field topology, electric 
current d istribution , plasm a density, plasm a flow, and plasm a pressure during the 
reconnection process can be exam ined w ith MHD sim ulations. However, in MHD 
sim ulations the  value of anom alous resistivity and its variations in tim e and space, 
which are crucial for the reconnection process, have to be arb itrarily  assumed. 
For exam ple, in Fu and Lee [1985, 1986] and Lee and Fu [1986], a uniform and 
constant resistivity profile was used. In Scholer [1989a, 1989b], a localized and 
tim e-dependent resistivity m odel was used. O ther resistivity models, such as the 
current-enhanced resistiv ity  m odel and the tem perature-enhanced resistivity model 
were also used in the  sim ulations [Ugai, 1983, 1984; Ogino et al., 1989]. However,
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the  assum ed value of the anomalous resistivity, as well as its tem poral and spatial 
d istributions, may not be a realistic representation  of collisionless magnetospheric 
plasm as.

In addition  to  MHD sim ulations, particle sim ulations have also been carried 
out to study  the m agnetic reconnection process and FTE s at the dayside m agne­
topause. One of the  advantages of particle sim ulations of m agnetic reconnection is 
th a t the anom alous resistivity can be natu ra lly  generated by particle inertia  or by 
wave-particle interaction. Tem poral and spatial variations of the resistivity there­
fore can be self-consistently determ ined during the  sim ulation. A lthough MHD 
sim ulations have been successfully used to study  the macroscopic properties of the 
reconnection process, particle sim ulations are m ore suitable for exam ining the mi­
croscopic features of the reconnection processes, such as particle acceleration and 
heating, the  particle  energy spectrum , particle d istributions in the phase space, and 
nonlinear wave particle interactions. Therefore, particle sim ulation of m agnetic re­
connection is of basic im portance to the  study of the m agnetic reconnection process 
at the dayside m agnetopause and in the nightside m agnetotail [e.g., Terasawa, 1981; 
Leboeuf et al., 1982; Swift, 1982, 1983, 1986; Ambrosiano et al., 1983, 1986; Ding 
et al., 1986; Hoshino, 1987; Lee and  Ding, 1987; Swift and Allen, 1987; Hewett et 
al., 1988; Francis et al., 1989; Allen and Swift, 1989; Ding and Lee, 1990].

The reconnection process in a collisionless plasm a is believed to  be closely 
associated w ith collisionless tearing m ode instabilities. Particle sim ulations of col­
lisionless tearing m ode instabilities con tribu te  significantly to our understanding  of 
the  collisionless reconnection process. Terasaw a [1981] investigated the collisionless 
tearing  mode instability  w ith one-com ponent (ion) particle sim ulations and found 
th a t the  sim ulation results, in which an explosive phase of the nonlinear tearing 
mode instability  was observed, were consistent w ith analytical theories. Leboeuf
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et al. [1982] studied  the plasm a dynam ic process associated w ith the time-varying 
m agnetic X points. They observed th a t the  electrostatic  field and the finite Larmor 
radius effects play an im portan t role in the development of tearing mode instabili­
ties and th a t  hot tails are form ed in the  particle d istribution  functions during the 
m agnetic island coalescence. The effects of a background plasm a on the tearing 
mode instab ility  was exam ined by Ambrosiano et al. [1983]. In Ambrosiano et al. 
[1986], it was found th a t the  tem pera tu re  anisotropy w ith T±  > Ty can enhance 
significantly the  tearing  instability.

P article  sim ulations of the  dayside m agnetic reconnection were also performed 
by Swift [1986], Hoshino [1987], and Allen and Swift [1989]. Swift [1986] and 
Hoshino [1987] exam ined the electrostatic effect on the collisionless tearing mode 
instability  and found th a t th e  electrostatic in teraction  could modify the tearing 
growth ra te. T he e lectrostatic  effect increases the  tearing m ode growth rate at 
the  dayside m agnetopause where the m agnetic field is not antiparallel, while it 
decreases the tearing  grow th ra te  in the m agnetotail where the m agnetic field is 
antiparallel. Allen and Swift [1989] studied the collisionless tearing m ode under 
conditions characteristic of the  dayside m agnetopause, in which the m agnetic field 
configuration is asym m etric about the m agnetopause and has a m agnetic shear. 
They have found th a t the  tearing  growth ra te  is a sensitive function of 0&, the 
angle betw een m agnetic field vectors on two sides of the m agnetopause and tha t 
the largest growth ra te  corresponds to the  m agnetic configuration w ith Ob =  180°. 
A particle sim ulation study of plasm a waves and particle heat fluxes associated with 
m agnetic reconnections a t the  dayside m agnetopause has also been carried out by 
Ding and Lee [1990].

In the  above sim ulations [e.g., Leboeuf et al., 1982; Swift, 1986; Hoshino, 
1987; Allen and Swift, 1989; Ding and Lee, 1990], an artificially small mass ratio
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of ions to  electrons (rri i /me =  10 ~  25) was used to save com puting resources 
and to satisfy the num erical stability  requirem ent. Recently, particle sim ulation 
of m agnetic reconnection w ith a realistic mass ra tio  of ions to  electrons (m i / m e 
up to 2000) has been reported  by Hewett et al. [1988] and Francis et al. [1989]. 
They investigated  collisionless m agnetic reconnection by using an implicit particle 
in cell (P IC ) code. For large ion-electron m ass ratios (m j/m e >  200), e lectrostatic  
ringing was observed in the sim ulation, in which electrons je ttin g  into the m agnetic 
O lines built up an am bipolar potential th a t in  tu rn  drove electrons back out of 
the m agnetic islands. T heir sim ulation also confirmed previous results [e.g., Allen 
and Swift, 1989] th a t the inclusion of a guiding m agnetic field (m agnetic shear) 
severely reduced the  tearing  mode grow th ra te , slowing down the initial stage of 
the m agnetic reconnection. If the m agnetic shear is large enough, the electrostatic  
ringing also m ay be to tally  dam ped out.

A lthough previous particle  sim ulations of tearing  m ode instabilities and  day­
side m agnetic reconnections have provided much useful inform ation about colli­
sionless m agnetic reconnection, the periodic boundary  conditions imposed in the 
sim ulations lim it the  long term  nonlinear evolution of the m agnetic islands form ed 
during the sim ulations. Because of the periodic boundary  conditions, the  sim ula­
tions would end up in an asym ptotic quasi-steady configuration. Since the  obser­
vations of F T E s show th a t  the dayside reconnection is intrinsically an in te rm itten t 
process, the  periodic boundary  conditions seem to  be inappropriate  for sim ulating 
the in te rm itten t reconnection process.

F urtherm ore, to  sim ulate the driven reconnection process in the collisionless 
m agnetospheric plasm a environm ent, a  driven boundary  is needed to im ita te  the 
incom ing plasm a and an open boundary  is essential to  allow the plasm a to  convect
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out of the sim ulation dom ain. Therefore, an im portan t p art of present thesis re­
search was the development of a particle sim ulation model in which both  driven and 
open boundaries were included to sim ulate the driven reconnection process in the 
collisionless plasm a. Using this particle sim ulation model, a  series of simulations 
were carried out to  investigate the  properties associated w ith the  driven reconnec­
tion process at the dayside m agnetopause, such as the M XR and SXR processes, 
the generation of energetic particles and  particle heat fluxes, and the  characteristics 
of the plasm a waves observed during the sim ulations. The sim ulation results are 
com pared with F T E s observed at the dayside m agnetopause.

2.4 Summary

During the past four decades, m agnetic field reconnection has been applied to 
explain solar flares, m agnetospheric substorm s, flux transfer events, and o ther space 
and laboratory  plasm a processes. In this chapter, a historical review of magnetic 
reconnection and flux transfer events is presented. Both MHD reconnection models 
and collisionless reconnection models are discussed. M agnetic reconnection is one of 
the im portan t hypotheses for the interaction  between the solar wind and the ea rth ’s 
m agnetosphere. Since the discovery of flux transfer events, m agnetic reconnection 
has become a well-accepted m echanism  at the dayside m agnetopause for the transfer 
of solar wind m ass, m om entum , and energy in to  the m agnetosphere. Satellite 
observations at the  dayside m agnetopause show th a t F T E s have many distinct 
plasm a and electrom agnetic field signatures. A sum m ary of the  observed FTE  
features is presented. M any theoretical models have been proposed to account 
for the occurrences and characteristics of FTEs. Since FTEs mainly occur during 
the period when the  in terp lanetary  m agnetic field has a southw ard B z component,
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m agnetic reconnection models of FTEs are favored. Eleven of them  are discussed 
here. C om puter sim ulation has provided a unique tool for modeling the dayside 
reconnection process and FTEs. Both MHD sim ulations and particle simulations 
of the  dayside m agnetic reconnection and flux transfer events are briefly reviewed. 
T he advantages of particle sim ulations over MHD sim ulations are discussed.

Single X line reconnection and m ultiple X line reconnection present one of 
the  m ajor controversies for explaining the  dayside reconnection process. Results 
of laborato ry  experim ents and com puter sim ulations indicate th a t single X line re­
connection takes place in the subsolar region of the dayside m agnetopause when 
the  solar wind M ach num ber is small, whereas m ultiple X line reconnection oc­
curs at the  h igh-latitude region when the solar wind Mach num ber is large. It is 
also dem onstra ted  th a t single X line reconnection takes place when the m agnetic 
Reynolds num ber is small, while multiple X line reconnection occurs when the mag­
netic Reynolds num ber is large. However, as pointed out in Ding et al. [1990], single 
X line reconnection can be considered as one of the two extrem es of the m ultiple X 
line reconnection process, in which the  reconnection ra te  a t one end of a magnetic 
island is dom inantly  larger th an  at another end of the m agnetic island. A nother 
extrem e case of the  m ultiple X line reconnection is where the reconnection rates at 
b o th  ends of a  m agnetic island are equal. Generally, the reconnection rates at the 
two ends of a  m agnetic island are different.

Since m agnetic field reconnection is closely related to tearing  mode instab il­
ities, a review of the linear theories of collisional and collisionless tearing  mode 
instab ilities is presented in  the  next chapter. Satellite observations show th a t more 
high-speed p lasm a flows are detected  when the ra tio  of plasm a pressure to m agnetic 
pressure in the  m agnetosheath  (/?,) is small, indicating th a t the dayside m agnetic 
reconnection may occur preferentially for a  small (3S [Paschm ann et al., 1986]. This
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phenom enon may be indirectly related to the tearing  mode instabilities. Therefore, 
a survey of the /9-dependence of tearing mode instabilities at the dayside magne­
topause is also carried out in the next chapter.
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Chapter 3 Collisional and Collisionless Tearing M ode Instabili­

ties

As m entioned in the  previous chapters, m agnetic reconnection plays an im portan t 
role in the  in teraction  between the solar wind and the m agnetosphere. However, 
the causal m echanism  for m agnetic reconnection has not been discussed yet. At 
present, it is widely believed th a t the m agnetic reconnection process is triggered 
by a  tearing  mode instability. The tearing mode instability  occurs when a finite 
resistiv ity  exists in a field reversal region, leading to disruption of the m agnetic 
surfaces, filam entation of the  current sheet, and the form ation of m agnetic islands. 
If the tearing  m ode instability  is allowed to grow, its nonlinear development results 
in large-scale m agnetic reconnection.

As an exam ple, the change of m agnetic field configuration caused by the devel­
opm ent of the  tearing  mode instability  is schem atically drawn in Figure 3.1. Figure 
3.1a shows the unpertu rbed  neu tral sheet m agnetic field configuration at t =  0, 
while Figure 3.1b shows the pertu rbed  m agnetic field configuration in the presence 
of the tearing  m ode pertu rbation  a t t > 0. It can be seen from Figure 3.1 th a t d u r­
ing the  developm ent of the tearing mode instability, the previously uniform  current 
sheet is broken into  filam ents and m agnetic islands are formed.

F in ite  resistiv ity  plays an im portan t role in the development of the  tearing 
mode instability . According to the  different mechanisms through which finite re­
sistivity is generated , tearing  mode instabilities can be divided into two categories: 
the collisional tearing  mode instability  and the  collisionless tearing  m ode instability. 
For the collisional tearing  mode instability , also called the resistive tearing  mode
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Figure 3.1 Change of magnetic field configuration caused by the develop­
ment of the tearing mode instability, (a) unperturbed neutral sheet magnetic 
field configuration at t  =  0, and (b) magnetic field configuration perturbed 
by the tearing mode instability at t >  0.
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instability , the  finite resistivity is generated by Coulomb collisions between par­
ticles, particularly  between electrons and ions. For the collisionless tearing mode 
instability , the finite resistivity is caused by o ther mechanisms.

In fusion plasm as as well as space plasm as, when the plasm a density becomes 
so low th a t the mean free p a th  of electrons becomes much larger than  the char­
acteristic  system  length and the classical resistiv ity  due to the Coulomb collisions 
becomes very small, the plasm a becomes collisionless. In a collisionless plasm a, 
the finite resistivity for the  collisionless tearing mode instability  may be generated 
due to  electron inertia , pressure gradients, Hall effect, or any o ther term s in the 
generalized O hm ’s law equation th a t are not related  to the Coulomb collisions. 
T he finite resistivity can also be generated by wave particle resonance mechanisms 
through  inverse Landau dam ping in the  current sheet region. Here, a brief review of 
collisional and collisionless tearing  mode instabilities is presented and  growth rates 
of collisional and collisionless tearing  mode instabilities will be derived. Analysis 
of the  collisional tearing mode instability  is based on the MHD equations, while 
analysis of the  collisionless tearing mode instability  is based on Maxwell-Vlasov 
equations.

At the  dayside m agnetopause, the m agnetospheric field is generally larger than 
the  m agnetosheath  field. The m agnetospheric p lasm a usually has a higher tem per­
a tu re  and  lower density than  the m agnetosheath  plasm a. Thus the ra tio  of plasm a 
pressure to  m agnetic pressure changes significantly from the m agnetosheath  to  the 
m agnetosphere. The typical value for the ra tio  of plasm a pressure to magnetic 
pressure in the m agnetosphere (/?m ) is 0.1 ~  0.3, whereas the value for the ratio 
of p lasm a pressure to m agnetic pressure in the  m agnetosheath  (/?,) can be as large 
as 10. Recent satellite observations at the  dayside m agnetopause indicate th a t the 
m agnetic reconnection process may occur preferentially when the ra tio  of plasm a
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pressure to m agnetic pressure in the m agnetosheath  has a small value (/?, < 2 ) 
[Paschm ann et al., 1986]. This observational feature can be related to  the devel­
opm ent of the  tearing  mode instability  in the asym m etric dayside magnetopause 
current sheet. In an a ttem p t to  explain the above observation, a  study of the 
/5-dependence of the tearing  mode instability  is also included in this chapter.

3 .1  L in e a r  T h e o r y  o f  th e  C o llis io n a l T e a r in g  M o d e  I n s ta b i l i ty

T he tearing mode instab ility  is a long-wavelength and low-frequency, macroscopic 
electrom agnetic instab ility  whose source of energy is the  m agnetic field. It develops 
in a lim ited region where k • B  is small (k  is the  wave num ber vector and B is 
the m agnetic field), and finite resistivity plays an  im portan t role. P lasm a diffusion 
then  takes place across the  m agnetic field. T he diffusion makes the  plasm a break 
up into filam ents, a process which releases m agnetic energy.

In an ideal MHD plasm a, the  plasm a is frozen to the m agnetic field lines 
[Alfven, 1963]. Thus m ost instabilities involve m otion of m agnetic field and plasm a 
together, and the  characteristic  tim e scale for the m otion is the Alfven time =  
L j v /1, where L  is the characteristic length scale and va  is the Alfven speed. How­
ever, in a nonideal MHD plasm a, where resistivity (77) is present, the plasm a can 
diffuse across m agnetic field lines. T he resistive instabilities in the nonideal plasm a 
develop a t a  characteristic  tim e scale th a t is a hybrid  com bination of the Alfven time 
Ia  and the diffusion tim e tj, =  4t tL2 /  c 2 tj, where c is the speed of light. Therefore, 
it is generally assum ed th a t 1/ f j  <C 7 1 I t  a , where 7 is the growth ra te  of the
resistive instabilities. The resistive instabilities were first system atically studied by 
F urth  et al. [1963] and the  tearing  mode was one of the resistive instabilities they
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found in their study. In the following, the growth ra te  for the collisional tearing
mode is derived based on the linear MHD theory.

The basic equations used in the derivation are

| j  +  V - (p u )  =  0 (3.1)

du  1p—  — -  V p +  -  J  x  B (3.2)

56

dt  c
I

c dt
E  -I— u  x B  =  tjJ  (o.4)c

V x B  =  —  J  (3 5)c '
V =  p(p) (3.6)

where p is the  p lasm a mass density, u  is the plasm a flow velocity, p is the plasm a 
pressure, J  is the current density, E  is the electric field, c is the speed of light, 
and d/d t  — d / d t  T  u • V  is the convective derivative. W ith  the assum ption of an 
incom pressible plasm a, i.e., V  • u  =  0, and after some straightforw ard algebra, the 
above equations are reduced to

^  +  u - V p  =  0 (3.7)

V x ( p ^ )  =  ^ V x [ ( B . V ) B ]  (3.8)

^  =  V x (u  x B ) +  ^ V 2B  (3.9)dt  47r
The above equations can be linearized under the  assum ption th a t p =  po(*) 4- 

p 1(x)exp[t(fcyT/ +  k z z)  +  7 *], B  =  B 0(x) 4- B 1(x)exp[i(fcvy +  k zz)  +  7 /], and u  =
Ui(x)exp[i(fcj,y +  k z z)  +  7 <], where the subscripts 0 and 1 denote the  zeroth order
unp ertu rbed  quantities and the  first order p ertu rbed  quantities, respectively; ky
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and kz are, respectively, the y- and 2-component of the wave num ber vector k; and 
7  is the growth ra te  of the tearing  mode instability. The linearized equations are 
given by

7 Pi +  u x ■ V p0 =  0 (3.10)

7 V x  (poUj) =  x l(®o ' +  (® i ‘ ^)® o] (3-11)

7 B 1 =  V x  (u j x  Bo) H—~— V 2B i (3.12)47T

The equation (3.10) can be fu rther reduced to

7Pi + u lxpQ = 0 (3.13)

where uyx is the  2 -com ponent of pertu rbed  plasm a flow velocity Ui and p '0 —
dpo/dx  is the derivative of the unperturbed  plasm a density. The equation (3.11)
has three com ponents, i.e., (3.11)*, (3.11)y, and (3.11)z. By subtracting  k y(3.11)z 
from fcz(3.11)y , a new equation  is found

!*) p0 U^ + 47TP0 [ (k • B 0) llS (3,14)
where ' denotes the  derivative w ith respect to  x  and  k 2 =  k2 4- k 2. In the above 
m anipulation, the equivalence V • Ui = u '1;c+ z k -u i  =  0 a n d V - B i  =  + ik - B i  = 
0 have been used. Similarly, by subtracting  fcy(3.12)z from fcz(3.12)y, another 
equation is obtained

7 # ix  =  • Bo)^!* +  - -  k 2 B \ x ) (3.15)47T

By introducing the dimensionless variables x* — x / L ,  7 * =  7 <d, k* =  kX, 
B* =  B / B ,  u* =  —i ( k*/ -y*)u td /L , p* =  p /p , and F  =  (k* • B $) / k* . the equations 
(3.13) to (3.15) can be w ritten  as

_ :u lxPoPi -  — 7—  (3.16)
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B \ x +  u i x F  ~  ~ ( B \ x  ~  k 2B\ x)  (3.17)
7

(7 / k S ) 2 (u';x -  k 2u lx +  & u \ t ) = ~ ( - ^ B lx + B['x -  k 2 B l x ) (3.18)
P 0 P 0 r

where t j  =  4ttL 2 / c2ti is the diffusion tim e, tA — L / v A — LyjA ir'p /B  is the Alfven 
tim e, 5  =  t d / i j i is the Lundquist num ber. In the  above equations, the * sign, 
denoting the dimensionless variables, has been dropped for convenience. Since 
the  diffusion tim e (t^) is generally much larger than  the Alfven tim e (tA), the 
Lundquist num ber (5  =  td/tA)  is m uch larger th an  unity. For example, tA ~  lsec, 
td ~  1010sec, and S  ~  1010 are typical values for solar flares [Priest, 1985]. Based 
on the assum ption discussed earlier th a t the resistive tearing  instability  develops at 
a characteristic  tim e scale which is the  com bination of the Alfven transit tim e and 
the  diffusion tim e, it can be shown th a t  the norm alized growth ra te  of the  tearing 
mode instab ility  has the following property:

1 < 7 < 5  (3.19)

Because the tearing m ode instab ility  occurs only in a small region in which 
k  • Bo ~  0, the function F  has the  following properties: 1) F ( x 0) =  0, where 
x0 is determ ined by k  • Bo = 0  and 2) near xo, the function can be expanded as 
F ( x )  ~  F ' ( x 0)(x — x0), where F'  = d F / d x  is the derivative of function F  with 
respect to  x. By introducing a  new variable £ =  x — xo, E (x ) can be w ritten  as 
F (£ ) ~  F '(0 )^ . It is easy to  verify th a t , w ith  the new variable £, (3.16) - (3.18) 
rem ain unchanged. Therefore, for the  sake of convenience, x, instead of £, will be 
used as the  new variable. From now on, x is the  relative distance m easured from 
xo unless it is specified otherwise.

As discussed earlier, resistivity  plays a crucial role in  the development of the 
tearing  mode instability. However, it is im portan t only in the  very small inner
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region where the m agnetic field is very small or the wave num ber vector (k) is nearly 
perpendicular to the  m agnetic field (Bo), where the m agnetic field diffusion takes 
place, and the  O hm ’s law can be approxim ated as E  =  77J .  O utside th a t region, 
the effect of the resistivity is negligible, the m agnetic field convection is dom inant, 
and O hm ’s law can be approxim ated a s E  =  —u x B / c .  Because different term s in 
O hm ’s law dom inate in different regions, (3.16) —(3.18) have to be solved separately 
for bo th  th e  inner region and the  outer region. T hen , th e  solutions obtained for the 
inner region and the o u ter region m ust be m atched at the boundary  th a t separates 
the two regions.

Since the  resistivity is negligible in the outer region, the right hand side of 
(3.17) can be ignored. Because of S  >  1, the  left hand  side of (3.18) can also be 
neglected. Thus, (3.17) — (3.18) become

+  F u lx = 0 (3.20)

B " x ~  (k 2 + ^ ) B lx = 0  (3.21)

(3.21) can be solved for B \ x when the function F  is specified. For simplicity,
F  = tan h (x ) is assum ed in the following analysis. By substitu ting  F  =  tanh(a:)
into the equation, (3.21) becomes

B "x ~  ( fc2 ~  2sech2x ) £ l l  =  0 (3.22)

It is easy to verify th a t (3.22) has a solution
f exp (-fc* )[l +  i ta n h s ] ,  * >  0 ; 

lx \  exp(+fcx)[l — ^ tanh x ], x < 0  '
T he solution (3.23) has a  discontinuous derivative a t x  =  0, and the jum p in the
logarithm ic derivative of B \ x is found to  be

A , _  =  2 (1  -  k)  (3.24)
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T he jum p in the logarithm ic derivative of B \ x associated w ith o ther forms of F  was 
also discussed by F urth  et al. [1963]. For fc <C l ,  they showed th a t the jum p in the 
logarithm ic derivative of B ix could be approxim ated as

A' = i(F '(0 ))2(? r -  + i )  (3.25)

where T_oo =  F ( x  =  —oo) and F00 =  F(x  =  Too).
A lthough decoupled in the ou ter region, (3.17) — (3.18) rem ain coupled in the 

inner region. Thus, they have to  be solved together and then  m atched w ith the 
solutions of the  ou ter region at the  boundary. Since i  <  1 in the inner region, F  
can be approxim ated as F (x )  ~  F' (0)x  and B i z (x) can be assum ed as a  constant, 
respectively. Because the  tearing m ode is a long wavelength instability , w ithin 
the inner region B " x »  k2 B ix and u"x fc2u lr  are used to  fu rther simplify the 
analysis. It is also assum ed th a t the  logarithm ic derivative of u'lx is much larger 
th an  the  logarithm ic derivative of p0: e.g., u IX >  (p'o/po)u'l x . Then, (3.17) -  (3.18) 
can be w ritten  as

£ ix (0 ) +  F '(0 )x u ls -  ^  (3.26)
7

(7 l k S f u ' t x = (3-27)

By m atching it to  the outer region solution, the solution of (3.27) can be 
w ritten  as

M o f  L „  -  A  <3'28)
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F ' { 0 ) B 1

where an assum ption has been m ade abou t the asym ptotic behavior of u ls  to  extend 
the integral to ±oo. By su bstitu ting  (3.27) into  (3.26), a new equation is derived 
as

+  f ( 0 ) z ! Ul,  -  =  0 (3.29)
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By introducing
* =  [po(0)7 / ( F '( 0 ) )2fc25 2]1/4e

and
u i ,  =  [fc25 2/p o(0)7 (F '(0 ) )2]1/ 4B la:(0)x(O

(3.29) can be simplified as
x " ( 0  -  ^2x ( 0  =  i  (3.30)

which can be solved analytically. The solution for (3.30) can be expressed as

x ( 0  = - j j f  ^exp( —̂ 2/x)(l -  /i2)_1/4

Now the C orresponding m atching condition becomes

7 5/V o (0 )1/4( F ' ( 0 ) ) - 1/ 2fc-1/ 2S - 1/2 [+ = A' (3.31)J — o© S
By su bstitu ting  the solution of \  into (3.31), it is obtained

=  A' (3.32)

Thus, the grow th ra te  for the  tearing mode instability  is found to be

(
\  4/ 5

w. ( 0 ) - ' ' i ( F ,(0))j/»*.»/»s ! ' s(A')V i (3.33)

Notice th a t (3.33) is in the  dimensionless form, in which the * sign denoting the 
dimensionless quantities has been dropped for convenience. The growth rate, in its 
dim ensional form , is easily found as

(
\  4/ 5 _

( ^ 5 j ) , /S (i f "(<))), / 5 (i i )2/5C S/S<:!/5(£A ' ) ‘ / s (3.34)
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For F  =  tan h (x /T ) , the exam ple used in calculating (3.22) - (3.24), the tearing 
growth ra te  is found to  be

/  2T (1/4)X  (1 -  k 2 L 2)4/ 5 _ p /5 3/s 2/5
7 y 7 iT (3 /4 )  J  ( kL ) 2/5 Po(0) * A 1 }

It can be seen clearly from  (3.35) th a t 7 ~  S 2/ 5 3> 1 and  7 ^  ~  5 - 3 / 5 <C 1. 
Since <  I / 7  <  <<£, the  tearing  m ode instability  takes place at a characteristic 
tim e scale th a t is much larger th an  the  Alfven tran sit tim e and  much smaller than  
the  diffusion time. It also can be seen from (3.35) tha t the tearing  mode insta­
bility only occurs when k L  < 1 . Hence, the th inner the current sheet is, or the 
larger the p ertu rba tion  wavelength is, the  easier the  tearing  mode becomes u nsta ­
ble. T he preceeding trea tm en t shows th a t  the tearing  mode instability  is caused by 
the  inhom ogeneity in the  m agnetic field, i.e., F " / F  <  0 when resistivity is present. 
However, the tearing  m ode instability  m ay also be modified if compressibility, th e r­
mal conductivity, and  viscosity are taken into  account [e.g. Coppi et al., 1966]. 
The above analysis is based on the linear theory th a t  describes the initial stage in 
the development of the  tearing  mode instability. W hen the w idth of the m agnetic 
islands becomes com parable or larger th an  the current sheet thickness, the nonlin­
ear effects of the tearing  m ode instability  m ust be considered, which is beyond the 
scope of the present review. The nonlinear theory of the tearing  mode instability  
can be found in reviews by W hite [1983, 1986] and the references therein.

3.2 Theoretical Study of the Collisionless Tearing M ode Instability

The study of collisionless tearing mode instability  originated from  study of the 
stability  of plasm a equilibrium  in a sheet pinch, where the m agnetic field has a

62

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



neu tral plane. Such a m agnetic configuration is very im portant both in the con­
trolled plasm a devices and in the space plasm a environm ent, such as the ea rth ’s 
m agnetosphere. In the collisionless tearing m ode, either the Hall current, pressure 
gradients, or Landau resonance mechanism replace the finite resistivity, which plays 
an im p ortan t role in the collisional tearing mode. Electron inertia  may also be re­
sponsible for the detachm ent of plasm a from m agnetic field lines. In this case, the 
kinetic effects of particles can no longer be properly  described by MHD equations. 
To describe collisionless plasm a, Vlasov-M axwellian equations are necessary. In 
this section, a h istorical review of the study  of th e  collisionless tearing mode insta­
bility is presented first. T hen , the growth ra te  for the  collisionless tearing mode is 
derived.

F urth  [1962] was the first to  discuss the  stability  of a  collisionless neutral sheet. 
He used a drift M axwellian d istribution  and ob ta ined  a m agnetic field configuration 
w ith a neu tra l sheet, B ( x )  =  Z?0ta n h (x /L ) , where L  is the  w idth of the current 
sheet. He showed th a t originally straigh t m agnetic field lines in the vicinity of the 
neu tra l sheet tend  to  connect across the  neu tra l sheet and form magnetic islands 
when k L  < 1, where k is the  wave num ber along the  m agnetic field. The correctness 
of the m arginal stability  argum ent used by F u rth  [1962] was rigorously proved by 
Pfirsch [1962],

Using th e  sam e energy m ethod, Laval and Pellat [1964] and Laval et al. [1966] 
calculated the  grow th ra te  of the collisionless tearing  mode instability  for both the 
neutra l sheet m agnetic field configuration and th e  m agnetic field configuration with 
a  m agnetic shear, which is due to  the  presence of a guiding m agnetic field along 
the current sheet. They found th a t the  growth ra te  obtained based on the colli­
sionless Vlasov equation is in b e tte r agreem ent w ith  the experim ent observations 
th an  the  resistive theory  of F urth  et al. [1963]. The results obtained based on
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the energy m ethod were applied to  the geomagnetic tail dynam ics by Coppi et al. 
[1966]. Based on the  linear Vlasov theory, Schindler [1966] used a  slightly different 
variational m ethod and also obtained a necessary and sufficient stability  criterion 
for the  collisionless tearing  mode. Schindler and Soop [1968] included an equilib­
rium  electrostatic field in their variational analysis of the  collisionless tearing mode 
instability.

However, the energy m ethod is only one of the approaches used to deal w ith  the 
collisionless tearing  m ode instability . A nother m ethod used to analyze the  instab il­
ity is one which calculates the p ertu rbed  quantities by com pleting the integration 
along the unp ertu rbed  particle orbits [e.g., Laval et al., 1966; Coppi et al., 1966]. 
Using this m ethod , Hoh [1966] calculated the  growth ra te  for the  collisionless tea r­
ing mode instability  in the  small Larm or radius lim it. He found th a t  the  instability  
is driven by a sm all group of electrons located w ithin a Larm or radius of the neutral 
plane and drifting about the neu tra l plane with zero velocity along the field lines. 
T he kinetic energy of these particles is the energy source of the instability , which 
develops fastest for a critical p ertu rb a tio n  wave length on the  order of several tim es 
the  sheet thickness L  due to  a  resonance m echanism  of the  inverse Landau dam p­
ing. H oh’s results were consistent w ith the previous results obtained  based on the 
energy m ethod  [e.g., Laval et a t., 1966].

Because the  partic le  o rb its used in  H oh [1966] were com plicated, his final results 
were achieved w ith  the  supplem ent of num erical extrapolation. Dobrowolny [1968] 
dem onstrated  th a t analytical results similar to  H oh’s could be obtained by using a 
simplified particle orb it m odel, in which the  orbits of particles th a t move across the 
n eu tra l sheet are approxim ated as pieces of straight lines, while the  orbits of the 
particles th a t do not cross the neutral sheet are approxim ated as Larm or circles. 
The tearing  m ode instab ility  is insensitive to  the orbits of particles because the

64

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



instability  is driven only by a small group of resonance electrons located in the 
neutral sheet region.

So far, only the linear effects of the collisionless tearing mode have been ex­
am ined. The nonlinear effects of the tearing instability  were first considered by 
Biskamp et al. [1970] based on the quasi-linear theory. They found tha t the non­
linear effects tend  to  stabilize the  instability. Nonlinear effects of the  tearing mode 
have also been investigated by Galeev and Zelenyi [1975a, 1975b]. The effects of 
the m agnetic field com ponent perpendicular to  the current sheet, which tend to 
m agnetize electrons in the  current sheet region and hence stabilize the instability, 
were discussed by Biskamp et al. [1970] and Galeev and Zelenyi [1976].

Drake and  Lee [1977] studied the transition  of the tearing instability  from 
the collisional to  the collisionless regimes in a  strong guiding field configuration 
by solving the Fokker-Planck equation and found a semi-collisional region for the 
tearing mode instability . They also exam ined the drift tearing mode caused by the 
electron and ion gradient drifts in the collisional, semi-collisional, and collisionless 
regimes. The collisionless drift tearing  m ode was also investigated by Coppi et al. 
[1979] and Galeev et al. [1985].

In the previous works, the collisionless tearing  mode instability in both  the 
neu tra l sheet configuration and  the  strong guiding field configuration has been ex­
am ined. T he collisionless tearing  m ode instability  in the  neutral sheet configuration 
has been applied to the m agnetotail to  explain the m agnetic substorm s [e.g., Coppi 
et al., 1966]. However, at the dayside m agnetopause, the  m agnetic field configura­
tion generally has neither a  neu tra l sheet nor a  strong guiding field, because the 
guiding field com ponent (B y) is usually less than  or com parable to the antiparallel 
com ponent (B z).
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Based on the OGO 5 m agnetom eter data , Greenly and Sonnerup [1981] found 
location, orientation , am plitude, and frequency of m agnetic oscillations at the day- 
side m agnetopause to be consistent w ith the collisionless tearing mode theory. 
Q uest and Coroniti [1981a, 1981b] investigated the collisionless tearing  mode insta­
bility for the typical m agnetic field geom etry and plasm a param eters at the dayside 
m agnetopause. They found th a t the linear growth rate  of the tearing mode is a 
sensitive function of the IM F orientation , m agnetopause thickness, and electron 
num ber density. Larger tearing  growth rates tend  to be obtained when the angle 
between the IM F and the geom agnetic field is large, the dayside m agnetopause is 
th in , and the electron num ber density is low. The nonlinear evolution and the 
nonparallel propagation  (k  x B  /  0) of the tearing mode instability  a t the dayside 
m agnetopause were fu rth er exam ined by Coroniti and Q uest [1984] and Quest and 
C oroniti [1985].

The collisionless tearing  mode at the dayside m agnetopause was also investi­
gated  by Kuznetsova and  Zelenyi [1985], Galeev et al. [1986], and G ladd [1990]. 
In addition to the usual tearing  m ode pertu rbations (cylindrical geom etry m  > 2 

m odes) in a slab current layer w ith sheared m agnetic field, K uznetsova and Zelenyi 
[1985] found th a t a  set of special tearing  mode pertu rbations (slab geometry of 
m  =  1 cylindrical modes) w ith  larger growth rates could also be excited and that 
th e  sa tu ration  m echanism  caused by the  coupling tearing pertu rbations to the ion 
sound waves could only affect the usual tearing  modes. Based on an analytical 
calculation of the  stability  of the dayside m agnetopause, Galeev et al. [1986] found 
th a t the growth and  overlapping of m agnetic islands due to  the drift tearing mode 
could destroy the m agnetic surfaces at the m agnetopause and th a t the stochastic 
wandering of the  m agnetic field lines betw een the destroyed m agnetic surfaces could 
lead to the m agnetic field line percolation, i.e., patchy m agnetic reconnection. A
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m agnetopause stability  threshold was obtained by Galeev et al. [1986]. They also 
found th a t the drift tearing mode could be stabilized by its coupling to  the ion 
sound waves. These analytical results were la te r confirmed and further extended 
by num erically solving the eigenmode equations [Gladd, 1990].

Thus far, m ost of the works m entioned above deal w ith the collisionless tearing 
mode instab ility  in an isotropic plasm a, i.e., Tj_ =  Ty, where T± and 7y are tem ­
peratu res perpendicular and  parallel to  the m agnetic field, respectively. However, 
in the  collisionless plasm a, the m otion of particles parallel to the m agnetic field 
is decoupled from  the perpendicular m otion and  tem perature  anisotropy can be 
m aintained even in therm al equilibrium , which may also affect the development of 
the tearing  mode.

The collisionless tearing mode instability  in  the anisotropic plasm a has been 
exam ined by several authors. For example, Laval and Pellat [1968] showed that 
the  tearing  m ode can be stabilized by a weak electron anisotropy, in  which the 
perpendicular tem perature  (T^j.) is sm aller th a n  the  parallel tem perature  (Te||). 
Forslund [1968] found th a t the tearing grow th ra te  can be enhanced when Te± is 
slightly larger th an  Tey .  Chen and Davidson [1981] dem onstrated  th a t the range 
of wave num ber for unstable modes is reduced for Ti± < T*y and is increased for 
Ttj_ >  Ti-|| when an ion tem pera ture  anisotropy is present.

T raditionally, in calculating the growth ra te  for the collisionless tearing mode 
instability , a  two-region approxim ation and a constant eigenfunction assumption 
are used. In  the inner region, where particles move across the neu tra l sheet, the 
o rb its of particles are assumed to be pieces of straigh t lines and the eigenfunction 
is assum ed to  be a constant; whereas in the  o u te r region, particles do not cross the 
neu tra l sheet and the orbits of particles are approxim ated as the  Larm or circles. 
T hen, the  asym ptotic  solutions are m atched a t the boundary  th a t separates the
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two regions. In the two-region approxim ation, the interm ediate  region where ions 
still move across the  neu tra l sheet while electrons can no longer do so, has been 
neglected. For exam ple, Dobrowolny [1968] obtained  the dispersion relation of 
tearing m ode by m atching the asym ptotic solutions a t the  boundary  separating  the 
electron inner and outer regions, while neglecting the  contributions of ions to the 
dispersion relation.

Chen and Palm adesso [1984] studied the  collisionless tearing  mode instability  
in an anisotropic n eu tra l sheet. They found th a t even though it is a good approx­
im ation for the isotropic plasm a, the two-region approxim ation is inadequate for 
the anisotropic neu tra l sheet. They proposed a three-region approxim ation model 
for the  particle  orb its to  include the contribu tion  from  the in term ediate  region. 
Including the ion contribu tion  in the interm ediate  region, they found th a t an ion 
tem pera tu re  anisotropy w ith  Ti± >  Tq| can enhance the  tearing  growth ra te  by 
an order of m agnitude, while an ion anisotropy w ith  T,j_ <  T,|| tends to  strongly 
stabilize th e  instability.

An integro-differential form alism  was developed by Chen and Lee [1985] to 
solve the  collisionless tearing  m ode in a neu tra l sheet geometry. W ith  the integro- 
differential form alism , the  constant eigenfunction assum ption is no longer needed 
and the orb its of particles are trea ted  exactly. W hen applied to  a non-M axwellian 
d istribu tion , the integro-differential m ethod produced an enhanced tearing  growth 
ra te , which can be one or two orders of m agnitude larger th an  th a t obtained  from 
the previous best analytical approxim ation, the three-region approxim ation [Chen 
and  Lee, 1985; B urkhart and Chen, 1989a, 1989b]. A quadratic-form  analysis of 
the  collisionless tearing  mode was also reported  by Chen and Lee [1988].

Previous theoretical works on the collisionless tearing  m ode instabilities have 
been reviewed above. T he sim ulation studies of the collisionless tearing  m ode have
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also been carried out and will be discussed later. In the following, the growth 
ra te  and the  eigenfunction of the tearing mode instability  in a slab neutral sheet 
are derived. For the calculation of the tearing grow th rate and eigenfunction in 
a  current sheet w ith  a sheared m agnetic field, readers are referred to Laval et al. 
[1966], Galeev and Zelenyi [1978], Quest and Coroniti [1981b], Galeev [1984], Galeev 
et al. [1986], G ladd [1990], and references therein.

To calculate the grow th ra te  for the  collisionless tearing mode instability, a set 
of Vlasov-M axwellian equations is used. W ith  the Coulomb gauge, V • A  =  0, these 
basic equations can be w ritten  as

8 f a d f Q qQ V  X B  . d f a s
^ f + v ‘ ^ +  E  + --------- - - ^  =  0 (3.36)at  a x  m a c a v  v

W  =  —47r £ g Q f  f a d v  (3.37)
a

V 2A  =  I  v f a d v  (3.38)
c  «  J

1 d A
E  = - v * - c - m  <3'39>

B =  V x A (3.40)

where f a is the  particle  d istribution  of the a  species, qa and m a are, respectively, 
the charge and mass for a particle of the a  species, v  is the particle velocity, d/dx.  =
( d / d x ) e x + (d / d y ) e y + (d / d z ) e z, d / d v  = ( d / d v x )ex +  ( d / d v y )ey +  (d / d v z)ez, <£ is
the  electrostatic  potential, and A  is the vector potential. As defined before, E , B , 
and  c are, respectively, the  electric field, the m agnetic field, and the speed of light. 

U nder the  assum ption th a t

/ a (x , v,<) =  / 0a (x ,v )  +  / i a ( x ,v , t )
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4>{x,t) = <j>! (x,t)

A(x,<) = A 0(x) + Ai (x , f )

where 0 denotes the zeroth order quantities in an equilibrium  and  1 denotes the first
order pertu rbed  quantities, which are much smaller th an  the zeroth order quantities,
the equations of (3.36) - (3.40) can be separated  into  two sets of equations, one 
describing the zeroth order equilibrium  sta te  and the o ther describing the first 
order p ertu rb ed  sta te . T he zeroth  order equations are

y  J . = |
a x  m a c d v

V 2 A 0 =  J v f 0adv  (3.42)
a .

E 0 =  0 (3.43)

Bo =  V x A q (3.44)

and the linearized first order equations are

df \a d f i a d f i a qa . v x ( V x A o ) ,  d f lQ  = ------------ U V   -------------      •----------dt dt  d x  m a c d v
=  _ i ^ h V » , - l ^ + V><<V x A ->] . ^  (3.45)m Q c dt  c d v

V 2<f>i =  - 4 7 T ^ q a f f i a d v  (3.46)
Ct

V 2A j =  f v f l a d v  (3.47)
c a J

=  (3.48)

B j -  V x A i  (3.49)
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It is easy to verify tha t the self-consistent current sheet model of Harris [1962] 
is an equilibrium  solution for the zeroth order equations, in a reference frame in 
which

Ui ue
Ti ~ r e (3-50)

where Ui (Ue) and Ti (Te) are the  drift speed and tem perature  of ions (electrons), 
respectively. W ith  the  assum ption th a t ions drift in the  y-direction and electrons 
drift in the —y-direction and th a t the  current sheet lies at x  =  0, the Harris solution 
can be w ritten  as

/0 “ =  n ( X ) ~' 3 C X P [ ~  ^  +  ^  J (3-51)

n( x )  =  n 0sech2( - | )  (3.52)

E 0 =  0 (3.53)

B 0 =  B 0t a n h ( y ) e 2 (3.54)JU

71

where Ta / m a is the particle therm al speed for a  species, n (x ) is the par­
ticle num ber density profile, which is the sam e for bo th  ions and electrons, n 0 is the
particle  num ber density in the current sheet, L  =  y /2c2T j/47rnoe2C72( l  +  Te/Ti )  is
the  current sheet thickness, and B 0 = y 87rn 0(Ti 4- Te) is the m agnitude of magnetic 
field outside the  current sheet. A fter some straightforw ard algebraic m anipulation, 
it is found th a t for the Harris current sheet model

f  -  &  <3-55>

where pa ^ t h a / ^ a  ^  pa)\ZT(x/ (T{ T  Tr ), Lla — eZ?o/cnxQ, and ^ p a =
4irn^e2 1 m a are, respectively, th e  particle gyroradius, the particle gyrofrequency, 

and  the  plasm a frequency for the  species a .
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To solve the first order equations, fu rther assum ptions are made for the first 
order p e rtu rb ed  quantities, i.e.,

72

/ i a ( x ,  v , t) =  / lQ(x, v )ex p ( i kzz +  7 <) (3.56)

A l9  = 0 (3.57)

A i y ( x , t )  = A i ( x ) e x p ( i k zz + 7 <) (3.58)

A yz = 0 (3.59)

<^i(x, t) =  <^i(x)exp(ifc2z +  j t )  (3.60)

where k z is the  wave num ber of the first order p ertu rba tio n  along the zeroth order 
m agnetic field and  7  is th e  grow th ra te  for the  collisionless tearing  mode. W ith  the 
above assum ptions, and  after some algebraic m anipulation , (3.45) can be rew ritten  
as

f  ( F a  A \  -
J l a  =  7 f ~ { ----------------<Pl)JOal a  C

- z f -
« d  f r< i i ( x ' )Qp I 1 c 0i(®')]exp[ifci ( z ' - z )  +  7 ( t ' - f ) ]  W 0ot(x ',v ') d f ' (3.61)

where the  in tegration  is perform ed along the  u np ertu rbed  particle orbit and  the 
result of (3.51) is used. For the  neu tra l sheet w ith an isotropic M axwellian d istri­
bution, described by Harris [1962], it is reasonable to assume th a t near x  ~  0 the 
eigenfunctions are approxim ately  constant, i.e., A i(x ')  ~  A i(x ) and  <f>i(x') ~  </>i(x). 
Similarly, the  particle  density profile is approxim ated as n (x ')  =  n (x ). Also from 
Pya — +  (qa / c ) A y = const, where Pya is the  y-com ponent of particle canon­
ical m om entum  for the  a  species, it is found th a t v'y ~  vy in  the x ~  0 region. It is 
also found th a t v'x ~  v x since v 12 +  v '2 =  v 2 + v 2 = const and th a t z'  -  z =  v z (t'  - 1 )
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because of v'z =  v z — const. After com pleting the integration along the unperturbed 
particle o rb it, (3.61) is deduced to

i  _  9“  f  U c t A \  2 \ /  I 9a / v y A \  2 \  *7 r/ la  — - = r ( ------------- < Pl )J Oa  +  — -( -------------0 i ) t ----------— /oc1 q  C J. d  C n>2

and the first order d istribution  function is found to be

9 a

(3.62)

r qa k zvz fVyAx
/ l a  m  VT  , .V  £ - ^ l ) / o « + ^ - ( t / a - r v) ^ / OQTa k zv z - i ‘j  c Ta c (3.63)

A fter su bstitu ting  (3.63) into (3.46) - (3.47) and completing the integration, 
two coupled equations are obtained.

’ 2 '  C7qA,V 2*  =  -4 ,m (* ) Y .
m a  ' t l i a  **

Ua Z  ( (c)  /± Ua A\y  x \A lV
 772------ (0 1 -------- : -----) +  CaZ(Ca) ~V21tha

(3.64)

(3.65)

where £a =  i ^ ! k z Vth.a , Z ( Q  is the Fried-Conte plasm a dispersion function defined
as

1 Z00 e_t
2 ( 0 = ^ L -

-dtc
and Z '(C) =  dZjdC, =  — 2[1 +  £Z(£)]. By using the quasi-neutrality  condition, i.e., 
V 20 i =  0 , a  linear relation  can be found between for 0 i and A iv,

01 =
(Ui/Ti)Z'{<ii) -  (Ue/ T e)Z ' { (e) Aly (3.66)(l/roz'KO + Ci/TeiZ'iCe)

Since for the tearing  m ode instability  £a =  i j / k zVtha is much sm aller than 
unity, the  p lasm a dispersion function and  its derivative can be expanded as Z ( ( a ) ~  
fw1/ 2 and Z ' ( ( a ) ~  —2( l - |- i7r1/,2^Q). W ith  above expansions and substitu ting  (3.66) 
into (3.65), it is obtained

d2 A x
d x 7

(3.67)
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where
V0(x)  =  - ( 2 /L 2)sech2(x /L )

Vl a (x  fcz , 7 ) =  { _ l 7r l / 2sech2(I / L )(u;P“ / c2)[1 + 2 (P<*/L )2 K<* |*| <  da
“ ’ *’ 1 0 | i |  >  da

and da = \ f p a L  is the estim ated  half-width of the singular layer near the region 
w ith k  • B  ~  0, where the  resonant wave particle in teraction  takes place. For the 
special case considered above, the singular layer is located  a t x  ~  0. Notice tha t in 
deriving (3.67) a  m ajor assum ption has been made. It is assumed th a t all particles 
of species a  located  w ithin  the  singular layer w ith |x| <  da are totally  unm agne­
tized, m eandering around  the  singular layer, in teracting  w ith  tearing  waves, and 
contributing  to  Vja ; w hereas o ther particles of species a  located outside the singu­
lar layer are strongly m agnetized, do not partic ipa te  in  the  resonant wave-particle 
in teraction  and hence do not contribu te  to V\a . Since V n / V i e oc y j T em e/ T i mi  <C 1, 
resonant electrons play a  dom inant role in the wave-particle in teraction  in the re­
gion w ith  |z | <  <fe. Notice th a t  (3.67) can also be obtained if <j>i is neglected in 
(3.65). In (3.67), Vo represents the adiabatic p ertu rb a tio n  of the current density 
due to  the  slow pairing of the  elem entary current filam ents, whereas Vj represents 
the  pertu rbed  current density caused by the resonant w ave-particle interaction.

Equation  (3.67) is a  Schrodinger equation w ith  a com plicated potential F (x ) , 
where V { x ) =  k \  -f- Vo(z) 4- 53 ^ ia ( x , T he typical form  of the effective
potential V ( x )  for th e  Schrodinger equation (3.67) and the typical shape of the 
eigenfunction of the p ertu rb ed  vector potential A x of the collisionless tearing mode 
instab ility  are shown in F igure 3.2. Figure 3.2a shows th a t  the effective potential 
has a  sharp  peak caused by the  resonant electrons near the singular layer (x ~  0 ) 
and  Figure 3.2b shows th a t  the  pertu rb ed  vector po ten tial has a  discontinuous 
derivative a t x =  0 .
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a) EFFECTIVE POTENTIALo

X
b) PERTURBED VECTOR POTENTIAL

x

Figure 3.2 For the collisionless tearing mode instability, (a) the effective 
potential of the Schrodinger equation (3.67) and (b) the typical shape of the 
eigenfunction of the perturbed vector potential.
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In general, (3.67) must be solved numerically. For exam ple, w ith the  assum p­
tion  th a t the  eigenfunction decreases exponentially away from  the singular layer, 
i.e., A\  oc ex p (—fcz |x |) when i > 0, (3.67) can be solved w ith a shooting m ethod to 
obtain  the eigenfunction (Ai )  and the  grow th ra te  (7 ) for a  specified wave num ber 
( k z ). P lo tted  in  Figure 3.3 is the  typical curve of th e  norm alized collisionless tea r­
ing mode grow th ra te  7 / f l e as a function of norm alized wave num ber k t L  by using 
the shooting m ethod. T he growth ra te  has a  m axim um  value when k t L  ~  0.3. 
However, if the  form  of po ten tia l well can be simplified, (3.67) may also be solved 
analytically.

Since the contribu tion  to  mainly comes from  the resonant electrons in
the region w ith  |x| <  de, it is appropriate  to assum e th a t $2 Vla  =  Vlc =  constant 
in the in ternal region ( |x | <  de) and ^  Via =  0 in  the  external region (|x | >  de). 
Notice th a t in the  region w ith  de <  |x| <  dz, although electrons are m agnetized, ions 
are still unm agnetized and  can resonate w ith  tearing  pertu rb a tions, contributing  
to X -F ia ’ However, in  the above, Vu,  the  contribu tion  of ions in the  region with 

<  |a:| < <£» is neglected. It has been shown th a t the above assum ption is justified
as long as p lasm a considered is isotropical [Chen and  Palm adesso, 1984]. Because
in the in ternal region d ? A i / d x 2 k \ A \  and Vie V0, (3.67) can be simplified as

^  -  VieA, =  0 (3.68)

and the  solution for (3.68) is found to  be

A im t(z ) =  A iint(0)cosh( V ^iT x) (3.69)

On the o ther hand , in  the  external region, (3.67) is simplified as

^ • - [ t l - A KChJ( | ) ] i , = 0  (3.70)
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kzL

Figure 3.3 The normalized collisionless tearing mode growth rate as a 
function of normalized wave number.
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and the solution of (3.70) is given by

A i ext(x)  =  i leEt(0)[l +  ta iiM 1 x \ /  £ )  ]exp( - k z \x\) (3-71)tC 2,

By m atching the  logarithm ic derivative of the  internal solution (A iin t) and 
the external solution (A iexl) a t the boundary  of the  singular layer (x =  de), the 
dispersion relation  for the collisionless tearing m ode is obtained as

^ u n h ( v ^ . )  ~ 1) <3-72'

From the dispersion relation  (3.72), after some straightforw ard algebraic m anipu­
lation, the  well-known form  of the growth ra te  of the collisionless tearing mode is 
obtained

7  =  * - 1/* n €(£ ? )» 'J ( l  +  j r H l  -  k \L*)  (3.73)

where de/ L  <C k L  <  1 is assum ed. It is clear from  (3.73) th a t the collision­
less tearing  mode instab ility  occurs only when k z L < 1, which is similar to the 
collisional tearing m ode instability . However, in  the collisionless plasm a resonant 
wave-particle in teraction  instead  of resistivity provides the dissipation mechanism 
for the instab ility  to  grow.

Equation  (3.73) is obtained  for special m agnetic configuration, i.e., H arris’ cur­
rent sheet model, in  which the m agnitudes of the  oppositely directed m agnetic field 
on bo th  sides of the  current sheet are equal. W hen the current sheet is asym m etric, 
the growth ra te  of the  collisionless tearing mode can be w ritten  as

T =  ’r ' 1/ I ¥ 7 i A ' <3 7 4 >K0ea*

78

where k 0e = - ^ T r e ^ ^ o ) / m ec2 is the  inverse collisionless skin depth , x0 is the 
position of the singular layer of the asym m etric current sheet, and A ' is the jum p
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in the  logarithm ic derivative of the pertu rbed  m agnetic field. For k z L  1, similar 
to  the collisions! tearing m ode, A ' can be approxim ated by (3.25).

W hen the current sheet is asym m etric, the  half-width of the singular layer 
(<fe) can  be estim ated  as follows. A round the singular layer xo, the electron orbits 
separate  into two classes: orbits which do not cross the singular layer x =  x 0 and 
are roughly gyrotropic and orbits which m eander about the  singular layer x =  x0 

[Sonnerup, 1971]. The boundary  th a t separates the two classes of orbits can be 
assum ed a t x =  x0 ±  de. N ear the singular layer x =  x 0, the m agnetic field can 
be expanded as B ( x ) ~  B' (xo) (x  — x 0). For an electron with therm al speed Ftfce» 
its gyroradius can be w ritten  as pe(x) ~  Vifce(m ec /e )/B '(x o )(x  — x<j). By setting 
pe(xo ±  de) — de , the half-w idth of the  singular layer can be estim ated as

de =  y /Vthem ec / e B ' ( x  0) (3.75)

As a special case, for the m agnetic field described by the Harris current sheet 
m odel (3.54), the  half-w idth of the  singular layer is found to  be cfe =  y/peL,  which 
is exactly  the  same as used previously in (3.67).

In the previous two sections, the  grow th rates for both  the collisional and 
the collisionless tearing m ode instabilities are. derived. In the next section, the 
dependence of tearing  mode instabilities on the plasm a 0  value, the  ra tio  of plasm a 
pressure to m agnetic pressure, will be  examined.

3 .3  T h e  /^ -D e p e n d e n c e  o f  T e a r in g  M o d e  In s ta b i l i t ie s

M agnetic reconnection has been a prevailing hypothesis for the interaction  between 
the  solar wind and the m agnetosphere at the  dayside m agnetopause, transferring
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the mass, m om entum , and energy from the solar wind into  the  ea rth ’s m agneto­
sphere. Tearing mode instabilities at the dayside m agnetopause play an im portan t 
role in the developm ent of large-scale dayside m agnetic reconnection. Recent satel­
lite observations of high-speed plasm a flows at the dayside m agnetopause, which 
are in terp re ted  in term s of m agnetic reconnection, indicate th a t the m agnetic re­
connection process may occur preferentially when the ratio  of plasm a pressure to  
m agnetic pressure in the m agnetosheath  has a small value (0,  <  2 ) [Paschm ann et 
al., 1986].

Paschm ann et al. [1986] determ ined for each m agnetopause crossing the m ax­
im um  observed velocity change A V 0t,jerre(£ and the corresponding velocity change 
A V theory ? predicted  from  the tangential m om entum  balance. T hen, a dimensionless 
velocity change is defined as

a t / *    A V o b s e r v e d  ' A V t h e o r y
~  \ & v t k e o r y \ 2

A perfect agreem ent betw een th e  observation and the  theory would yield AV* =  1 , 
whereas AV* =  0 would result if A 'V0f,serve<i was either of zero m agnitude or 
oriented at right angle to A V  theory It is found th a t for cases w ith 0 S <  2 , the 
norm alized flow velocity change is large, AV* =  0.74 on average, while for the 
cases w ith 0 ,  > 2, the norm alized flow velocity change is small, AV* =  0.18 on 
average. Therefore, the  result of Paschm ann et al. [1986] seems to suggest th a t 
the reconnection process at the  dayside m agnetopause takes place preferentially 
when the m agnetosheath  plasm a 0 ,  value (0 S) is sm aller than  2. Figure 3.4 shows 
the original Figure 20 of Paschm ann et al. [1986], in which the  dimensionless flow 
velocity change is p lo tted  as a  function of 0 B.
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Figure 3.4 The ratio of observed to theoretically predicted flow velocity 
change at the magnetopause as a function of 0„ the ratio of plasma pres­
sure to magnetic pressure in magnetosheath [Paschmann et al., 1986].

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



A possible explanation  for the result of Paschm ann et al. [1986] is tha t the 
development of the tearing  mode instability  triggering the onset of magnetic recon­
nection a t the  dayside m agnetopause may have a dependence on the /3 value, the 
ratio  of plasm a pressure to m agnetic pressure. The possible relationship between 
the tearing  m ode instab ility  and  the ratio  of p lasm a pressure to  magnetic pressure 
was discussed by Sonnerup [1974] and Quest and Coroniti [1981a]. In Sonnerup 
[1974], a  condition of (3V <  1 was found for the sym m etric reconnection in the mag- 
neto tail, where /3p is the ratio  of perpendicular ion pressure to  m agnetic pressure in 
the inflow regions. In Q uest and Coroniti [1981a], a lower electron density, hence 
a  lower p lasm a /3, in the  current sheet was found to favor the onset of the tearing 
mode instab ility  a t the  dayside m agnetopause.

However, a t the dayside m agnetopause, the m agnetic field configuration is usu­
ally asym m etric. Thus, the result of Sonnerup [1974] may not be applicable to the 
dayside m agnetopause. Furtherm ore, the dayside m agnetopause structure is essen­
tially determ ined by the pressure balance between the local p lasm a and magnetic 
pressures, and  the  electron density in the current sheet is not allowed to vary a r­
b itrarily  once the density profile is determ ined by the  pressure balance. Thus, the 
result of Q uest and Coroniti [1981a] rem ains inconclusive. Therefore, w hether or 
not the onset of the tearing  mode instability, and  hence the magnetic reconnection 
process, a t th e  dayside m agnetopause has a  strong plasm a /3-dependence needs 
fu rther investigation. In the  following, the possible /3-dependence of the tearing 
mode instab ility  will be exam ined based on both  the resistive MHD theory and the 
collisionless kinetic theory.

The grow th ra te  of the resistive tearing m ode is derived in section 3.1. For the 
resistive tearing  m ode developed in a current sheet w ith k  • Bq(xo) =  0 , the general
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dim ensional form of the resistive tearing growth ra te, adopted from (3 .34), can be 
rew ritten  as

4 / 5
I i ' ( l / 4 )  \

7

83

=  ( r f / 3 7 4 ) )  ( Z 7 ^ ) 1 / 5 ( I F , < I ° > ) 2 / 5 ( t i ) , / 5 < ' S / S ( ' ' ! / S ( £ A ' ) 4 / 5  ( 3 - 7 6 )

where F ( x ) =  k • B o(x)/(fcB ) and A ' is the jum p in the logarithm ic derivative of 
the  pertu rbed  m agnetic field f?lx . Near x 0, F  is given, approximately, by F(x)  ~  
F '( x 0)(x — x 0). For kL  <C 1, A ' can be w ritten  as

A ' =  + J T )  (3.77)

Notice th a t in (3.76) the Alfven transit tim e is defined as =  L / v ^  =  L - j AKp j B . 
To exam ine the /^-dependence of the resistive tearing mode, two cases will be con­
sidered, one involving a sym m etric current sheet model and the o ther involving an 
asym m etric current sheet model. For simplicity, the plasm a tem perature  is assumed 
to be a constant in the following discussion and the equilibrium  m agnetic field has 
the  B z com ponent only.

For the sym m etric neu tral sheet m odel, the m agnetic field can be w ritten  as

B 0(x) =  f?0zta n h (y  )e z (3.78)L
From  k  • B 0(x 0) =  0, it is found x 0 =  0. From the pressure balance condition, it is 
obtained

p,(x)T + ̂ l  = f k (1+ f l » )  (3.79)

where /?oo =  8^Po(oo)T/ Bqz is the  ratio  of plasm a pressure to m agnetic pressure 
outside the  current sheet. By defining B  = Bqz and p =  B * / 8n T ,  it is obtained 
th a t at the current sheet x =  x 0 =  0

p ( x 0) =  p ( l  +  0oo) (3.80)
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For the m agnetic field profile (3.78), the function F (x ) =  tan h ( x / L ) .  Near xo =  
0, F (x )  ~  x / L  and at x 0 =  0, F '( x 0) =  1 / L .  The jum p in the logarithm ic 
derivative of the pertu rbed  m agnetic field is found to be A ' =  2(1 — k 7 L 2 ) / k L 2. 
After substitu ting  A ' and (3.80) into (3.76), the grow th ra te  of the  resistive tearing 
mode in the sym m etric curren t sheet is found to be

7(/5oc) =  (1 + /3 co )“ 1/ 57(0) (3.81)

where
/  2 r ( l / 4 )  \  4/5 (1 — fc2L2)4/ 5 3/5 2/5
y 7 rr(3 /4) J  ( k L )2 / 5 d A

is the resistive tearing  grow th ra te  when 0 ^  =  0 outside the current sheet.
In Figure 3.5a, the norm alized resistive tearing  growth ra te  7 * =  7(/?oo)/t(0)

is p lo tted  as a function  of 0 O t he ra tio  of plasm a pressure to  m agnetic pressure
outside the sym m etric neu tra l sheet. It is shown in Figure 3.5 th a t the  tearing
growth ra te  only has a  m oderate  dependence on the plasm a 0  when the current
sheet is sym m etric and th a t  the  growth ra te  is reduced by about 40% when the
plasm a 0  outside the  current sheet increases from 0 to  10.

For the asym m etric n eu tra l sheet, the m agnetic field can be w ritten  as
■n / \ B m — B ,  B m +  B , xB o(z) =  ----- ^---------------- ^ tanh( —)e 2 (3.82)

where B m =  B 0( —00) and  B ,  =  — 2?0(oo) are, respectively, the m agnitudes of 
m agnetic field on the two sides of the neu tra l sheet. From the pressure balance 
condition, it is found

P„(*)T  +  =  | | ( 1 +  0 „ )  = f i ( l  +  0. )  (3.83)

where (3m = Sirpo( —o c) T / B ^  and 0 ,  = 8 irp0(oo)T/ B% are, respectively, the ratio  
of plasm a pressure to  m agnetic pressure a t the  two sides of the  current sheet. From
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a) SYMMETRIC CASE
o

/3oo
b) ASYMMETRIC CASE

o

/3.

Figure 3.5 The normalized resistive tearing growth rate as a function the 
ratio of plasma pressure to magnetic pressure outside neutral sheet, (a) the 
symmetric case and (b) the asymmetric case.
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k- Bo( zo)  =  0 , it is found th a t x0 is determ ined by tan h (x 0/F )  =  (Bm ~ B , ) / ( B m + 
B t ). By defining B  = B m and p =  B  / 8trT, the plasm a density a t x =  x0 can be 
w ritten as

Po(x0) =  p ( l +  0 m ) (3.84)

and the function F  is found to be

 ̂ 1 - ( B . / B m )  1 + ( B . / B m ) ± /nB1. xF{x)  = -------- 2----------------------2-------- ta n h ( ^ )  (3.85)

Near x 0, F  can be approxim ated  as

* —2 / L . , - 2 / L  , x vF ( x )  ~   -----— —  - (x — x 0) =   \ ■ = ( x  — xo) (3.86)1 +  ( B m / B g) 1 -f

After some straigh tforw ard  algebraic m anipulation , the jum p  in the logarithmic 
derivative of the  pertu rb ed  m agnetic field for kL  <C 1 is found to be

4 1 + ( 1 + < ? .) / ( !+ < ? „ )  , , , , ,
kL1 [1 +  V ( l + A ) / ( l + / 3 „ ) ) ! 1 ' '

After su bstitu ting  (3.84) - (3.87) into (3.76), the growth ra te  of the resistive tearing 
mode in the  asym m etric neu tra l sheet for k L  <C 1 is found to  be

(3 3 ) 7 (° ’0) ( 2 ' \ 7 1 +  (^ ) V / ’ ( 3 - 0

where 4/5
-2/5

86

(
\

H h i l )  ( « ) - * / • ,  ; v . i r

is the resistive tearing grow th rate when 0 m =  0a =  0 outside the current sheet.
P lo tted  in Figure 3.5b is the norm alized resistive tearing growth rate 7 * =  

7(/* 771 7 /3a) / 7 (0 , 0 ) as a function of 0 t , the ratio of plasm a pressure to m agnetic 
pressure on one side of the asym m etric neutral sheet, for 0 m =  0.1 and 1.0 , the ratio
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of p lasm a pressure to m agnetic pressure on the o ther side of the asym m etric neutral 
sheet. It can be seen in Figure 3.5b th a t when the neutral sheet is asymmetric, the 
resistive tearing growth ra te  has a weaker /3-dependece than th a t obtained in the 
sym m etric neu tra l sheet case. For a small (3m value, /3m <  1, the  tearing  growth 
rate  is reduced by about 20% or less when (3, increases from 0 to 10.

It is clear from  the above analysis th a t the resistive tearing growth rate has 
only a weak to m oderate dependence on the ra tio  of plasm a pressure to magnetic 
pressure outside the current sheet. Thus, according to the resistive MHD theory, the 
reconnection process triggered by the developm ent of the tearing mode instability 
should not be severely affected by the  variations of plasm a (3. However, the above 
conclusion may not be tru e  when the  plasm a becomes collisionless. Therefore, 
in the following, the  /3-dependence of the  tearing  mode instability  will be further 
exam ined in the collisionless plasm a environm ent.

As derived in section 3.2, the  growth ra te  of collisionless tearing  mode in a 
neutra l sheet located  a t x = x 0 is given by (3.74), i.e.,

—  l / 2 ^ T t h e

T =  7r k r r Aft'Oe e
where k0e =  v / 47re2n (x 0) /m ec2, de =  y/2Vtflt. m ec / e \ B ' ( x 0)\, and for kzL  <  1 

A ' =  [(I? '(xo))2/ f c ] ( l / i? i00 +  1/23^,). For simplicity, it is assumed th a t particle 
tem peratures are constant. In  the following discussion, both  the  sym m etric and 
asym m etric n eu tra l sheet m odels will be considered.

For a sym m etric neu tral sheet located at x =  0, the m agnetic field profile can 
be w ritten  as B 0(x) =  230ztan h (x /Z /)ez . From the  pressure balance condition, the 
particle num ber density profile is found to  be n (x ) =  no[/3oo +  sech2(x /L ) |,  where 
n 0 =  B%z / 8Tr(Ti +  Te) is the  particle num ber density a t the neu tral sheet x =  0 
when Poo — 0 and  (3^  =  87rn(oo)(Tt +  Tz ) / Bg z is the ratio  of plasm a pressure to
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m agnetic pressure outside the neutral sheet. For the sym m etric neutral sheet, it is 
easy to verify th a t n(0) =  n 0( l  +  0oo), A ' =  2(1 — k 2zL 2 ) / kz L 2, and de = \ / peL , 
where pe =  Ythe/ a n d  =  e B 0z / m ec. By substitu ting  the above quantities into 
(3.74), it is obtained

l (0oo)  = 7 (0 )(1  +/doo) _1 (3.89)

where 7 (0 ) =  ( 4 / n ) 1 / 2 Ft/ie(l — F2zL 2 ) / ( k fiep lJ 2 L 5/2) is the collisionless tearing 
growth ra te  when 0 ^  — 0 and k 0e =  y 47rn 0e2/ m ec2 .

The norm alized collisionless tearing  growth ra te , 7* =  7(/3oo)/7 (°). in the 
sym m etric neu tra l sheet is p lo tted  in Figure 3.6a as a  function of 0 ^ ,  the ratio  of 
plasm a pressure to  m agnetic pressure outside the  neu tra l sheet. Figure 3 .6a shows 
th a t the collisionless tearing  grow th ra te  has a strong dependence on the plasm a 0  

when the current sheet is sym m etric and th a t the  growth rate can be reduced by 
90% when the 0  value changes from  0 to 10.

For an asym m etric neu tra l sheet, the m agnetic field profile can be w ritten  as 
B 0 =  0.5[(£?m — B „) — (B m +  B ,) ta n h (x /L ) ]e r . T he asym m etric neu tra l sheet has 
a  singular layer at x 0, which is determ ined by tan h (x 0/ i / )  =  (B m — B , ) / ( B m +  B t ). 
From  the pressure balance condition,

n (z )(T , +  T.)  + I S M  =  | 1 (1 +j9<) =  1 1 ( 1  +(3m)

the particle num ber density profile can be obtained. At x =  xo, the particle num ber 
density is given by n (x 0) =  n 0m( l  +  0 m ), where n 0m =  F ^ / 87r(Ti +  Te). For the 
m agnetic configuration described above, A ' is given by (3.87) for itzI  «  1 and 
de = VpemL[ \  +  (1 +  0 , ) 1/ 2/ ( I  +  0 m ) 1 / 2 \ / 2 , where pem =  Vthe/Q.em and f lem =
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a) SYMMETRIC CASE
o

b) ASYMMETRIC CASE

P .

Figure 3.6 Normalized collisionless tearing growth rate as a function of the 
ratio of plasma pressure to magnetic pressure outside a neutral sheet, (a) 
the symmetric case and (b) the asymmetric case.
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e B m / m ec. A fter substitu ting  the above quantities into  (3.74), the growth ra te  of 
collisionless tearing  mode in the asym m etric neu tral sheet is obtained

1 + A * v  2 A i  +  v ®

where 7 (0 , 0 ) =  (4/TT)1 ^2 Vtfie/ { k 0emp l m L 5^2) is the tearing  growth rate when (3m — 
(3, = 0 and k 0em = yt/4Tre2n QTn/ m ec2.

P lo tted  in Figure 3.6b is the normalized collisionless tearing growth rate 7 * =  
7 (/3m ,/3* )/7 (0 , 0) as a function of /3a, the ra tio  of plasm a pressure to  magnetic 
pressure on one side of the  asym m etric neu tral sheet, for f3m =  0.1 and 1.0, the ratio  
of plasm a pressure to  m agnetic pressure on the o ther side of the asym m etric neutral 
sheet. It can be seen in Figure 3.6b th a t when the neu tra l sheet is asym m etric, 
the /3-dependence of collisionless tearing instability  is much weaker than  when the 
neu tra l sheet is sym m etric. For a  small /3m value, /3m <  1, the  tearing growth rate  
is reduced by abou t 10% or less when (3t increases from 0 to  10.

The significant differences of the /3-dependence of the collisionless tearing in­
stability  betw een the  sym m etric and asym m etric neu tra l sheet can be easily un­
derstood. The collisionless tearing  growth ra te  (7 ) is inversely proportional to  the  
particle num ber density (n (x 0)) in the singular layer region. Therefore, the smaller 
the particle num ber density is, the harder the system  m ust the  driven to  m aintain  
the self-consistent curren t. In the symmetric neu tra l sheet case, an increase of the 
ratio  of p lasm a pressure to  magnetic pressure from 0 to floo outside the neutral sheet 
effectively changes the particle num ber density profile (n (x )) and leads to  an in­
crease of the particle num ber density n(x<j) by (1 +/3oo) tim es, thereby significantly 
reducing the tearing  growth ra te.
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However, in the asym m etric neutral sheet case, if the ratio of the plasma 
pressure to m agnetic pressure (0 m) on one side of the neutral sheet is more or 
less fixed, the particle num ber density profile (n (x )) remains unchanged. Thus, an 
increase of the plasm a b e ta  value (0 t ) on the o ther side of the neutral sheet only 
changes the  m agnetic field ra tio  ( B m / B s) and shifts the location of the singular 
layer (x 0). The change of the  particle num ber density n (x 0) caused by the shifting 
of x 0 is generally much less th an  th a t produced by changing the particle number 
density profile n (x ) in the  sym m etric neu tra l sheet case. Therefore, the tearing 
grow th rate  is only slightly affected by the change of 0 „.

The above examines the /3-dependence of bo th  the resistive tearing mode and 
the collisionless tearing mode. It is found th a t the resistive tearing mode has a 
m oderate dependence on the  ratio  of plasm a pressure to  magnetic pressure outside 
the current sheet when the  current sheet is sym m etric and a weak dependence 
when the current sheet is asym m etric; and th a t the collisionless tearing  mode has 
a strong /3-dependence when the neu tra l sheet is symmetric and a much weaker 
/3-dependence when the neutra l sheet is asym m etric.

At the  dayside m agnetopause, the m agnetosheath field (B, )  is usually smaller 
th an  the m agnetospheric field (i3m ). The m agnetosheath plasm a has a  higher 
density (n g) and  lower tem peratu re  (TB), while the m agnetospheric plasm a has 
a lower density (n m) and higher tem perature . The typical value of the ratio  of 
plasm a pressure to  m agnetic pressure in the m agnetosphere (0 m ) is about 0.1 ~  0.3, 
whereas the  value of plasm a b e ta  in the m agnetosheath (0 B) can be as large as 10 

[e.g., Paschm ann et al., 1986]. Thus, the dayside m agnetopause current sheet is 
basically an asym m etric current sheet. T hen, according to the results of the above 
survey of /3-dependence, the development of the  tearing mode instability, and hence 
the m agnetic reconnection process a t the dayside m agnetopause, should not exhibit
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a strong dependence on the ratio  of plasm a pressure to  m agnetic pressure in the 
m agnetosheath  (/3*) during the period when the in terp lanetary  m agnetic field (IM F) 
has a southw ard B z-com ponent, unless the m agnetosheath  field is enhanced to  the 
same level as the m agnetospheric field and the current sheet becomes sym m etric.

At the  dayside m agnetopause, the m agnetosheath  field usually has a  B z- and 
a B y-com ponent, while the m agnetospheric field has mainly a  23z-com ponent only. 
Thus, during the  southw ard IM F B z period, the m agnetic field a t the dayside 
m agnetopause is not strictly  antiparallel and  the  m agnetopause current sheet is 
not strictly  a neutral sheet. A m agnetic shear exists a t the m agnetopause due to 
the presence of the B y-com ponent in the m agnetosheath  field. T he presence of 
m agnetic shear affects th e  tearing  mode instab ility  and the m agnetic  reconnection 
process at the dayside m agnetopause. W hether the presence of m agnetic shear 
can cause the tearing  mode instability  to exhibit a strong /3-dependence deserves 
fu rther investigation in  the fu ture. In the following, a  hypothesis is presented for 
the possible /3-dependence of the tearing mode caused by the  presence of m agnetic 
shear. For simplicity, the  plasm a tem perature  is assumed to  be a constant in this 
discussion and  the  m agnetic field configuration is asym m etric.

For the  resistive tearing mode, if the profile of m agnetic field By-com ponent 
is more or less uniform  near the current sheet, then  the  profile of plasm a density 
is m ainly determ ined by the  variation  of the  B z-com ponent. In  th is  case, due to  
the  presence of m agnetic field com ponent B y , the  location of the  singular layer, 
determ ined by k  • B 0(xo) =  0 , will be shifted; the  derivative of function F(x ) ,  
which represents the  change of the  angle between the  wave num ber vector k  and  the 
m agnetic field Bo(x) at the  singular layer, will be altered; and  the jum p condition 
of the logarithm ic derivative of B x\ (A '), which represents the  energy change, will 
also be changed. However, th e  growth ra te  of the  resistive tearing  mode and  its
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/3-dependence is still given by (3.76), similar to  w hat was obtained previously in the 
neutral sheet case. On the o ther hand, if the profile of B y varies significantly across 
the current sheet, the p lasm a density profile determ ined by the pressure balance 
condition would differ significantly from  tha t in the neutral sheet case. In this 
case, the  m agnitude and the /3-dependence of the resistive tearing mode growth 
ra te  m ight be quite different from  th a t discussed previously in the neu tral sheet 
case. Especially if the  location of the singular layer (xo) is shifted toward a higher 
density region, the growth ra te  can be significantly reduced.

In the  collisionless plasm a, the development of the collisionless tearing mode 
in the  sheared m agnetic field configuration is quite different from that in the neu­
tra l sheet configuration [e.g., Laval et al., 1966; Drake and Lee, 1977; Galeev and 
Zelenyi, 1977, 1978; Q uest and Coroniti, 1981a, 1981b; Galeev et al., 1986; G ladd, 
1990]. W ithou t the guiding m agnetic field B y , resonant electrons near the neutral 
sheet ( |* | <  de) m eander around the neutral sheet and can be accelerated freely 
by the  induction  electric field during the  development of the tearing mode. W hen 
a large m agnetic field shear is present, electrons near the singular layer (x =  *o), 
determ ined by k  • B o(x0) ~  0 , become m agnetized by the strong guiding m agnetic 
field and  a parallel electric field (Fy)  may exist, where Bo is the equilibrium  m ag­
netic field and the  parallel direction is the direction of the strong guiding m agnetic 
field at x =  x 0. Only those electrons whose therm al speed (Vthe) approxim ately 
equals the  parallel phase speed of the  tearing pertu rbation  (7 /fcy) can resonate 
with the  parallel electric field Fy, so the  w idth of the singular layer is found to  be 
&e =  laj /kVthe,  where I, =  B y (x o ) / \ d B z (xo) /dx\  is the local m agnetic shear length. 
Notice th a t in the  neu tral sheet geometry, the w idth of the singular layer depends 
on neither the tearing  grow th ra te  (7 ) nor the  p ertu rba tio n  wave num ber (fc).
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The grow th ra te  of the collisionless tearing m ode in the sheared magnetic field 
[e.g., Drake and Lee, 1977; Quest and Coroniti, 1981a,b] can be w ritten as

< 3 - 9 1 >

C om paring (3.91) w ith (3.74), it is found th a t the  ra tio  of the collisionless tearing 
growth ra te  in th e  sheared m agnetic field to  the  growth ra te  in the neutral sheet 
configuration is ~  de/ l , ,  if all o ther plasm a param eters are held fixed. Thus the 
collisionless tearing  grow th ra te  tends to be reduced when the  guiding field is so 
strong th a t  de/ l ,  <  1. Since /r2e(x 0) oc n(xo), it can be seen from (3.91) tha t 
besides the  influence of I, and A ', the  collisionless tearing  growth rate  in  the sheared 
m agnetic field is also affected by the value of n (x 0), which is determ ined by the 
pressure balance condition after the  m agnetic field profile and the plasm a 0  values 
are specified. S im ilar to  the resistive tearing  case, a  shift of the location of the 
singular layer (x<j) tow ard a  higher density region tends to  reduce the collisionless 
tearing grow th ra te . Thus, it is possible th a t b o th  the resistive tearing mode and 
the collisionless tearing  mode instabilities may exhibit strong /3-dependence when 
the current sheet has a  sheared m agnetic field.

In th is chap ter, b o th  the  resistive and  collisionless tearing  mode instabilities 
were reviewed and  a  survey of the /3-dependence of the tearing  mode instabilities 
was carried  out for b o th  sym m etric and asym m etric neu tra l sheet configurations. 
It was found th a t the  resistive tearing  m ode exhibits a m oderate dependence on /3 
when the neu tra l sheet is sym m etric and  a  weak /3-dependence when the neutral 
sheet is asym m etric. It was also found th a t the collisionless tearing mode exhibits 
a  strong  /3-dependence for the sym m etric n eu tra l sheet configuration and a weak 
/3-dependence for the  asym m etric neu tra l sheet configuration. The above results
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seem to contradict the observation at the dayside m agnetopause, where the mag­
netic field configuration is usually asym m etric, th a t the reconnection process, which 
is closely related  to the  tearing  mode instabilities, takes place preferentially when 
the m agnetosheath 0 B value is small [Paschm ann et al., 1986]. The apparent incon­
sistency between the above theoretical results and the observations may be caused 
by the ommission of the  m agnetic shear in the theoretical model. We have spec­
u lated  on the possible /3-dependence of the  tearing  mode instabilities in a sheared 
m agnetic field. However, a more rigorous theoretical study is needed to  confirm 
these speculations.
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Chapter 4 A  Particle Simulation M odel for Driven Magnetic 

Reconnection

The sophisticated  n atu re  of the problem s encountered in fusion and space plasm a 
physics has m otivated  considerable in terest in com puter sim ulation. W ith the rapid 
developm ent of advanced com puting facilities, com puter sim ulation has become one 
of the most active research areas in fusion and space plasm a studies [see recent re­
view by T ajim a, 1989 and references therein]. In  th is chapter, a brief in troduction  
to  the  particle  sim ulation m ethods used in fusion and  space plasm a physics is pre­
sented; a  particle  sim ulation model for the driven m agnetic reconnection in the 
collisionless p lasm a is form ulated; the initial conditions used in the present study 
are described; and the  boundary  conditions necessary for modeling the driven col­
lisionless m agnetic reconnection process are discussed. In the present m odel, the 
zero-order guiding m agnetic field is assum ed to  be zero (f?ov =  0 ), which simplifies 
the boundary  conditions necessary for the  driven collisionless m agnetic reconnec­
tion process. Since the inclusion of a nonzero guiding m agnetic field significantly 
com plicates the  problem , th e  boundary  conditions necessary for the driven colli­
sionless m agnetic reconnection process w ith  B$y ^  0 will not be pursued in  the 
present study.

4.1 A n Introduction to Particle Simulation in Plasma Physics

In the sim ulation studies of fusion and space plasm a processes, fluid models, kinetic 
models, and hybrid  fluid-particle m odels have been developed. In the fluid simula-
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tion, which is also called the m agnetohydrodynam ic (MHD) simulation, the MHD 
equations of a plasm a are num erically solved with appropriate assum ptions of the 
tran spo rt coefficients [e.g., A lder et al., 1970, 1976; P otter, 1973; Bauer et al., 1978; 
G ruber and R appaz, 1985; M atsum oto and Sato, 1985; Denstrovskii and  Kostom­
arov, 1986; Tajim a, 1989]. To include more detailed models of plasm a involving 
particle interactions through electrom agnetic fields, kinetic simulation m ethods are 
developed. In the  kinetic sim ulation, either the plasm a kinetic equations, such as 
Vlasov or Fokker-Planck equations, are num erically solved, or the motions of a col­
lection of charged particles th a t in teract w ith each o ther and with the externally 
applied electrom agnetic field are com puted [e.g., Alder et al., 1970, 1976; Hock­
ney and  Eastw ood, 1981; Dawson, 1983; M atsum oto and Sato, 1985; Birdsall and 
Langdon, 1985; Killeen et al., 1986, G reengard and Rokhlin, 1987; Tajim a, 1989]. 
The kinetic sim ulation m ethod  involving calculations of charged particle motions is 
also categorized as particle sim ulation. However, the distinction between fluid and 
kinetic sim ulations has become vague since the hybrid simulation m ethods were in­
troduced , in which fluid and particle treatm ents are applied to different com ponents 
of a  given plasm a.

In space and astrophysical plasm a physics, multi-dimensional MHD simula­
tion codes have been successfully developed for modeling large scale phenom ena, 
such as solar flares and prom inence eruption , solar w ind-magnetosphere interaction, 
m agnetosphere-ionosphere coupling, and m agnetospheric substorm s. On the o ther 
hand , kinetic sim ulation has been particularly  successful in dealing w ith plasm a 
processes where particle d istributions deviate significantly from a local Maxwellian 
d istribu tion  and where wave-particle resonance, particle trapping , or stochastic 
heating  take place. Particle  sim ulation and hybrid  fluid-particle sim ulation have
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also successfully modeled physical processes in collisionless plasm as in which non- 
MHD effects are im p ortan t, such as collisionless m agnetic reconnection and colli­
sionless shocks.

P artic le  sim ulation originated from th e  pioneering works of Bunem an [1959] 
and Dawson [1962] in the late  50s and early 60s. It has been shown th a t a rela­
tively small system  of a few thousand particles can indeed accurately sim ulate the 
collective behavior of real plasm as, if app ropriate  m ethods are used. Since then, 
the developm ent of new algorithm s and availability of advanced supercom puters 
have allowed particle  sim ulation to progress from  simple, one-dimensional, electro­
sta tic  problem s to  more complex and realistic situations, such as multi-dimensional 
electrostatic  problem s, m agnetostatic  problem s, relativistic problems, and nonra- 
diative problem s, as well as electrom agnetic problem s. Three principal types of 
particle sim ulation models have been developed, which include the particle-particle 
(P P ) m odel, the  particle-m esh (PM ) model, and the  particle-particle-particle-m esh 
(P P P M  or P 3M) m odel.

The P P  model, in which the forces between particles are calculated directly, 
can be used to sim ulate small systems w ith long-range forces or large systems 
w ith short-range forces, i.e., the  forces of in teraction  are nonzero for only a few 
interpartic le  distances. However, due to the inefficient direct force com putation, the 
P P  m odel is tim e-consum ing. Recently, a  variation  of the  P P  model, the gridless 
(meshless) particle  m odel [Greengard and Rokhlin, 1987], has been proposed to 
speed up the  force calculation in the P P  model. In the gridless particle model, the 
forces (po ten tia ls) between particles are com puted based on m ultipole expansions.

To speed up the  force calculation in large system s w ith smoothly varying long- 
range forces, the PM  model was developed. In the  PM  model, field quantities, such 
as electrom agnetic fields, are defined on the  m esh points; particle contributions
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to the sources of field equations, such as charge density and current density, are 
assigned to  the nearby mesh points; the differential operators, such as the Laplacian 
V 2, are replaced by the  finite-difference approxim ations on the mesh points; field 
equations are solved on the mesh points; and forces a t particle positions are obtained 
by in terpolating  on the array of mesh-defined values. In the PM  model, only those 
field variations having a  wavelength longer than  the spacing of the mesh can be 
represented by mesh values. The PM  model is much faster, but generally less 
accurate, than  the P P  model. To m aintain  low levels of fluctuations, the num ber 
of particles in each mesh cell m ust be large enough, e.g., 5 ~  10 particles per mesh 
cell. T he PM  m odel has been widely used in fusion and space plasm a particle 
sim ulations [Hockney and Eastwood, 1981; Dawson, 1983; Birdsall and Langdon, 
1985; Tajim a, 1989].

The P 3M model is a  com bination of the P P  model and the PM  model. In 
the P 3M model, the  in terpartic le  forces are split into two parts: the rapid varying 
short-range forces and  the slowly varying long-range forces. The short-range forces 
are com puted based on the P P  model, while the long-range forces are calculated 
based on the PM m odel. The resulting P 3M model has the advantages of both  the 
P P  model and the  PM  model; it can represent close encounters as accurately as the 
P P  model and calculate long-range forces as rapidly as the PM model. A detailed 
discussion of the P 3M m odel can  be found in  Hockney and Eastwood [1981].

According to the  algorithm s used in advancing particles, the  time integration 
schemes used in the particle sim ulation can be either explicit or implicit. The 
explicit schemes, in which the calculation of particle positions uses the fields at the 
preceding tim e, have been widely used since the beginning of the particle sim ulation 
era. The im plicit schemes, in which the com putation of particle positions requires 
knowledge of the fields a t the  same tim e, have emerged since the early 80s. W ith
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the  explicit schemes, particle sim ulation involving the electrostatic field requires a 
very large num ber of tim e steps. O therwise, the  explicit schemes become unstable 
when u:peA t  > 1.62, where uipe is the electron plasm a frequency and A t  is the 
sim ulation tim e step. W ith  the  im plicit schemes, a larger tim e step (u>peA t 1) 
can be used in the sim ulation. However, since the fields at tim e tn depend on 
the unknown particle  positions {xn }, the field and particle equations represent 
a  very large system  of coupled nonlinear equations. Therefore, to  m aintain  the 
stability  in  im plicit schemes, an accurate approxim ate solution for the coupled 
nonlinear equations is required. More discussion of the  implicit schemes and o ther 
algorithm s, such as electron subcycling and orb it averaging can be found in Birdsall 
and  Langdon [1985] and references therein.

Basic electrom agnetic particle  sim ulation codes can be divided into two classes. 
One of them  is full electrom agnetic code. In a  full electrom agnetic code, the whole 
set of Maxwell equations is used and the electric and m agnetic field vectors are ad ­
vanced by a straightforw ard leapfrog scheme [Dawson, 1983; Birdsall and Langdon, 
1985]. Notice th a t  the inclusion of the transverse com ponent of th e  displacem ent 
current in the full electrom agnetic codes results in the  hyperbolic electrom agnetic 
field equations. The full electrom agnetic codes have been used to study the plasm a 
processes involving rapid  field variations where electrom agnetic rad iation  is im por­
ta n t . However, as poin ted  ou t in  Swift [1988], th e  full electrom agnetic codes have 
two m ajor disadvantages: (1) the num erical stability  requires th a t the ra tio  of grid 
spacing to  tim e stepping exceed the speed of light and (2) the electrom agnetic field 
m ay reflect from  sim ulation boundaries back into  the sim ulation dom ain, interfering 
w ith  the  sim ulated p lasm a processes inside, if special precautions are not taken.
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Many problem s encountered in the fusion and space plasma environm ents are 
nonrelativistic and nonradiative in character. In the early epoch of the particle sim­
ulation of fusion and space plasm a processes, nonradiative models were developed 
to  study collisionless shock waves [Auer et al., 1961], ion-cyclotron waves [Hasegawa 
and B irdsall, 1964], nonlinear evolution of m irror instabilities and tearing modes 
[Dickman et al., 1969], and nonlinear m icroturbulence waves [Haber et al., 1973]. 
However, m ost of the  models developed in the 60s and early 70s were either one­
dim ensional and electrostatic , or so com plicated and specialized th a t they could 
not easily be applied to o ther problems in more dimensions. The first completely 
generalized m ulti-dim ensional, radiation-free particle simulation algorithm  was for­
m ulated by Nielson and  Lewis [1976]. The nonradiative simulation model is also 
called the Darwin m odel because the Darwin approxim ation [Darwin, 1920], in
which the transverse com ponent of the displacem ent current is om itted  from  the
Maxwell equations, has been used in the form ulation. The Darwin model represents 
the  second type of electrom agnetic particle sim ulation codes.

W ith  the Coulomb gauge (V  • A  =  0), the Maxwell equations can be w ritten
as

V 24> =  -47 r p (4 .1 )

2 . 1 d 2A  4tr ,
+ - V ( ^ )  (4.2)

where A , </>, p, and J  are the vector po ten tial, the  electrostatic po ten tial, the  charge 
density, and the current density, respectively. Under the Darwin approxim ation, 
(4.2) becomes

v,A = - T J + ! v(f>  <43>
In appearance, the modified Maxwell equations under the Darwin approxim ation, 
in which the radiative term  (1 / c 2)d2A / d t 2 is neglected, are nothing o ther than
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an expansion of the exact Maxwell equations for the small (v / c ). However, the 
profound im pact of the Darwin approxim ation is th a t the approxim ate Maxwell 
equations, when coupled by the particle equations through the source term s, are 
elliptic in character ra th e r than  hyperbolic. Thus, the modified Maxwell equations 
represent instan taneous action-at-a-distance w ithout any retardation . As a m atte r 
of fact, the  Darwin approxim ation preserves accuracy in the interaction Lagrangian 
up to the order of ( v / c )2 [Nielson and Lewis, 1976].

Since tearing  m ode instability and m agnetic reconnection evolve on tim e scales 
of ion gyroperiods, an electrom agnetic wave in such processes would propagate 
across the entire system  on the same tim e scale. In these cases, the  transverse 
displacem ent current is likely to  be small in com parison to the conducting current, 
and the  effect of the transverse displacem ent current is negligible. Thus, the Darwin 
model is p roper for the sim ulation of tearing  instab ility  and m agnetic reconnection. 
Therefore, the  particle simulation model used for the present investigation of the 
driven m agnetic reconnection process in the  collisionless plasm a was form ulated 
using the  Darwin approxim ation and the particle-in-cell (P IC ) m ethod. Notice 
th a t the electric field in the Darwin model m ust be advanced w ith o ther m ethods 
because the  calculation of electric field directly from  the displacement current term  
in A m pere’s law could lead to  significant inaccuracy [Swift, 1988].

4.2 A  Darwin M odel Using Hamiltonian Formulation

It has been shown by Nielson and Lewis [1976] th a t a particle sim ulation model 
using the Darwin approxim ation may be satisfactorily expressed using either Hamil­
tonian  or Lagrangian form ulation. In the H am iltonian form ulation, the force due to  
the  transverse electric field is obtained im plicitly  through the equations of motion
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for the particles, whereas in the Lagrangian form ulation, the transverse electric field 
is found explicitly by using the  divergence of the current transfer tensor as a source 
function. The calculation of electric field in the Lagrangian formulation is com­
plicated [Nielson and Lewis, 1976] and the tim e derivative of the vector potential 
( d A / d t )  and the transverse electric field (E t ) show significant differences [Swift, 
1988]. The advantage of the H am iltonian form ulation is th a t it is not necessary to 
calculate E t , which is the same as d A / d t .  More com parison between the Hamilto­
nian and  the Lagrangian form ulations can be found in Swift [1988). In the following, 
a particle sim ulation model w ith the Darwin approxim ation is formulated for the 
driven collisionless m agnetic reconnection process in the Ham iltonian formulation.

According to the  s tandard  procedure [e.g., G oldstein, 1980], the Ham iltonian 
function of a  system  w ith charged particles can be w ritten as

B  =  £  ^  f  A >2 + <4-4)
i

where rrij, p J? and qj are, respectively, the mass, the canonical momentum, and 
the charge of the j - th  particle. Then, the H am iltonian equations of motion for the 
j - th  particle are given by

^  =  =  (4.5)

% - w r  % i P i  -  ?A) (46)
where V A  =  e , d A / d x  -fi C y d A / d y  +  e zd A / d z  is a  tensor and the potentials A 
and <f> are always evaluated a t the  positions of the  particles.

In  term s of particle  variables, the charge density (p) and the current density 
(J )  can be w ritten  as

P = 'y  ̂Qccna (4-7)
a
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where a  denotes particle species, qa and n a are, respectively, the charge and the 
spatial num ber density of species a ,  and <  v Q >  and <  p Q > are the average 
velocity and canonical m om entum  for species a  as functions of position and time. 
A fter inserting the source term s p and J in to  (4.1) and (4.3), the field equations 
become

V 2<j> = - 4 t t  (4.9)
at

and

V ’ A  =  ^  >  + £ ( £  A n . )  A  +  ! * ( * )  ,4 ,0 )
a v a x

By tak ing  the  divergence of (4.10), ano ther field equation is obtained as

* ( £ >  =  4X £  %  V . ( n .  <  p .  > )  -  ±  ( £  A Vn. )  • A  ( 4 .U ,
at v '  N a '

where the Coulomb gauge V • A  =  0 has been used. Notice th a t because of the 
instan taneous natu re  of the forces under the Darwin approxim ation, a direct com­
p u ta tio n  of the  tim e derivative of the e lectrostatic  potential (d<j>/dt) by tim e differ­
encing usually leads to num erical instability. Therefore, A  and  d(f>/dt have to  be 
solved sim ultaneously w ith  (4.10) and (4.11) by itera tion , even though the electro­
sta tic  po ten tial (<f>) can be obtained by solving the Poisson equation (4.9) directly. 
Also, a supplem entary operation  is needed to  ensure th a t the obtained vector po­
ten tia l (A) satisfies the Coulomb gauge at each ite ra tion  [Nielson and  Lewis, 1976).

Tne tim e differencing scheme for the  equations of particle m otion (4 .5) and 
(4.6J can proceed in a  variety of ways. Nielson and Lewis [1976] proposed a sec­
ond order, leap-frog tim e differencing algorithm  for the  Darwin models based on
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a predictor-corrector m ethod in which the m om enta of particles {pj} are saved 
at half tim e-steps and the positions of particles {x; } are saved at full tim e-steps. 
Thus, the equations of particle motion can be w ritten  as

n + l / 2  n  —1 / 2  n - f l / 2  r a - 1 / 2

  X T   =  ^ (V A " ) ' ( ~ --------2 ^ ----------^ A “ ) - „ V * "  (4.12)I  77T j C 2  C
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x n+1 -  x n 
A t —  ( p " +1/2 -  — A tH~1/’2) (4.13)m ■ J r> ' ' '

where the superscrip t denotes tim e-steps.
To obtain  A 71 a t the full tim e-step, the particle m om entum  p ™-1 2̂ is first 

projected  ahead by a half tim e-step to p7 by using the same ra te  of change tha t 
was used in obtain ing p ” 1/̂ 2. The equation for com puting p "  is given by

- n  n - 1/2 ra —1/2 n  —3/2
E i ^ 5-  -  ^ ---------- f f l A - ) - w v * -

However, it is easy to verify th a t 

P 1 _ E a   =   — A 71-1 ) _ 9jV ^71-1 -l-O(At) (4.14)iA  % j  2  TTl j  0 2  C

where O ( A t )  represents term s of the order of A t ,  which is smaller than  the other 
term s on the  right hand side of (4.14) and hence can be neglected. Therefore, the 
projected  p j  can be approxim ately calculated from (4.14). Then, the potentials 
A 71 and <j>n are solved based on the sources com puted from ( x ” } and {p7}. After 
th a t, the m om enta of particles are advanced by a full-time step according to (4 .12). 
The vector po ten tial a t the half-tim e step, which is needed for particle position 
advancing, is obtained from extrapolation

A n+1/2 =  ^  A 71 -  ^ A 71-1 (4.15)
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Finally, the  positions of particles are moved by a full-time step according to  (4.13). 
The above algorithm  is very stable for the H am iltonian form ulation, although an 
analogous procedure in the Lagrangian form ulation may be violently unstable [Niel­
son and Lewis, 1976].

A sim ilar second-order, leap-frog tim e differencing scheme was later proposed 
by Swift [1986] in his sim ulation study of the collisionless tearing mode. In Swift’s 
scheme, the basic algorithm  is the same as th a t of Nielson and Lewis [1976], except 
th a t the m om enta of particles are a half tim e-step ahead of the positions of particles 
and the particle  positions, instead of the particle m om enta, are first projected ahead 
by a half tim e-step  from {x?} to  ( x ”+1/"2} by using the same rate of change used 
to ob ta in  {x?}. The equation for projecting particle positions is given by

-n + l /2 _  n
21____________  L c n * - 1/ 2 _A t / 2  ~  r r i j  ; c ’

It is also easy to  verify th a t

X j- r . -Z  **  = —  ( p r 1/; -  -  An' l/2) + ° ( A t ) (4.16)L i t /  Z  TTlj  C

where O (A t )  represents term s of the order of A t ,  which is smaller than the o ther
term s on the right hand side of (4.16) and hence can be neglected. Thus, the pro­
jection  of partic le  positions can be approxim ately com puted from (4.16). Then, the 
vector po ten tial A n+1 2̂ is solved based on the sources calculated from {x”+1^2} and 
{p ”+1 2̂}, and the vector potential at the full tim e-step is obtained by extrapolation  
from

A n+1 =  | a u+1/2 -  A n-1/2  (4.17)

A fter the particle  positions are moved from {x"} to  {x?+1} w ith {p"+1^2} and 
A n+1/ 2, the  electrostatic  potential </>n+1 is com puted. Finally, the particle m om enta 
are advanced from { p " +1^2} to  { p "+3^2} based on A n+1 and <f>n+1.
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Two sim ulation codes have been developed and tested, one based on Nielson 
and Lewis’s algorithm  and the o ther based on Sw ift’s scheme. It is found that 
for the same plasm a param eters, the results obtained from these two codes do not 
show any significant differences, except th a t the first code consumes more CPU 
tim e than  the second one, because (4.14) is much more complicated than  (4.16). 
A more detailed  investigation shows th a t TxJ T Pi ~  1 : 2, where TXj is the CPU 
tim e needed for com pleting the  particle position projection for all particles at once 
and TPi is the  corresponding CPU  tim e for particle momentum projection. Since 
bo th  algorithm s are stable in the H am iltonian form ulation and Swift’s algorithm  is 
more efficient than  th a t  of Nielson and Lewis, Swift’s algorithm is adopted in the 
present sim ulation model for the driven collisionless magnetic reconnection.

4.3 A 2^-D Particle Simulation Model for Magnetic Reconnection

The basic equations for the present sim ulation m odel are (4.9) —(4.13) and (4.16) — 
(4.17). Notice th a t the  sim ulation model described by the  basic equations is general 
and m ulti-dim ensional. However, in the following only the two-dimensional (2-D) 
case, w ith — L x < x < L x and — L z < z < L z, is considered, and the variations of 
all physical quantities in the y-direction are assum ed to be zero, e.g., d / d y  =  0 . 
Since the model is two-dim ensional (2-D) in the  configuration space (x , z ) and 
three-dim ensional (3-D) in the m om entum  space (Pc,Py,p*), it is also referred to 
as a tw o-and-one-half-dim ensional (2^-D ) model. The above basic equations are in 
dim ensional form , i.e., each physical quantity  is expressed in its dimensional unit. 
To transform  them  into  a  dimensionless form th a t can be used conveniently in the 
sim ulation, a  norm alization procedure is needed. T he normalization of physical
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quantities in an MHD fluid sim ulation model is straightforw ard. B ut the norm al­
ization of physical quantities in the particle sim ulation model is not so trivial and 
is som ewhat confusing.

The first step is to determ ine the charge and mass of the macro particles used 
in the sim ulation. If qa , m a , and h a are, respectively, the charge, mass, and  num ber 
density for species a  in dim ensional units, the m acro charge (Q a ) and m acro mass 
(M q ) of species a  in the sim ulation are given respectively by

Q a = qan a { N^ Z ) ^ t A z (4.18)

and
M a = m Qh a ( N^ Z ) A g A z (4.19)

where N x and A* respectively are the num ber of grid (m esh) cells and grid spacing 
in the x-direction, N z and A z respectively are the  num ber of grid cells and grid 
spacing in the  z-direction, and  N a is the  num ber of m acro particles used in the 
sim ulation for species a.  In  the  sim ulation, the  m acro charge is needed for calcu­
la ting  the charge density and the current density, and the m acro m ass is needed for 
com puting the kinetic energy of particles.

T hen, a norm alization unit m ust be specified for the norm alization of each 
physical quantity  used in the  sim ulation. In the  present m odel, tQ =  D ” 1 =  
(e F 0 /m ec)_1, x 0 =  pe, uo =  xo/to = v the, B 0, A 0 =  F 0x 0 =  B 0pe, </>o =  2Te/e , 
Eo =  <f>o/x0 — 2Te/ ep e, and p0 =  77ieuo =  rnev t /le are chosen as the  norm aliza­
tion  units for the  tim e, space, speed, m agnetic field, vector po ten tia l, e lectrostatic  
po ten tia l, electric field, and  particle m om entum , respectively. In above, fie , pe, 
Vthe = ttePe, and Te — rnev fhe/ 2, are respectively the gyrofrequency, the  Larm or 
radius, the therm al speed, and  the  therm al energy of an electron. A fter dividing
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each physical quan tity  with its corresponding norm alization unit, the dimension- 
less physical quantities are obtained. These dimensionless quantities are t* =  t / io,  
x * =  x / xo? v* =  v / r 0, P* =  P/Po, A* =  A / A 0, B* =  B /B „ , <f>* =
X * =  x /x o , and E* =  E /B o , where x =  d<j>/dt and xo =  4>o/to has been used.

Inserting the dimensionless variables specified above into the basic equations 
(4.9)-(4.13), the  dim ensionless equations used in the sim ulation are found to  be

V 2<t> = -oc 'p  (4.20)

V 2A =  - a mJ  +  — V X (4.21)a e
V 2x =  a eV - J  (4.22)

^ i  = l ( V A ) - ( P i - A ) - V < f >  (4.23)

1 / .  x , .—  =  - ( Pi -  A ) =  v f (4.24)

^  =  - ( V A ) - ( p .  +  A ) + V *  (4.25)
(be = (Pe +  A ) =  v e (4.26)

where
a e =  (4tt n ee2/ m e) ( p l / v 2he) (N xN z / N e) 

=  (47rn ce2/m e)(p2/  c2) ( N xN z / N z )

and 7 =  rri i /me respectively are the electrostatic coupling constraint, the m agnetic 
coupling constrain t, and the  mass ra tio  of ion to  electron used in the sim ulation.
In (4.20)-(4.26), the  * sign, denoting the dimensionless variables, has been dropped
from all of the  norm alized quantities for the  sake of convenience. Notice th a t 
Swift’s tim e-in tegration  algorithm , which has been described earlier, is used for the 
equations of particle  m otion (4.23)-(4.26) in the  present simulation.
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In the sim ulation, the charge density p and the current density J  in the field 
equations respectively are com puted from

110

where

p =  (n , -  n e)

J  =  [(nu ), -  (n u )e]

n  =  J ^ 5 [ x  -  xfc(t)]
k

(n u )i =  ~[Pfc -  A (x fc)]5 [x  -  x fc(0]
k ^

(n u )f =  +  A (x fc)]5 [x  -  x fc(<)]

(4.27)

(4.28)

(4.29)

(4.30)

(4.31)

and S [x  — Xjt(f)] is the weighting factor based on the first-order PIC bilinear in­
terpo lation  m ethod  as discussed in Birdsall and Langdon [1985]. Notice th a t the 
fields are evaluated  a t the positions of particles in the equation of m otion, which is 
given by

A(xfc) =  J S [x  -  x fc(<)] A (x )d 2x.

A fter some straightforw ard algebraic m anipulations, (4.21) and (4.22) can be 
rew ritten  as

a r

where

and

(V2 -  a m77)A  =  - a m( - n t- -  11*) +  —  V*7 <*«=
v 2x = ac[ v - ( n , - n e) -  v- faA)]

n  =  2 ^ p fc5 [x  -  Xfe(t)]

(4.32)

(4.33)

rj =  - r i i  +  n e 7
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Here an assum ption has been made tha t

A (x * )S [x  -X fc(t)] ~  A ( x ) ^ T  S [ x - x fc(t)]
k k

As m entioned earlier, due to the coupling betw een A and X, equations (4.32) 
and (4.33) m ust be solved through iterations, and a t each iteration a supplem entary 
operation  is necessary to ensure th a t solution A satisfies V • A  =  0. The iteration  
scheme used in the present sim ulation can be w ritten  as

V V +1 =  a f [V ■ (I li  -  n e) -  V ■ (qA 1)] (4 .34)

(V 2 -  a mij)A i+1 =  - a m(7) -  rj)Al -  a m( - I I *  -  I I e) +  ^ V Xi+1 (4.35)7 a e

v 2$ '+1 =  v  • A i+1 (4.36)

A ,+1 =  A ,+1 -  V tf i+1 (4.37)

where I is the ite ra tio n  level, A  is the interm ediate value of the vector potential, 
and

V — 4  7min)

in which T7mar and respectively are the m axim um  and m inim um values of
tj( x , z ) in the x  — z plane.

The to ta l num ber of iterations can be either fixed in advance or determ ined 
by the convergence of the process. For example, for a given convergence param eter 
e, the ite ra tion  stops when |A i+1 — A ^ /IA ^  <  e is reached. It is found in the 
sim ulation th a t for e =  0 .001, the to tal num ber of iterations is usually less than 
five and th a t for e =  0 .0001 , the to ta l num ber of iterations generally is smaller 
than  ten. In the  present sim ulation, the convergence param eter is chosen to be

I l l
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either e =  0.005 or e =  0.0001. The partia l differential equation solver FISHPAK, 
developed by NCAR, is used to solve the field equations.

In the H am iltonian form ulation, the electric field and the  m agnetic field can 
be obtained for the purpose of diagnostics from

d \
E  =  ~ V4> ~  ~ d i  ( 4 ' 3 8 )

and
B  =  V x A (4.39)

where the  electric field includes bo th  the  electrostatic and induction  fields. It is 
easy to  verify th a t  in the present sim ulation model the to ta l m agnetic energy (E*M ), 
th e  to ta l electric energy (E ^ ) ,  the to ta l kinetic energy of ions (E*),  and the total 
kinetic energy of electrons (E*)  respectively are given by

E m  =  ^  -  —  Y .  B h  (4 -40)J-/0e . .
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E*r? = E e =  (4-41)E E 0e

E i = I T -  = 7 ^ 2  Vik (4 -42)A-'Oe zk

and
F*  = EoeE ‘ = p -  = ' E v -k (4 -43)k

2where E oe =  M evl  /2  is the  kinetic energy of a single m acro electron, B i j  and E i j  
respectively are the m agnetic field and electric field at the grid point { i , j } ,  Vi* is 
the  speed of the  fc-th m acro ion, and r efc is the speed of the fc-th m acro electron.
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Thus, the norm alized to ta l energy in the sim ulation system ( £ t*ot =  E to t /E 0e) can 
be w ritten  as

K o t  =  V^k +  7 5 1  V^k +  B h  +  (4.44), , . T71k k x

In this section, a 2 1-dim ensional particle sim ulation model using the Darwin 
approxim ation was developed in the H am iltonian form ulation for the study of the 
driven collisionless m agnetic reconnection process. The norm alization of the sim­
ulation model was discussed. In the following sections, the initial and boundary 
conditions used in sim ulating the driven collisionless m agnetic reconnection process 
are presented. The initialization of the sim ulation will also be discussed.
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4.4 Initial Conditions

T he initial m agnetic field configuration in the present sim ulation is assumed to  be 
a  one-dim ensional current sheet located at x = x 0 and surrounded by background 
plasm a. The m agnetic field has only an antiparallel B z com ponent and the current 
is in  the  y-direction. The current sheet can be either sym m etric or asym m etric. 
T he general form  of the initial m agnetic field can be w ritten  as

tj t \ B zrn — B z, B zm +  B zs x — xqB z { x , z )  = -------    tanh( — ) (4.45)

where B ZTn =  B z( — oc ,z )  and B zs =  - B z( oo,z) respectively are the m agnetic 
fields outside the  current sheet; xo is the  current sheet location, determ ined by 
tan h (x o /T ) =  —{B zm — B z t ) / ( B zm + B z,)-, and L  is the the  current sheet thickness. 
T he corresponding in itia l vector potential is found to be

A x( x , z )  = 0 (4.46)
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Under the assum ption th a t the initial zero order electric field is zero, initial elec­
tro sta tic  potential is found to be zero

<f>(x,z) = 0 (4.49)

The initial tim e derivative of the  electrostatic potential is also assumed to  be zero

x{x i z ) — 0 (4.50)

The particle tem pera tu re  profile, in general, can be w ritten  as

T, / \ Tam +  TaB Tam — Tat  i / 1 — I o , / a<*{x , z ) = -------^------------------ ^ ta n h (— — ) (4.51)

where Tam =  Ta ( — oo,z)  and Ta , =  Ta (o o , z ) respectively are the particle tem per­
atures outside the  current sheet for species a.  Due to  the elim ination of the zero
order electric field, ions and electrons m ust have the same particle num ber density 
profile, i.e., n i(x ,z )  =  n e(x ,z )  =  n (x ,z ) . In the initial equilibrium  configuration, 
the pressure gradient is balanced by the J  x B  force. Thus, the particle num ber 
density can be obtained  from the pressure balance condition

n(*,*)[ri(i,*) + r€(*,*)J + S M £ !  = ^ L ( 1 + ^ )  = |1 -(1 + A ) (4.52)

where /?m and  0 ,  are the  ratios of plasm a pressure to  m agnetic pressure at x =  — oo 
and x =  -l-oo, respectively.
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The initial particle velocity d istribution  is assumed to be a drift Maxwellian 
d istribu tion , w ith ions drifting in the y-direction and electrons drifting in the op­
posite  direction. The local to ta l drift speed of particles is determined from

dB.

U i - U e = -  (4.53)— enc

where Ui and Uz respectively are the drift speeds for ions and electrons. The drift 
speed of ions is related  to the drift speed of electrons by

where Ti =  \ r n i v 2hi is the ion therm al energy and Te — \ n i ev 2he is the electron 
therm al energy. Notice th a t as a special case, when the current sheet is symmetric 
(B zm =  B z,) ,  the  tem pera tu re  profile is a  constant (Tam = Ta t ), and the  ratio  of 
p lasm a pressure to  m agnetic pressure outside the current sheet is zero (0m =  0 t =  
0), th e  well-known Harris [1962] current model is obtained.

In the  sim ulation, ions are loaded on the top  of electrons so tha t the initial 
e lectrostatic  field is elim inated. The drift speed for ions is calculated from

tt | V x B |  ,
— n  t  / t . ' i  (4.55)

T hen , the electron drift speed is obtained from (4.54). After the velocities are 
assigned to  the  particles, the self-consistent vector potential is com puted and par­
ticle m om enta are initialized for ions and electrons according to  (4.24) and (4.26) 
respectively.

Before the  driven boundary  conditions are imposed for study of the driven 
collisionless m agnetic reconnection process, the simulation model developed above 
is checked for energy conservation. A test run  is carried out to  sim ulate the  col­
lisionless tearing  m ode instability, in which the  Harris [1962] current sheet model
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is used as the initial m agnetic field and plasm a configurations. In the  test run, 
a  periodic boundary  condition is im posed in the z-direction while a Dirichlet or 
N eum ann boundary  condition is used in the x-direction. The test is run  from t = 0 
to t =  fiOOfl/T1. D uring the test run , it is observed th a t the to ta l energy is con­
served w ithin  0.1%. Therefore, it is believed th a t num erical heating  or cooling is 
insignificant in the present sim ulation model.

4.5 Boundary Conditions Necessary for Driven Reconnection

One of the  applications of particle sim ulation in fusion and space plasm a research 
is the  study  of the collisionless tearing  mode instabilities and  m agnetic field line 
reconnection processes observed in fusion devices, in the e a r th ’s m agnetosphere, and 
in o ther space and astrophysical plasm a environm ents [e.g., D ickm an et al., 1969; 
K atanum a and  K am im ura, 1980; Terasawa, 1981; Brunei et al., 1982; Leboeuf et 
al., 1982; A m brosiano et al., 1983, 1986; Swift, 1982, 1983, 1986; Price and Swift, 
1986; Ding et al., 1986; Hoshino, 1987; Swift and Allen, 1987; Lee and Ding, 1987; 
Hewett et al., 1988; Francis et al., 1989; Allen and  Swift, 1989; P ritch e tt et al., 
1989; Ding and Lee, 1990]. However, in most of the  previous sim ulations, either 
a  one-com ponent plasm a model or periodic boundary  conditions for particles and 
fields was used. In some 2-D sim ulations, the periodic condition is im posed in one 
direction, while a fixed value boundary  or a fixed gradient boundary  is applied in 
the o ther direction.

The one-com ponent p lasm a model is the  sim plest partic le  sim ulation model, 
in which only the ion dynam ics is included, while the  electron dynam ics and elec­
tro sta tic  in teraction  are neglected. The periodic conditions, on th e  o ther hand, 
represent the  sim plest and m ost convenient m ethod  for handling the  particles and
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fields a t the  boundaries of sim ulation dom ain, where the sim ulated plasma process 
takes place. In the  present sim ulation, the sim ulation domain is a rectangular box 
in the x — z plane, w ith —L x < x < L x and — L z < z < L z . W ith the periodic 
boundary  conditions, particles leaving the sim ulation dom ain through one of its 
boundaries are reintroduced into  the sim ulation dom ain at the opposite boundary 
and  field equations are solved by taking advantage of the fast Fourier transform  
(F F T ) m ethod. However, it has been found th a t the periodic boundary conditions 
im posed on the sim ulation dom ain significantly affect the nonlinear development 
of the tearing  instabilities and hence the  nonlinear evolution of m agnetic recon­
nection processes due to  the presence of nonphysical forces in the periodic system 
[e.g., Price and Swift, 1986]. Therefore, to  investigate the nonlinear development 
of the collisionless tearing m ode instabilities and m agnetic reconnection processes 
in a  more realistic m anner, periodic boundary  conditions become inadequate.

It has also been observed th a t w ith the periodic conditions imposed at the 
sim ulation boundary, the sim ulation of tearing  mode instabilities and m agnetic 
reconnection usually ends in a more or less steady and sa tu rated  state. B ut in 
reality, a  m agnetic reconnection process, such as FTE s a t the dayside m agnetopause 
[Russell and Elphic, 1978, 1979], is intrinsically a  sporadic and interm itten t process 
driven by the solar wind when the in terp lanetary  m agnetic field has a southward 
B z com ponent. To sim ulate the driven m agnetic field reconnection process, in 
which bo th  incoming and outgoing plasm a flows are present, the periodic boundary 
conditions become im proper.

To in troduce the incoming plasm a flow, a  driven boundary condition is needed, 
through which the  incoming plasm a and m agnetic field are pum ped into the  sim­
ulation dom ain. To allow the  outgoing p lasm a flow, on the other hand, a  non­
periodic open boundary  condition is required, across which the outgoing plasm a
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can escape freely from  the sim ulation domain. In the sim ulation, the driven and 
nonperiodic open boundary  conditions are necessary for advancing particles and for 
solving fields. The first particle sim ulation of the m agnetic reconnection process 
w ith driven and nonperiodic open boundaries was reported  by Ding et al. [1986]. 
In the ir one-com ponent particle sim ulation, m agnetic reconnection is observed to 
take place in term itten tly , leading to  the repeated  form ation and convection of mag­
netic islands and the generation of supertherm al particles. L ater on, the driven 
and nonperiodic open boundary  conditions are generalized and applied to  the two- 
com ponent full particle  sim ulation [e.g., Ding and Lee, 1990]. In the following, 
the particle boundary  conditions are presented before the  boundary  conditions for 
fields are discussed.

The concept and application of a particle buffer zone are closely related to the 
new particle boundary  conditions. The particle buffer zone is a special region set 
up adjacent to  the sim ulation dom ain. Its purpose is to  prevent the  boundary  from 
in terrup ting  particle  orb its and generating spurious boundary  currents [Naitou et 
al., 1979]. A nother benefit of using a particle buffer zone in the present study to 
handle particles which cross the  boundaries of the sim ulation dom ain is to  facilitate 
the incoming and outgoing plasm a flows at the sim ulation boundaries.

In  the present sim ulation, the particle buffer zone is technically divided into 
two parts : an inner buffer zone and an outer buffer zone. The inner buffer zone, 
located outside the  sim ulation dom ain but inside the ou ter buffer zone, has a  typical 
w idth of 6A , where A is the grid size. The outer buffer zone, located outside 
the  inner buffer zone, has a  typical w idth of 2A. Initially, b o th  particle buffer 
zones and  the sim ulation dom ain are loaded w ith particles according to  initial 
particle d istributions and field potentials. Thus, p lasm a quantities experience a 
continuous variation across the sim ulation boundary. Particles in the simulation
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are technically divided into three parts: the simulation particles tha t are located 
inside the sim ulation dom ain, the buffer zone particles that are located in the inner 
buffer zone, and the reservoir particles th a t are located in the outer buffer zone. 
During the sim ulation, only the sim ulation particles contribute to the sources for 
com puting field potentials (A  and </>). The buffer zone and reservoir particles, 
whose m otion is calculated based on the extrapolated  fields, provide a reservoir of 
particles.

A sim ulation particle becomes a buffer zone particle when it moves from 
the  sim ulation dom ain across the sim ulation boundary into the inner buffer zone; 
whereas a  buffer zone particle becomes a sim ulation particle when it moves from 
the  inner buffer zone across the sim ulation boundary into the sim ulation domain. 
A buffer zone particle in the inner buffer zone keeps its identity until it moves into 
th e  ou ter buffer zone, becoming a reservoir particle. A reservoir particle becomes 
a buffer particle when it moves into the inner buffer zone, whereas a reservoir p ar­
ticle is elim inated  from  the sim ulation when it moves out of the outer buffer zone. 
At the end of each tim e step, the reservoir particles in the outer buffer zone are 
replaced w ith new therm al particles. A schem atic diagram  of sim ulation domain 
and  particle buffer zones is shown in Figure 4.1. The blank area in the center 
represents the sim ulation dom ain while the shaded area adjacent to the sim ulation 
dom ain represents the  particle buffer zones. T he inner buffer zone and the outer 
buffer zone are separated  by the  dashed line. Small arrows in Figure 4.1 indicate 
the  im posed incom ing plasm a flow as well as the outgoing plasm a flow generated 
during the  sim ulated m agnetic reconnection process.

The im posed incoming plasm a flow is formed by new particles injected into 
the  upper and lower parts  of the inner buffer zone at every tim e step. The average 
density flux of the incoming plasm a flow is iV(,V 1? where Nf, and V j =  4 V iex are,
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Figure 4.1 A schematic diagram of simulation domain (blank area) and par­
ticle buffer zones (shaded area). Dashed line separates the inner buffer zone 
from the outer buffer zone. Arrows indicate the imposed incoming plasma 
flow as well as the outgoing plasma flow generated during the simulated 
magnetic reconnection process.
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respectively, the average particle num ber density and average velocity of the incom­
ing plasm a at i  =  rfc-L*. Due to  the E  x B  drift m otion, these buffer zone particles 
are convected into the sim ulation dom ain, becoming simulation particles. On the 
o ther hand , the outgoing plasm a flow is formed during the m agnetic reconnection 
process. Along with the outgoing plasm a flow, sim ulation particles convect out of 
the  left and  right boundaries of the sim ulation dom ain and move into the  left and 
right p arts  of the inner buffer zone, becoming buffer zone particles. Thus, with 
the new driven and nonperiodic open particle boundary  conditions, it is possible to 
m ain tain  an imposed incoming plasm a flow a t the  top  and bottom  boundaries of the 
sim ulation dom ain, while allowing outgoing plasm a flow to escape freely from the 
sim ulation dom ain through the  left and right boundaries. Notice th a t the  present 
particle boundary  is different from the trad itio nal periodic boundary, in which par­
ticles leaving the left (right) boundary  of the  sim ulation dom ain are reintroduced 
in to  the  sim ulation dom ain a t th e  right (left) boundary.

The driven boundary condition at x =  ± L X and the nonperiodic open bound­
ary condition a t z — ± L Z for particles were discussed above. The driven and non­
periodic open boundary  conditions for po ten tial fields are presented below. Com­
pared to  th e  boundary  conditions for the  e lectrostatic  potential (<f>) and its  tim e 
derivative (x ), the boundary conditions for the  vector potential (A ) are relatively 
simple. To m aintain  the constant influx (JVVVi) of the incoming plasm a at the 
driven boundary  (x = ± L X), a  constant electric field E i is imposed. T he electric 
field is determ ined from  E i =  —V * x Bq j c s o  th a t the  average incoming plasm a flow 
velocity V* is consistent w ith the  E i x B 0 drift velocity a t the boundary, where Bo 
is the in itia l m agnetic field a t the  boundary. Since Bo has only the z-com ponent 
and  V i has only the  i-com ponen t, E i is found to only have the y-com ponent, 
i.e., E i =  E i ye y . Through th e  driven boundary  condition described above, the
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incoming plasm a and m agnetic field are pum ped continuously into the simulation 
dom ain. At the  nonperiodic open outflow boundary (2 =  ± T Z), on the o ther hand, 
the N eum ann boundary  condition is used, in which the norm al derivative of A  is 
set to  zero. However, as an additional constrain t, the  vector potential is required 
to satisfy the  Coulomb gauge V • A =  0 a t the  boundary. Therefore, boundary 
conditions for the  vector potential A  at the driven boundary  x =  ± L X are given by

d A ,
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=  0 (4.56)dx

A y( ± L x , z , t )  = A y( ± L x , z ,  0) -  V1B 0z( ± L x , z ,0)t  (4.57)

A z ( ± L x , z , t )  = A z ( ± L x , z ,  0) (4.58)

At the nonperiodic open outflow boundary 2 =  ± i z , the boundary conditions for
the vector po ten tial A  are given by

A z ( x , ± L z , t )  = A x ( x , ± L z , 0) (4.59)

d A z'■y
dz

d A z
=  0 (4.60)

=  0 (4.61)dz
Notice th a t the boundary  condition (4.60) for A y at the  nonperiodic open 

outflow boundary  2 =  ± L Z precludes the  existence of m agnetic field com ponent B x 
a t the  boundary . However, the  existence of a norm al m agnetic field com ponent, B x 
in the present coordinate system , a t the outflow boundary  may be im portan t for 
the  m agnetic reconnection process [e.g., Petschek, 1964]. To allow the presence of 
B x a t the  outflow boundary, an a lternate boundary  condition may be used for A y 
a t z =  ±Zrz, i.e.,

= 0 <4-60'>
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In the present sim ulation, e ither (4.60) or (4.60’) is used as the boundary  condition 
for A y a t the nonperiodic open outflow boundary. An example of m agnetic field 
lines, represented by the contours of A y , observed in the simulation is shown in Fig­
ure 4.2. In  Figure 4.2a, boundary  condition (4.60) is used at the  outflow boundary 
while in Figure 4.2b, boundary  condition (4.60’) is applied. It can be seen clearly 
th a t  w ith the  boundary  condition (4.60’) magnetic field lines may have a  significant 
B x com ponent at the outflow boundary  z =  ± L Z.

C om pared to the boundary  conditions for the vector potential A , the boundary 
conditions for the electrostatic  potential <f>, as well as its tim e derivative %■> are 
very com plicated and tricky. At the  driven boundary x =  ± L e , m agnetic field 
lines are stra igh t lines parallel to  the boundary of the sim ulation dom ain. It is 
reasonable to  assum e th a t the  m agnetic field lines are equal po ten tial lines a t the 
boundary  x  =  ± 1/*, since low frequency perturbations such as the tearing mode will 
not support a  parallel electric field. Thus, the electrostatic potential and  its tim e 
derivative are assum ed to  be constant along the driven boundary, i.e., a t x  =  ± T * ,

<p{i:Lx , z , t )  = (f>(±Lx, z ,  0) =  0 (4.62)

x { ± L x , z , t )  = x ( ± L x, z ,0 )  = 0 (4.63)

At the  nonperiodic open outflow boundary  z =  ±L*, where m agnetic field lines are 
e ith er oblique or perpendicular to  the simulation dom ain boundary depending on 
the  boundary  conditions of A , a constant potential is no longer a good assum ption. 
As an a ttem p t to  solve for <f> and Xi the  Neumann boundary condition is used, 
in  which the norm al derivatives of <f> and x  are assumed to be zero a t the outflow
boundary  z  =  ± L Z. However, it is observed th a t w ith the boundary conditions for <f>
and  x  described above, a  large electrostatic  potential is generated in the  sim ulation.
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MAGNETIC FIELD LINES

a)

Z IP«

Figure 4.2 Magnetic field lines, represented by the contours of A y, ob­
served in the simulation with different boundary conditions at the nonpe­
riodic open outflow boundary, (a) d A y / d z  =  0 at z =  ± L Z and (b)
d 2 A y / d z 2 =  0 at z  =  ± L Z.
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Such large electrostatic potential is found to be caused by the Neumann boundary 
conditions applied to  <f> at the  outflow boundary  z =  ± L Z.

The generation of large electrostatic potential can be explained as follows. If 
a charge Q is located at z = z0 near the outflow boundary z = L z and the  distance 
from the charge Q to  the boundary  z =  L z is L z — zo, an image charge Q' =  Q is 
induced outside the outflow boundary  at z = 2L z — zo w ith the boundary condition 
d<j>/dz = 0 im posed at z = L z . If the  charge Q is a net charge caused by the  charge 
separation , Q > 0 means more ions and fewer electrons are located a t z =  z0. 
Due to  the presence of the image charge Q' >  0 a t z = 2L z — zo, electrons are 
a ttra c ted  towards the  boundary  z =  L z while ions are expelled from the boundary. 
Because of its  sm aller mass, an electron may move easily across the boundary  under 
the a ttrac tio n  of the image charge, leading to an  even larger net positive charge 
and larger charge separation  at z =  z0. This is a positive feedback process, in 
which a small charge separation  causes a larger charge separation. Thus, a large 
electrostatic  potential is generated in the  sim ulation, leading to  the presence of 
a large electrostatic  field. T he above scenario can also be applied to  the outflow 
boundary  a t z = —L z . However, if Q <  0, more electrons and fewer ions are located 
at z =  z0; a  negative image charge is induced outside the boundary; and electrons 
are expelled from  the  boundary, while ions are a ttra c ted  toward the  boundary. But 
an ion is slower th an  an electron to cross the boundary  due to  its  larger mass. On 
the o ther hand , an electron may be expelled away from  z =  z0 even before the ions 
move away, resulting in a decrease of the  negative net charge at z =  z0. Thus, a 
negative n et charge Q < 0 a t z =  zo tends to  be neutralized ra th e r th an  amplified. 
An overreaction of electrons may lead to  the  presence of a positive charge Q > 0 at 
z = z0. Therefore, it is clear th a t  the N eum ann boundary condition (d<j>/dz =  0) 
is not a p roper choice for handling the electrostatic  potential for a  nonperiodic
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open boundary. Notice th a t the Neumann boundary  condition d<f>/dz =  0 may also 
result in num erical instabilities in the particle sim ulation, if particle fluxes across 
the boundary  are im properly correlated w ith the variations of the electrostatic 
potential [Swift and Ambrosiano, 1981].

To avoid the influence of the induced im age charges on the particles in the 
sim ulation dom ain, a  force free boundary condition is chosen for <f> as well as x  
the nonperiodic open outflow boundary, i.e., a t z — ± £ z,

<£(x,±Lz,f)  =  force free (4.64)

x { x , ± L z , i )  = force free (4.65)

W ith  the  force free boundary  condition im posed a t th e  outflow boundary, no image 
charges are induced outside the boundary and the plasm a inside the simulation 
dom ain sees a charge neu tral or charge vacuum  plasm a environm ent outside the 
boundary, even though  buffer zone and reservoir particles are present in the  p arti­
cle buffer zones. T hus, the  Poisson equation is solved inside the sim ulation domain 
while the  Laplace equation  is solved outside the sim ulation dom ain. By m atching 
the solution of the Poisson equation to  the appropriate  decaying solution of the 
Laplace equation  at the  boundary  of the sim ulation dom ain, the desired potential, 
which satisfies the  force free boundary condition, is obtained. Notice th a t the force 
free boundary  condition used in the present sim ulation is similar to  the vacuum 
boundary  condition discussed in Birdsall and Langdon [1985]. The detailed proce­
dure of solving the  potential <f> w ith the force free boundary  condition is described 
below.
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Since the potential <f>(dzLx , z )  =  0 at the driven boundary x — ± L X, a  discrete 
sine transform  can be made on the charge density and the potential in the x- 
direction, i.e.,
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.  K  
1=1 

K
NL -  1 (fc -  l ) ( i  -  1)

t=l
■(k -  l ) ( i  -  1)

(4.66)

(4.67)_N'X - 1
where i is the grid point index in the x-direction, j  is the grid point index in the 
z-direction, k is the mode num ber index in the sine transform , <f>ij and p i j  are 
respectively the electrostatic potential and the charge density at the  grid point 
{ t , j}  in the  x — z space, 4>k,j and pk,j are respectively the fc-component of the 
electrostatic  potential and the charge density in the k — z phase space, and N'z is 
the  num ber of grid points in the  x-direction. The inverse sine transform s of <f> and 
p are given by

</>.'d  =  N , \  i  £  <^dsinfc=i 
NL

NL 1

=  n T Z T  S ^ d sin* fc=i [N'x -  1 (fc -  1)(* -  1)

(4.68)

(4.69)

W ith  the  standard  2-D five-point central differencing scheme, the Poisson equa­
tion  for th e  electrostatic  po ten tia l (4.20) can be w ritten  as

4>i+l ,j + + l — 2 <f)jj
(A x )2 (A z )2

After su bstitu ting  (4.68) and (4.69) into (4.70),

(4.70)

(4.71)
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is obtained  for k =  1, 2, 3, ......  N'T where

j  k.j =  a , . ( A z ) 7p kj

and
0 ( k )  =  1 +  2 Az —— sin Ax

Since pfcj can be com puted directly from (4.67), (4.71) is solvable for a specified k. 
In  the  following, (4.71) is solved by using the T hom as tridiagonal algorithm  [Hock­
ney and  Eastw ood, 1981] and the  force free boundary  condition is implemented at 
j  =  1 and  j  =  TV', w here N'z is the num ber of th e  grid points in the z-direction.

Because net charge is assum ed to  be zero, the po ten tia l 4>k,j satisfies the Laplace 
equation  outside the  sim ulation dom ain, i.e.,

<Afc,j+i -  2p(k)(f>kj  +  i =  0 (4-72)

and  the  solution of the  L aplace’s equation can be w ritten  as

- f if 7 >  N '  ■ (4.73)l y  s  i f j < i .
A fter su bstitu ting  the above solution into  the  Laplace equation, it is found th a t for 
k = 1, 2, 3, ....... , N'x

7 2 — 2/?(fc)7 +  1 =  0 (4.74)

and th a t  the  roo ts can be w ritten  as

7  =  /3(fc) ±  V P 2{k) -  1 (4.75)

For the  larger root 7  =  /?(fc) +  y/f3z (k)  — 1, it is obtained

7 - 7 " 1 = 2 v //?2( f c ) - l  (4.76)
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On the o ther hand, if the solution of the  Poisson equation (4.71) inside
the sim ulation dom ain, and the solution of the Laplace equation outside the
sim ulation dom ain, can be w ritten  as

=  V j4>k,j + t j  (4-77)

V - : ? - '  < 4 - 7 8 )l 7 <Pk,i, if J < 1.
then , it is found from (4.71) and (4.77) th a t

= ~ Tjj — 2/3(fc) (4,?9)

and

^ '_1 =  ~ V j ~  20{k) = + (4 '80)
Notice th a t (4.77), (4.79), and (4.80) constitu te  the  Thom as tridiagonal algorithm.
T he solution of (4.71) can be obtained by a backward elim ination using (4.79) and
(4.80) and then  a forward substitu tion  using (4.77) [Hockney and Eastwood, 1981].

By calculating the derivative of d> w ith respect to z a t j  = N'z , two equations,
one from (4.71) and ano ther from  (4.78), are obtained. Then, by m atching these 
two derivatives at j  = N'z , it is obtained

<t>k,N'r =T}N'C- + ( n 'm-  1 (4-81)

where

7?7V‘ - 1 =  2(3{k) +  (7  — 7 - 1 ) (4 ‘82)

^ : " 1 =  2(3(k) + (7 *— 7 - 1) (4’83)
W ith  (4.82) and (4.83), 7j - i  and can be com puted for j  — N'z — 1, N'z — 2, 
 , 2, respectively, from  the backward elim ination using (4.79) and (4.80).
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Similarly, by com puting the derivatives of <j> w ith respect to  z at j  = 1, one 
from  (4.71) and ano ther from  (4.78), and m atching them  at j  — 1, it is obtained

1 _  ________ +  Jfc,i/2 ______  . .
~ /3(k) — ■q1 + ( 7  — 7 _1)/2  ( ' }

T hen, w ith (f>k,i and rjj and  £j, which are com puted above, 1 can be found
for j  — 1, 2, ...... , N'z — 1, respectively, from the forward substitu tion  using (4.77).
Finally, w ith the inverse sine transform  (4.68), the electrostatic potential which 
satisfies the force free boundary  condition, is obtained. Notice th a t the com putation 
of the tim e derivative of the electrostatic potential ( \ ) can also be based on the 
same m ethod discussed above.

For com parison, two sim ulation cases are tested  w ith exactly same plasm a 
param eters and boundary  conditions, except th a t in the first case the Neumann 
boundary  condition (d<f>/dz =  0) is im posed, while in the second case the force free 
boundary  condition is used. P art of the results observed in the two sim ulation test 
runs are shown in Figure 4.3. Figure 4.3a shows the m agnetic field lines, repre­
sented by the  contours of A y, at the sim ulation tim e t = 1 20n~ 1. In both  cases, 
three m agnetic islands are present and the coalescence of the two smaller m agnetic 
islands can also be seen. In spite of the slight differences in the locations of m agnetic 
islands, m agnetic field lines in both  cases exhibit sim ilar configurations, indicating 
th a t  in  the  early stage th e  different boundary  conditions used in  solving the  electro­
sta tic  potential do not significantly affect the development of the tearing mode and 
m agnetic reconnection process. However, in the la te r stage, the m agnetic field p a t­
tern  (not shown) can be significantly affected by the Neum ann boundary condition 
used in the first test run  due to the buildup of a large electrostatic potential.

Figure 4.3b shows the  contours of the  electrostatic  potential a t t = 120Q71. 
In the  first test run, the m axim um  of the  potential is located in the  central current
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Figure 4.3 Simulation results with different boundary conditions imposed 
for the electrostatic potential, d<f>/dz =  0 in the first test run and force 
free in the second test run. (a) Magnetic field lines, represented by the 
contours of A y, and (b) contours of electrostatic potential <f> at simulation 
time t =  12QU-1.
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sheet near the  left boundary  with <j}max — 31.41, while the m inim um  of the potential 
is a t the driven boundary  w ith <f)min — 0.0. The presence of a large positive potential 
near the  left boundary  is due to the N eum ann boundary  condition d<j)/dz — 0 
im posed at the  boundary , as discussed earlier in the  image charge scenario. In the 
second test run , the  m axim um  of the potential is located at the lower right driven 
boundary  w ith <f>max = 1.13, while the m inim um  of the  potential is located at the 
central current sheet near the  middle of the sim ulation dom ain w ith <f)min =  —7.96. 
The large negative po ten tial near the middle of the  sim ulation dom ain is due to the 
concentration  of electrons trapp ed  by the m agnetic island. C ontrary to the first 
test run , where only large scale simple structu res are present in the  <f> contours, 
m any small com plicated structu res in the <f> contours are exhibited in the second 
tes t run.

T he tim e history  of the  m axim um  and m inim um  of electrostatic potential, 
<f>max and ? observed in bo th  of the test runs is p lo tted  in Figure 4.4. Figure 
4.4a shows th a t when the N eum ann boundary  condition d(j>/dz =  0 is used, the 
m axim um  of the  potentird  ^maz increases w ith  tim e alm ost monotonously, while the 
m inim um  of the  po ten tia l <f>min rem ains alm ost exclusively zero. The large positive 
<f>max and nonnegative <j>min indicate the  presence of a large net positive charge in 
the sim ulation dom ain due to electron escaping through  the  open boundary. This 
results seems consistent w ith the speculation based on the image charge scenario. 
Figure 4.4b shows th a t when the force free boundary  condition is im posed, the 
electrostatic  potential generated in the  sim ulation is much smaller than  when the 
N eum ann boundary  condition is used. W hile (f>max slowly increases with tim e, the 
average <f>min rem ains nearly a constant. The presence of a positive <j>max and a 
negative <f>min represents the  high density regions of ions and electrons, respectively, 
which is more reasonable th an  the  previous one shown in Figure 4.4a. T he above
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a) Neumann Boundary

n  et
b) Force Free Boundary

n et

Figure 4.4 The time history of the maximum and minimum of electrostatic 
potential, <t>max and <f>min, observed in the simulation, (a) the first test run 
with the Neumann boundary condition d<f>/dz =  0 and (b) the second test 
run with the force free boundary condition.
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results indicate th a t the force free boundary condition is a much b e tte r choice for 
the electrostatic  potential when a nonperiodic open outflow boundary is required 
in the sim ulation. Therefore, in the following sim ulations, the force free boundary 
condition is im posed for bo th  the electrostatic potential <j> and its tim e derivative 
X at the outflow boundary  z — ± L Z.

4.8 Summary

In this chapter, a brief in troduction  to particle sim ulation m ethods used in fusion 
and space plasm a research was presented. A 2 ̂ -dim ensional particle simulation 
model under the  Darwin approxim ation was developed using the H am iltonian for­
m ulation. The initial conditions used in the present sim ulation and the driven and 
nonperiodic open boundary  conditions necessary for the sim ulation study of the 
driven m agnetic reconnection process were discussed. Particle buffer zones, driven 
boundary  for vector potential, and force free boundary  for electrostatic potential 
were identified as the three  most im portan t p arts  of the driven and nonperiodic 
open boundary  conditions. In the present m odel, the zero order m agnetic field 
com ponent B oy is assum ed to  be zero. W hen a nonzero B 0y is included, the driven 
and nonperiodic open outflow boundary conditions become even more com plicated 
and will be discussed later. In the next chapter, results are presented from a series 
of particle  sim ulations th a t  investigate the driven m agnetic reconnection process in 
the collisionless plasm a. These sim ulation results are used to develop an explana­
tion for the  observed features of FTE s at the e a rth ’s dayside m agnetopause.
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Chapter 5 One-Component Simulation of Driven Collisionless 

Magnetic Reconnection

In the previous chapter, a particle simulation model for the driven collisionless m ag­
netic reconnection process was form ulated. In the sim ulation model, the dynamics 
of bo th  ions and electrons, the electrostatic interaction between ions and electrons, 
and  the self-consistent generated  magnetic field B y com ponent are included. In the 
present chapter, however, as a first step to study the driven collisionless magnetic 
reconnection process, the above model is simplified to a one-com ponent particle 
sim ulation. In the one-com ponent simulation of the driven collisionless magnetic 
reconnection, only ion dynam ics is included. Although the electron dynamics is ne­
glected, the charge neu tra lity  is assumed to be maintained by the absent electrons 
and, hence, the e lectrostatic  in teraction  between particles is ignored. The above 
assum ption is based on the fact th a t, at least in the linear stage, the effects of 
the  pertu rbed  electrostatic  potential do not significantly affect the  development of 
the  collisionless tearing  mode and the magnetic reconnection process [see review in 
C hap ter 3]. The electron dynam ics and the electrostatic in teraction  will be included 
in the full particle sim ulations presented in C hapter 6 .

In the present one-com ponent particle simulation of the driven collisionless 
m agnetic reconnection, the m agnetic field component B y, which is perpendicu­
lar to  the sim ulation plane, is arb itrarily  suppressed. Thus, the  m agnetic field 
has two com ponents only, i.e., B x and B z , which are confined in the simulation 
p lane, and the vector po ten tia l only has the y-component, i.e., A  =  A yey . Similar 
one-com ponent particle sim ulation models have been used in previous studies of
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the collisionless tearing  m ode instabilities and m agnetic reconnection process [e.g., 
Terasawa, 1981; Swift, 1983; Am brosiano et al., 1983, 1986; Price and Swift, 1986). 
In these sim ulations, e ither periodic boundary  or nondriven boundary conditions 
are im posed, bu t in the  present sim ulation, the  driven and nonperiodic open bound­
ary conditions discussed in the  previous chapter are used. Notice th a t due to  the 
absence of electrons in the sim ulation, the ion Larm or radius (pi),  the ion gyrofre- 
quency and the ion therm al speed (x?th.i) are used as the norm alization units
for leng th , tim e, and  velocity, respectively. Since a sym m etric boundary  condition 
is im posed a t x  =  0 , the one-com ponent particle sim ulation is perform ed in the half 
plane only w ith  x >  0 and — L z < z < L z .

In th e  one-com ponent sim ulation of the  driven collisionless m agnetic recon­
nection, b o th  the  tim e-dependent m ultiple X line reconnection (M X R) and the 
quasi-steady single X line reconnection (SXR) are observed, depending on the size 
of the  sim ulation dom ain. For a given w idth of the sim ulation dom ain ( L x), the 
m ultiple X line reconnection tends to  occur when the length of the sim ulation do­
m ain ( L z) is large (>  L x ), whereas the quasi steady single X line reconnection 
takes place when the  length of the sim ulation dom ain (L z) is small ( ~  L x). Similar 
phenom ena were observed in the  MHD sim ulations [e.g., Lee and Fu, 1986]. The 
sim ulation results of the M XR process, characterized by the repeated  form ation 
and  convection of m agnetic islands and th e  generation of supertherm al particles, 
are presented in the  Section 5.1. The sim ulated M XR process and the  flux tran s­
fer events (F T E s) observed at the  dayside m agnetopause are com pared in Section 
5.2. S im ulation results of the  quasi-steady SXR process, characterized by the cur­
rent sheet acceleration of particles, is reported  in the Section 5.3. A sum m ary and 
discussion of the  one-com ponent of driven collisionless m agnetic reconnection are 
included in the Section 5.4.
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5.1 A Particle Simulation of M X R  Process

The one-com ponent particle sim ulation of the m ultiple X line reconnection pro­
cess is carried out in a larger sim ulation dom ain w ith L x =  32A and L z =  64A, 
where A =  1 pi is the grid size used in the sim ulation. A sym m etric current sheet 
model located  a t x — 0 is used as the initial condition. The initial magnetic field 
configuration is given by

B 0 =  B0ta n h (-^ )e z (5.1)

where the current sheet thickness is chosen to be L  =  4A. O utside the current sheet, 
the ra tio  of plasm a pressure to m agnetic pressure is specified as (3 = 8nN},Ti/B2 =  
1, where 7V& is the partic le  num ber density a t the  driven boundary. It is easy to 
verify th a t the  Alfven speed va  = B o/ can be related  to the ion therm al 
speed by va  =  /3~1^2vthi- The drift speed of ions in the y-direction is given by 
Ui/vthi  =  P i /L  =  0.25. The tim e step used in the  sim ulation is chosen to be 
A t  = 0 .05fl~a . Initially, the  num ber of m acro ion particles is 25,000. During the 
sim ulation, the num ber of ions varies between 20,000 and 40,000.

At the  driven boundary  x = ± X r , a  param eter R 0 =  V i j v A is defined, 
where Vi is the incom ing plasm a flow speed. Physically, the param eter Ro can 
be considered as an im posed m agnetic reconnection ra te  a t the driven boundary. 
Then, a t the  driven boundary , the im posed convection electric field is given by 
E i =  RoVABoey . At the  outflow open boundary  z = ±jL2, the boundary condition 
(4.60), i.e., d A y / d z  = 0, is used. Notice th a t in  the one-com ponent simulation, 
only one field equation,

V 2A y =  - a m Jy (5.2)
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m ust be solved. Since d / d y  =  0 is assum ed in the present model and A =  A ye y ,
the  Coulomb gauge V • A  =  0 is autom atically  satisfied. The equations of motion
for ions are given by

^  =  ( V A ) . ( p ,  -  A )  (5.3)

%  =  (P, -  A ) =  v ,  (5.4)

where x ; , Vj, and p j are respectively the position, velocity, and canonical mo­
m entum  of the j - th  ion particle. The com putation  of current density J y at the 
grid points and the calculation of forces a t the particle positions, as well as the 
tim e-in tegration  scheme for the equations of particle  m otion, are the  same as tha t 
discussed in C hap ter 4.

To study the  M XR process in the collisionless plasm a, several cases with differ­
ent incoming plasm a flow speeds at the driven boundary  (x =  ± L r ) are simulated, 
w ith  im posed m agnetic reconnection rates (Ro) chosen to  be 0.14, 0.28, 0.42, and 
0.56, respectively. As an exam ple, the sim ulation results of the M XR process with 
Ro =  0.42 are presented below. In Figure 5.1, m agnetic field lines, positions of ion 
particles, and plasm a flow patte rn s at different sim ulation times are plotted.

Figure 5.1a shows th a t m agnetic islands (flux tubes) w ith various sizes are 
repeatedly  form ed and convected out of the sim ulation dom ain through the open 
boundaries a t z =  ± L Z. The coalescence of small m agnetic islands th a t leads to the 
form ation of a  larger m agnetic island, e.g., the m agnetic island A,  is also observed in 
the  sim ulation. M agnetic islands can grow to  a large size before they are convected 
out of the  sim ulation dom ain. Following the form ation and convection of a  large 
m agnetic island, several small m agnetic islands ten d  to  be form ed. In Figure 5.1a 
several small m agnetic islands are observed to be formed at t =  180IIF1 after the 
convection of the  m agnetic island B.  The average length  ( lz ) and w idth (/*) of
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Figure 5.1a Magnetic field lines at various simulation times. R0 =  0.42 
is the imposed reconnection rate at x =  ± L X.
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large m agnetic islands are. respectively, lz =  60pi and lx — 30pj. The recurrence 
tim e ( r )  of large m agnetic islands on each side of the  simulation dom ain is found 
to  be r  ~  200f2l~ I .

Figure 5.1b shows the d istributions of particles and the plasm a flow patterns 
in th e  x — z plane at various sim ulation tim es. The particle num ber density is 
high inside the m agnetic islands because particles tend to be convected toward 
the m agnetic field O line region under the  influence of the induction electric field. 
T he to ta l particle  num ber is found to increase during the growth phase of large 
m agnetic islands. It is also found th a t the ejection of a large m agnetic island from 
the  sim ulation dom ain usually resu lts in a drastic  decrease of the to ta l num ber of 
particles. T he un it vectors in Figure 5.1b correspond to the ion therm al speed 
v thi, which is equal to  the Alfven speed va  when /?, the ratio  of plasm a pressure to 
m agnetic pressure, is equal to  1. From  the flow p atterns, it is found th a t high-speed 
p lasm a flows w ith  flow speed >  v A are associated with the ejection of large magnetic 
islands. B ut, during the form ation stage, the  convection velocities of the magnetic 
islands are usually small. For exam ple, a t t =  90 ~  l lO fl” 1 the convection velocity 
of m agnetic island B  is small, w hereas a t t — 140fl~1 the velocity is equal to  or 
larger th an  the Alfven speed (u^).

It is found during the  sim ulation th a t the  particle therm al energy increases from 
Ti a t th e  driven boundary  x =  ± L *  to  2 ~  5Tj a t the  center of the  current sheet or 
th e  m agnetic islands. For exam ple, a t t — l lO fl ,-1  the  therm al tem perature  is 3.6Ti 
a t the  center of the  m agnetic island A  and 4.1Tj at the  center of the m agnetic island 
B .  T he peak values of the therm al energy a t t =  llO fiF 1 also occur at the regions 
near the  X lines. Notice th a t the energization of particles during the collisionless 
reconnection process may be caused either by slow shocks or by the  current sheet
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POSITIONS OF PARTICLES FLOW PATTERN (Ro=0.42)
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Figure 5.1 b The corresponding positions of particles and plasma flow pat­
terns at various simulation times. The unit vectors correspond to the ion 
thermal speed v th.i.
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[e.g., Hill, 1975]. A study of the particle acceleration during the driven collisionless 
reconnection process will be presented in the Section 5.4.

As discussed in C hap ter 3, the magnetic reconnection process is closely related 
to  the  development of tearing  m ode instabilities. However, the m agnetic islands 
form ed at t =  60J7 ~ 1 in F igure 5.1a are not due to  the development of the ion tearing 
m ode instab ility  in the  in itial current sheet. The growth ra te  of the ion tearing mode 
instab ility  [e.g., Galeev and Zelenyi, 1976; Terasawa, 1981; Ambrosiano et al., 1983; 
Swift, 1986] can be w ritten  as

7  ~  0.12( — )5/ 2n { (5.5)Vthi
W ithout the  driving force applied a t the driven boundary  x  =  the growth rate
of the ion tearing  m ode instab ility  in the initial current sheet w ith Ui/v thi =  0.25 is 
found to  be 7  ~  0.004fli, which corresponds to  an e-folding tim e of 250fl,_1. But, 
in the  sim ulation, due to  the  driving force im posed at the  driven boundary, both 
the m agnetic field and the  particle drift speed in the current sheet are increasing 
w ith tim e after the sim ulation is started .

At t =  60Dt_1, it is found th a t both the  m agnetic field and the particle drift 
speed are increased to  twice as much as the initial values, i.e., B  =  2B q and 
U{ =  0.5ut fti. Thus, from (5.5), the  growth ra te  is found to be 7  ~  0.04fli, where flj 
is based on the  initial m agnetic field B q , i.e., =  eBo jrriiC. Now the corresponding
e-folding tim e is found to  be 2 5 fl~ 1, which is com parable to  the growth tim e of the 
m agnetic islands developed in the  sim ulation shown in Figure 5.1a. Therefore, a 
scenario for the developm ent of the m ultiple X line reconnection process in the 
collisionless plasm a can be described as follows. At first, the  driving force applied 
at the  driven boundary  leads to  an enhancem ent of m agnetic field and current 
density in the current sheet, which in tu rn  leads to an enhanced growth rate  of the
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ion tearing mode instability  developed in the current sheet. Then, the form ation 
of m agnetic islands in the current sheet due to  the enhanced ion tearing mode 
instability  results in the m ultiple X line reconnection process. Finally, the magnetic 
islands are ejected from the open outflow boundaries along with the convection 
of high-speed plasm a flow generated by the reconnection process. If the driving 
force is continuously applied a t the driven inflow boundary, the multiple X line 
reconnection process, characterized by the repeated  form ation and convection of 
m agnetic islands, should take place interm ittently.

Figure 5.2 shows the maxim um  reconnection ra te  R  which equals the maximum 
induction  electric field E y =  —d A y jd t  in the simulation dom ain as a function of 
tim e. The solid line indicates the imposed reconnection ra te  i?0 =  0-42 at the 
driven boundary  x  =  dzLx . As shown in Figure 5.2, the reconnection rate R  has 
m any impulsive peaks, although the imposed reconnection ra te  R q is a constant, 
indicating  the highly nonlinear natu re  of the MXR process. It is found th a t the 
impulsive peaks of R  are associated not only w ith the form ation of large magnetic 
islands, such as the magnetic islands A, B ,  and C  in Figure 5.1a, bu t also w ith the 
form ation of some small magnetic islands. Notice tha t during the M XR process, 
the  reconnection takes place simultaneously at several sites and only the m axim um 
reconnection ra te  is p lo tted  in Figure 5.2. During the later stage of the  ejection 
of m agnetic islands from  the sim ulation dom ain, the m axim um  reconnection rate 
cannot be exactly determ ined, which is indicated by the dashed lines in Figure 5.2.

Figure 5.3 shows the position of the centers of three large m agnetic islands A,  
B , and C  as a  function of sim ulation tim e. As m entioned earlier, the  convection 
speed of a  m agnetic island is small at the earlier form ation stage and may increase 
to Alfven speed at the la te r ejection stage. For example, the convection speed of 
the  m agnetic island A,  which can be obtained from the derivative of its trajectory
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Figure 5.2 The maximum reconnection rate in the simulation domain as 
a function of time. The solid line indicates the imposed reconnection rate 
i?o =  0.42 at the driven boundary x =  ± L X.
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POSITION OF ISLANDS (Ro =  0 .42 )

Figure 5.3 Position of the centers of three large magnetic islands A, B,  
and C  as a function of simulation time.
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with respect to  f, is found to be ~  0.3^^ at t = 7 0 0 ~1 and ~  1.2va at t — 1 100~1, 
respectively. Notice th a t the  convection speed of the center of magnetic islands is 
generally different from the plasm a flow velocity shown in Figure 5.1b due to the 
presence of field-aligned flows.

Figure 5.4 shows the averaged power spectrum  of the vector potential A y , 
PA( k ) =  < A 2(x  =  0 , k , t )  > , where A y{x =  0,fc,f) is the Fourier com ponent of 
A y{x =  0, z , f ) ,  k is the wave num ber in the z-direction, and the average is over 
all sim ulation tim e steps. It is found in Figure 5.4 th a t P A(k) ~  k ~ 2 6 . The 
corresponding power spectrum  of the norm al magnetic field com ponent B x near 
the  current sheet x  =  0, P b (^ )  can be related to PA(k) by

PB (k) =  k 2PA( k ) ~  fc- ° '6 (5.6)

Since the  phase velocity of the m agnetic field perturbations associated w ith F T E s is 
generally sm aller than  the  average convection speed of FTE s in the m agnetosheath 
plasm a flow, the frequency of the  m agnetic field pertu rbations of F T E s observed by 
satellites can be approxim ately  expressed as / '  ~  kVc/ 27r, where Vc is the average 
convection speed of F T E s. If the average convection speed Vc can be assumed to  
be a constan t, the  spectrum  of F T E s observed by satellites in the frequency space 
would be sim ilar to  the  power spectrum  obtained above in the  wave num ber space. 
Notice th a t  the  averaged power spectrum  of the norm al m agnetic field given by 
(5.6) is for the source region of F T E s only; the power spectrum  may change when 
the m agnetic islands are moving away from the source region.

Figure 5.5 shows particle kinetic energy, magnetic energy, and to ta l energy, 
which is the  sum of particle kinetic energy and m agnetic energy, in the sim ulation 
dom ain as a function of tim e. It is shown th a t the particle kinetic energy and 
the m agnetic energy vary together in tim e. From Figure 5.1a and Figure 5.5, it
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Figure 5.4 The averaged power spectrum PA(k)  of the vector potential 
A y measured near the current sheet x — 0.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



EN
ER

G
Y

148

Figure 5.5 Particle kinetic energy, magnetic energy, and total energy in 
the simulation domain as a function of time. The unit for energy is T i j2.
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can be seen th a t the increase (decrease) of kinetic energy and magnetic energy 
is associated w ith the  form ation (ejection) of m agnetic islands. The large energy 
peak a t t =  l lO f i” 1 is associated with the form ation of the magnetic islands A  and 
B , whereas the large energy peak at t =  340fl1-1 is associated with the magnetic 
island C . T he sm aller peaks in the Figure 5.5 are associated with the form ation 
and convection of sm aller m agnetic islands in the simulation.

T h a t the  kinetic energy and m agnetic energy observed in the sim ulation vary 
together in tim e, as shown in Figure 5.5, a t first glance seems contradictory to  the 
usual understand ing  of m agnetic reconnection process, in which magnetic energy 
is converted into  plasm a kinetic energy. However, a more careful exam ination of 
energetics of the sim ulation system  reveals th a t a t the driven boundary x =  ± L X, 
the  influx of m agnetic energy is S m ~  (B%/4iir)'Vi, the influx of kinetic energy is 
Sfc ~  (m,iNbVtfli/ 2 ) ' V i , and the ratio of m agnetic energy influx to kinetic energy 
influx is |S m /Sfc! ~  2 v \  / vthi — 2(3 x, so th a t the  influx of magnetic energy is 
alm ost twice as much as the corresponding influx of kinetic energy when (3 = 1. 
On the o th e r hand, a t the open outflow boundary  z =  ± £ z, the energy outflux 
is found to  be com pletely dom inated by the  kinetic energy flux. The comparison 
of the energy influxes a t the driven inflow boundary  with the energy outfluxes at 
the open outflow boundary  indicates th a t in the  sim ulation, m agnetic energy is 
continuously converted into plasm a kinetic energy. Due to the com plicated driven 
and nonperiodic open particle  and field boundary  conditions used in the sim ulation, 
the  energy influxes and  outfluxes at the  boundaries of the  simulation dom ain are 
not calculated continuously.

Akasofu [1980] found th a t the  m agnetic energy density in the high-latitude lobe 
of the e a r th ’s m agnetotail increases after th e  onset of the substorm s. The feature 
of F igure 5.5 th a t  kinetic energy and m agnetic energy vary together in tim e is
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consistent w ith the observation of the m agnetotail lobe field during the substorm s, 
which are believed to be associated with the m ultiple X line reconnection process 
in the m agnetotail [Lee et al., 1985j.

Figure 5.6 shows particle kinetic energy averaged over the sim ulation domain 
as a function of sim ulation tim e. At t = 0, the  initial average particle kinetic energy 
is ~  1.57*. In the sim ulation, particle heating is found to  occur mainly during the 
form ation of large m agnetic islands. For example, during the period from  t = 70ft-1 
to i = 150ft,- 1 , which corresponds to  the form ation of the large m agnetic islands A  
and  B , the average particle kinetic energy is increased to ~  3.3Ti, whereas during 
the  period from t =  270ft-1 to t — 350ft- 1 , which corresponds to the form ation 
of the  large m agnetic island C,  the  average particle kinetic energy is increased 
to ~  3.7Ti. The increase in the  average particle kinetic energy is mainly due to 
the  presence of supertherm al particles generated during the reconnection process, 
whereas the average particle  kinetic energy decreases rapidly after the ejection of 
large m agnetic islands from the sim ulation dom ain.

Figure 5.7 shows the particle energy d istribution  functions f ( E )  a t t =  0 and 
t =  150ft- 1 . The solid line in Figure 5.7 is a theoretical fit for the initial energy 
d istribution  and  is given by a Maxwellian energy distribution

> <5-7>
For E /T i  < 6 , fo (E )  fits the  initial d istribution  very well, while for E /T i  > 6 , the 
deviation of the  initial d istribution  f ( E )  from the Maxwellian d istribution  fo (E)  
may be due to  the small num ber of particles w ith E  > 6Ti in the sim ulation. Notice 
th a t the d istribu tion  (5.7) includes particle therm al energy only, the stream ing 
energy of particles is not included. At t =  ISOftF1, supertherm al particles with 
energy ranging from 5Ti to  50Ti are generated during the reconnection process,
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Figure 5.6 The average kinetic energy per particle as a function of simu­
lation time. The unit for energy is T{/2.
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Figure 5.7 The particle energy distribution functions f ( E ) a \ t  =  0 and 
t =  150H T1. The solid line which represents a Maxwellian energy distri­
bution is a theoretical fit for f ( E )  at t =  0.
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leading to  the presence of a high energy com ponent in the particle distribution. At 
t =  lSOfl,- 1 , the therm al energy of Maxwellian particles w ith E < 5Ti is found to  be 
increased only to ~  1.22"). The high energy com ponent of the particle distribution 
with E  ^  5 '11 a t i — 15012, can be approxnrxated by a po^ver law function as

f { E )  -  E ~ a (5.8)

where a  =  1.9. A lthough the value of a  may vary during a simulation run , the 
energy d istribu tion  curve at t = 15012,-1 represents the typical energy distribution 
function observed in the  sim ulation, in which b o th  a  low energy Maxwellian com­
ponent and a  high energy com ponent are present. Notice tha t the particle energy 
d istribu tion  function, as well as the presence of supertherm al particles, cannot be 
obtained from  the MHD sim ulation. M atthaeus et al. [1984] also reported th a t the 
reconnection electric fields may accelerate particles to high energies.

In the  above, the  sim ulation results w ith  im posed reconnection ra te  i?o =  0.42 
at the driven boundary  x  =  ± L X were presented. As mentioned earlier, several 
cases w ith  different /Z3 have been sim ulated. T he results are similar to those de­
scribed above. R epeated  form ation and convection of magnetic islands and the 
presence of supertherm al particles are the com m on features observed in the simu­
lations. However, it is found th a t the recurrence tim e r  of large magnetic islands 
is approxim ately  inversely proportional to  R 0 [Lee et al., 1985]. For example, the 
recurrence tim e is found to  be t  ~  400 — GOOD” 1 for the case with R q = 0.14. The 
size of large m agnetic islands w ith R q =  0.14 is found to  be lx = 40pj and lz =  90pi,
which is slightly larger th an  th a t in the case w ith  R q =  0.42. Based on the above
sim ulation, the recurrence tim e is approxim ately  given by

100 . xr  ~  — n r 1 (5.9)/to
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5.2 A  Comparison of Particle Simulation of M X R  and Flux Transfer 

Events

Before sim ulation results are com pared with observations of flux transfer events 
a t the dayside m agnetopause, it should be pointed out th a t the present simula­
tion dom ain may only represent the region at the m agnetopause where FTEs are 
formed. As the m agnetic flux tubes (m agnetic islands) are convected away from the 
source region of FT E s, the physical param eters associated with the flux tubes may 
evolve and become different from those in the source region. A lthough the present 
sim ulation is only two-dim ensional (2-D), in the real three-dim ensional (3-D) en­
vironm ent, the supertherm al particles observed in the  sim ulation may propagate 
away from  th e  source region of FTEs.

Futherm ore, the highly tw isted m agnetic fields formed a t the  m agnetopause 
due to the  m ultiple X line reconnection may propagate as Alfven waves along the 
open field lines to the  m agnetosheath  and to  the m agnetosphere and ionosphere 
[Lee and Fu, 1985]. As a consequence, the helical m agnetic fields associated with 
F TE s may become less tw isted. O pen m agnetic flux tubes w ith  helical fields may 
also appear in the m agnetosheath  and the m agnetosphere, which are outside the 
reconnection region. M ost of the  observed FTE s in the m agnetosheath  may be 
located outside the reconnection region. In fact, observations of electron heat flux 
associated w ith  F T E s [Scudder et al., 1986] indicate th a t most observed FTE s are 
outside the  source region. However, F T E s inside the source region have also been 
observed [e.g., Liihr and Klocker, 1987].

At the  dayside m agnetosheath , the typical plasm a and field param eters ob­
served are B 0 =  20 — 30nT, n  =  10 — 20cm - 3 , and 7* =  0.5 — IkeV. The thickness 
of the m agnetopause is L = 500 — 1500km, and the ratio  of p lasm a pressure to
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m agnetic pressure is (3 =  0.5 — 2 [e.g., Berchem and Russell, 1982; Paschm ann 
et al., 1982]. Based on the above param eters, it is found th a t fl; ~  2 — 3s- 1 , 
va  ~  200 — 300km /s, vt^x ~  200 — 400km /s, pi ~  70 — 150km, and px/ L  ~  0.14 — 0.4. 
The size of large m agnetic flux tubes (m agnetic islands) in the simulation are 
lx ~  30 — 40pi ~  0.35 — 0.5R# and lz ~  60 — 90pj ~  0.7 — 2.0R e, where R# 
is the  e a rth ’s radius. The above results are consistent with the observations of 
F T E s [e.g., Russell and Elphic, 1979; Saunders et al., 1984].

In the  M XR model, F T E  signatures are generated by the convection of mag­
netic flux tubes in the  m agnetosheath plasm a flow. Observations at the dayside 
m agnetopause show th a t F TE s have a recurrence time of 5 — 15min, indicating 
the in te rm itten t natu re  of the dayside reconnection process. In the sim ulation 
of the M XR process w ith Ro =  0.42, it is found the recurrence tim e of FTEs is 
r  ~  200 — 300J7-1 ~  2 — 3min. However, (5.9) shows th a t the recurrence tim e 
is approxim ately  inversely proportional to R 0. Thus, if R q = 0 .1  at the dayside 
m agnetopause, the recurrence time obtained from (5.9) is r  ~  8 — 12min, which is 
consistent w ith F T E  observations.

The convection speed of flux tubes deduced from ISEE observations of FTEs 
is on the  order of 50 — 300km /s [e.g., Daly and Keppler, 1983; Daly et al., 1984; 
Berchem and Russell., 1984; Rijnbeek et al., 1984; Saunders et al., 1984]. In 
the  sim ulation, as shown in Figure 5.3, the convection speed of flux tubes is 
small (0.3TM ~  60 — 90km /s) at the early stage and can reach the Alfven speed 
(ux ~  200 — 300km /s) at the la ter stage, which is com parable to the F T E  obser­
vations. Energetic ions and electrons w ith energy of 5 — 40keV are observed to be 
associated w ith F T E s [e.g., Daly et al., 1981; Sonnerup et al., 1981; Saunders et al., 
1984; Thom sen et al., 1987; K lum par et al., 1989]. The present sim ulation of the 
M XR process also shows th a t the  form ation of flux tubes leads to the presence of

155

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



supertherm al ions w ith energy of 5 — 50X), which corresponds to  the energetic ions 
w ith energy of 5 — 50keV. Energetic ions leaked along the reconnected open mag­
netic field lines from the m agnetosphere may also be responsible for the observed 
energetic particles associated with F T E s [e.g., Scholer et al., 1981; Sibeck et al.,
1987].

It has been shown above th a t the sim ulation results of the  M XR process are 
generally consistent w ith  the  observations of FTEs at the dayside m agnetopause. 
However, in  the present sim ulation, a  sym m etry in the m agnetic fields is assumed 
abou t the  plane x  =  0. At the dayside m agnetopause, the m agnetic fields are 
not sym m etrical. T he m agnetosheath  field is usually smaller than  the field in the 
m agnetosphere. The asym m etry  in the  m agnetic fields may lead to  the presence 
of a  wavy stru c tu re  of the m agnetopause current sheet as dem onstrated  by Fu and 
Lee [1986] in the ir MHD sim ulations of the MXR process. On the o ther hand, as 
discussed in C hap ter 3, an asym m etry in the  m agnetic fields results in  the  presence 
of a  high (3 plasm a on one side of the  current sheet and a low (3 plasm a on the other 
side, which in tu rn  may slow down the  developm ent of the  tearing mode instabilities 
and  hence the M X R process, leading to  a  longer recurrence tim e of FTE s.

5 .3  A  P a r t i c le  S im u la t io n  o f  Q u a s i  S te a d y  S X R  P ro c e s s

As discussed in C hap ter 2 , m agnetic reconnection has been extensively studied on 
the  basis of fluid equations. T he reconnection configuration in the  two-dimensional 
(2-D) stead y -sta te  MHD model [Petschek, 1964; Sonnerup, 1970] consists of two 
parts : the  inner diffusion region and the external convection region. The main 
featu re  of th e  convection region is the  presence of four slow shocks th a t  are attached 
to  the diffusion region. T he incom ing plasm a is accelerated to the  Alfven speed by
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the  slow shocks. However, in the 2-D stead y -sta te  collisionless reconnection model 
[Hill, 1975], the m agnetic field reversal takes place mainly along the central current 
sheet. There is only a small aiSount of field line bending across the slow shocks. 
The m agnetic tension force associated w ith the central current sheet may provide 
m ost of the particle  energization.

Since for a  given w idth of the sim ulation dom ain (L x), the steady-state m ag­
netic reconnection tends to occur when the leng th  of the simulation dom ain (L*) is 
small [Lee and Fu, 1986], a sim ulation dom ain w ith L x = L z = 32A is used to  sim­
u la te  the quasi-steady collisionless m agnetic reconnection process, where A =  0.5pi 
is the grid size. The sim ulation dom ain is a square box in the x — z plane, with 
— 16 < x / p i  <  16 and —16 <  z / pi <  16. N otice th a t the present length of the 
sim ulation dom ain ( L z =  16p*) is much sm aller th a n  the previous one ( L z =  64^j) 
used in Section 5.2, which leads to the quasi-steady single X line reconnection ob­
served in the  sim ulation. In the  present sim ulation of the quasi-steady single X line 
reconnection (SXR) process, the basic equations and the tim e-integration scheme 
are identical w ith  those used in the previous sim ulation of the MXR process. The 
initial conditions are the same as those used previously, except th a t the current 
sheet thickness is L — 8A. The boundary  conditions are also the same as those 
used in the  sim ulation of the M XR process, except th a t (4.60’), i.e., d 2A y / d z 2 =  0, 
is applied a t z = ± L Z. T he boundary  condition  (4.60’) allows the presence of a 
nonzero norm al m agnetic field com ponent B x a t the outflow boundary, which is 
required for the steady-sta te  reconnection in th e  Petschek model. At the  driven 
boundary  x = ± L X, the  im posed reconnection ra te  i?o =  V \ / va =  0.3 is assumed. 
T he sim ulation of the  quasi-steady SXR process is carried out in the x  > 0 region 
only because the sym m etric boundary  is also im posed at the x = 0 plane.
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As pointed out by Hill [1975], the particle energization in the steady-state col­
lisionless m agnetic reconnection can be caused either by the slow shock acceleration 
or by the current sheet acceleration, depending on the value of plasm a f3, the ratio 
of plasm a pressure to  m agnetic pressure. To study  the steady-sta te  collisionless 
m agnetic reconnection, several cases with different values of plasm a (3 a t the driven 
boundary  are sim ulated. The sim ulations are run from t =  0 to  t =  350QT1 with 
a tim e step of A t  =  0 .0 5 f t-1. In the simulation, a reconnection line (X line) is 
observed during m ost of the sim ulation period. However, the reconnection process 
is only quasi-steady, because small magnetic islands are occasionally formed and 
convected out of the sim ulation domain. The present results differ from  the pre­
vious sim ulation of the  M XR process, in which magnetic islands are observed to 
grow to  a very large size before being convected out of the sim ulation dom ain. As 
an exam ple, sim ulation results of the quasi-steady SXR process w ith  (3 =  1 are 
presented below.

Figure 5.8 shows the m agnetic field configuration, the p lasm a flow p attern , 
the current density contours, and the magnetic tension force (T  =  (B  • V )B /47t) 
observed in the sim ulation at t = 2 0 0 ft-1. As shown in Figure 5.8a, the recon­
nection site is located  near z ~  0 in the x = 0 plane. The reconnection ra te  at 
t — 200ft- 1 is found to be M a — 0.32, which is very close to  R 0 =  0.3, the imposed 
reconnection ra te  a t the  driven boundary. It can be seen clearly in Figure 5.8a 
th a t the m agnetic field reversal occurs mainly near the central plane x  = 0. Slow 
shocks cannot be identified from  the magnetic field p a tte rn  of F igure 5.8a. The flow 
p a tte rn  in  Figure 5.8b shows th a t plasm as are convected from the driven boundary 
( i  =  ± T r ) tow ards th e  m idplane ( x — 0) and are accelerated to  Alfven speed va 
before being convected out of the sim ulation dom ain through the  open boundary 
at z = diLz . The generation  of the high-speed plasm a flow is associated w ith the
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Figure 5.8 (a) The magnetic field lines, (b) the plasma flow pattern, (c) 
the current density contours, and (d) the magnetic tension force observed at 
t =  2001V 1 in ,he simulation of the quasi-steady SXR process.
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particle  energization caused by the current sheet acceleration. The existence of a 
current sheet in the  outflow region can be clearly identified from the current den­
sity contours shown in Figure 5.8c. The high current density region is found to be 
located  in the  layer |x | <  3pi- Figure 5.8d shows tha t the m agnetic tension force 
is large inside the central current sheet and small at the edge of the current sheet. 
This is consistent w ith  the presence of the m agnetic field reversal in th a t region.

As discussed in C hap ter 2, the reconnection rate M a in the  Hill’s collisionless 
m agnetic reconnection m odel is related  to  the angle x  between the separatrix  fine 
and  the  z —axis by the  relation  M a =  sinxcosx- The separation angle in Figure 
5.8a is found to  be x  ~  19° an d hence, the predicted reconnection ra te  is found 
to be M a  — 0.31, rem arkably close to the  observed value (~  0.32). Therefore, the 
present sim ulation results are consistent in many respects w ith Hill’s collisionless 
reconnection model.

Two possible models of the  diffusion region in the Petschek reconnection model 
were discussed by P riest and Cowley [1975]. However, the current sheet in the ou t­
flow region observed in the present sim ulation cannot be considered as the diffusion 
region in the Petschek m odel because bo th  of the two possible models of Priest 
and Cowley com pletely fail to  fit the  field and flow patterns of current sheet in the 
outflow region shown in F igure 5.8.

F igure 5.9 shows the  partic le  d istribution  in the x  — Vz phase space plane. 
Energetic particles w ith an energy of 2 — 10T* can be seen in the  figure and most 
of them  are located in the current sheet w ithin  |z | <  3pi- To study particle accel­
eration , 250 particles are a rb itra rily  chosen and their tra jectories are followed. It 
is found th a t particle  accelerations occur mainly w ithin the region |z | <  3pi of the 
central current sheet. This suggests th a t the acceleration by shocks is insignificant.
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Figure 5.9 The particle distribution in the x — Vz phase space.
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A typical tra jec to ry  of the selected particles is shown in Figure 5.10, in which 
the three com ponents (Vx, Vy , 1- *) of the particle velocity, the speed V,  and the x 
coordinate are p lo tted  as a function of the z coordinate of the particle. Since a 
sym m etric boundary  condition is imposed at the  x — 0 plane, the  trajectory  of 
the conjugate particle in the x  — z plane is also p lo tted  in the Figure 5.10. It is 
shown th a t the two particles drift towards the  current sheet, reach the midplane 
at x  ~  2.5pi, and  are trapp ed  in the current sheet. From  the V  profile, it is found 
th a t energization occurs in the region w ith z > 2.5pi and  |x| < 1.2pi. From the Vy 
profile, it is found th a t Vy > 0 in the current sheet and hence, the particles drift 
in the y —direction, which is the direction of the reconnection electric field. In this 
case, no evidence of shock acceleration is observed and the particle energization 
occurs in the central current sheet.

According to Hill [1975], slow shock acceleration may play an im portan t role 
in a  high (3 p lasm a, whereas current sheet acceleration is more im portan t in a low (3 
plasm a. To exam ine the  relative im portance of slow shock acceleration and current 
acceleration, the quasi-steady SXR process w ith a high (3 plasm a is also simulated, 
in which (3 =  5 is assum ed and all o ther param eters are the same as those in the 
case w ith (3 = 1. However, the sim ulation results show th a t even in the high (3 
p lasm a, current sheet acceleration is still the dom inant process.

5.4 Summary and Discussion

One-com ponent particle  sim ulations are carried out to  study the driven magnetic 
reconnection in the  collisionless plasm a. The sim ulation study emphasizes multiple 
X line reconnection and quasi-steady single X line reconnection processes. It is
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Figure 5.10 A typical particle trajectory indicating the current sheet accel­
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found th a t the M XR process, characterized by the repeated form ation and convec­
tion of m agnetic flux tubes (m agnetic islands) and the generation of supertherm al 
particles, tends to  occur when the length of sim ulation dom ain (L z) is long; the 
quasi-steady SXR process, characterized by the current sheet acceleration of parti­
cles, takes place when the length  of sim ulation dom ain is short. A lthough particle 
sim ulation of the  M XR process reproduces results of MHD sim ulation, the presence 
of supertherm al particles can only be seen in the particle simulation. The simula­
tion  results of the M X R process are generally consistent w ith  satellite observations 
of the flux transfer events a t the dayside m agnetopause.

Specifically, the  sim ulation results of the  M XR process can be sum m arized as 
follows. (1) R epeated  form ation and convection of m agnetic flux tubes are observed 
w ith  a  recurrence tim e r  ~  8min for R 0 =  0.1 and flj ~  2s- 1 . (2) The diam eter of 
large m agnetic flux tubes is typically 40 — 90pt — 0.7 — 1.5R#, where p, (~  100km) 
is the  ion gyroradius. Sm aller flux tubes are also observed. (3) The power spectrum  
of m agnetic field in  the F T E  source region is found to  be Pfi(fc) ~  k ~ 0 6 , where k is 
the wave num ber. (4) S upertherm al ions w ith energy 5 — 50keV are present during 
the  form ation of m agnetic flux tubes. The energy spectrum  of these ions is found 
to  be f ( E )  ~  E ~ 19 for E  > 5keV.

On th e  o ther hand , particle  sim ulation of the quasi-steady SXR process reveals 
th a t  (1) m agnetic field reversal and particle energization takes place mainly in the 
m idplane of the  outflow region; (2) particle acceleration by the slow shocks is not 
im portan t; and (3) particle  energization in the  collisionless m agnetic reconnection 
process is dom inated  by current sheet acceleration. The sim ulation results are 
consistent w ith  the  only collisionless reconnection model proposed by Hill [1975]. 
Notice th a t the  present results differ from  those obtained from the MHD simulations 
by Sato [1979] and  Lee and Fu [1986]. In the MHD sim ulations, the current layer
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associated w ith  the four slow shocks can be clearly identified from the current 
density contours, and the current density near the x =  0 plane of the outflow region 
was found to  be very small. Possible causes for the presence of a current sheet and 
the  lack of slow shocks in the outflow region of the reconnection configuration in 
the  collisionless plasm a are suggested below.

F irst, the  w idth  of a slow shock in a collisionless plasm a is found to  be m any ion 
gyroradii (p^) [e.g., Swift, 1983], which is com parable to  or larger than  the w idth of 
the  outflow region in the  present sim ulation. This may prevent the form ation of slow 
shocks in the  sim ulation dom ain. Second, the  presence of trapped  particles in the 
outflow region may re-d istribu te  the currents to the central plane, as discussed by 
S tern  and  Palm adesso [1975], which may lead to  the  form ation of a current sheet 
near the  central plane. T h ird , as discussed by Vasyliunas [1975], a nonuniform 
m agnetic field outside the  field reversal region may also lead to the bending of field 
lines w ithin  th e  field reversal region.

Finally, it should be pointed out th a t in the present simulation study, the effects 
of electron dynam ics on the reconnection process, which may be im portan t [e.g., 
Lembege and  Pellat, 1982; Swift, 1986], Have been neglected. To investigate the 
driven collisionless m agnetic reconnection process in a more realistic m anner, full 
particle code sim ulation should be carried out. The next chapter will report on the 
results of full particle sim ulation of the driven collisionless m agnetic reconnection, in 
which the  electron dynam ics, the electrostatic  in teraction , and the self-consistently 
generated  m agnetic field B y com ponent are included.
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Chapter 6 Simulations of Driven Reconnection Based on a Full 

Particle Code

In the previous chapter, the driven collisionless m agnetic reconnection processes 
were studied based on a one-com ponent particle sim ulation model. Both in term it­
tent m ultiple X line reconnection (M XR) and quasi-steady single X line reconnec­
tion (SXR) processes were obtained. During the M XR process, repeated form ation 
and  convection of m agnetic islands are observed. Associated w ith the form ation of 
m agnetic islands, energetic particles are generated. The sim ulation results of the 
M XR process are in m any respects consistent w ith observations of FTE s at the 
dayside m agnetopause. On the  o ther hand, during the SXR process, a single X line 
is present in m ost of the  sim ulation tim e, w ith only occasional form ation and rapid 
convection of small m agnetic bubbles. M agnetic field line bending and particle ac­
celeration are found to  occur m ainly in the m idplane of the current sheet. Particle 
acceleration is dom inated  by the current sheet acceleration, whereas the particle 
acceleration by slow shocks is found to be insignificant.

However, the dynam ics of electrons and the electrostatic  in teraction  between 
particles, which under certa in  circum stances may be im portan t to  the  m agnetic 
reconnection process [Lembege and  Pellat, 1982; Swift, 1986; Hoshino, 1987], are 
not included in the  one-com ponent particle sim ulations. To exam ine the effects of 
electron dynam ics and  electrostatic  interactions on the driven collisionless magnetic 
reconnection processes, full particle sim ulations w ith bo th  ions and electrons are 
needed. In this chapter, the driven collisionless m agnetic reconnection processes
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are fu rther studied based on the full particle simulation model developed in the 
C hap ter Four.

To save com putational resources, a small mass ratio assum ption in which the 
mass ra tio  of ion to electron is arb itrarily  chosen as m. i / me =  1 ~  100 has been com­
monly used in the explicit full particle simulations [e.g., K atanum a and K am im ura, 
1980; Leboeuf et al., 1982; Swift, 1986; Hoshino, 1987; Ding and Lee, 1990]. Re­
cently, based on im plicit full particle sim ulations of collisionless m agnetic recon­
nection in which large ion-to-electron mass ratio  (m {/m e =  200 ~  2000) was used, 
Hewett et al. [1988] and Francis et al. [1989] found th a t the  artificially small mass 
ra tio  of ion to electron may have some effects on the nonlinear growth of the re­
connection process. However, the effect of large ion-to-electron mass ratio  on the 
driven collisionless m agnetic reconnection process will not be considered in this 
study. In  the present full particle sim ulation of the driven collisionless magnetic 
reconnection, a  mass ra tio  of m ,/m e =  25 is assumed and used in all sim ulation 
runs.

In  the sim ulations, different sim ulation dom ain sizes, initial configurations, and 
p lasm a param eters are used. Various features associated with the driven collision­
less m agnetic reconnection are exam ined. The simulation results of the driven colli­
sionless m agnetic reconnection in a sym m etric current sheet are presented in Section 
6.1. T he sim ulation results of the  driven collisionless m agnetic reconnection in an 
asym m etric current sheet are presented in Section 6.2. The sim ulation results are 
applied to  the  dayside m agnetopause to  explain observations of flux transfer events. 
Since the  driven collisionless m agnetic reconnection is a  highly nonlinear dynamic 
system  w ith  bo th  energy input and dissipation, the driven collisionless m agnetic re­
connection may also exhibit features associated with the self-organization process
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[e.g., Nicolis and  Prigogine, 1977; Hasegawa, 1985]. A discussion on the simula­
tion results of the  driven collisionless m agnetic reconnection from the perspective 
of self-organization process is presented in Section 6.3. At the end of this chapter, 
a brief sum m ary is included in Section 6.4.

6.1 Driven Collisionless Reconnection in a Symmetric Current Sheet

As the first a tte m p t in the  partic le  sim ulation study of driven collisionless magnetic 
reconnection, the one-com ponent particle sim ulation model has been used in Chap­
ter Five. As the  second step of the  continued sim ulation study of driven collisionless 
m agnetic reconnection, full particle  sim ulations w ith  bo th  ions and electrons have 
been carried ou t. In  th is section, three typical cases of the full particle simula­
tion of driven collisionless m agnetic reconnection in a sym m etric current sheet are 
presented. The sim ulation results are com pared w ith  observations of FT E s at the 
dayside m agnetopause.

In the first sim ulation case, Case A, bo th  ion dynam ics and electron dynamics 
and electrostatic  in teraction  are included. However, the self-generated magnetic 
field By  com ponent, which is perpendicular to  the  sim ulation plane, has been ar­
tificially suppressed and  the  vector potential is assum ed to have the y-component 
only, i.e. A  = A e y . This assum ption is justified since the self-generated B y com­
ponent has only negligible effect on the tearing  m ode instability  and hence the 
reconnection process [Swift, 1986]. The effect of the  self-generated B y component 
will be included and exam ined in the  later cases. Furtherm ore, in Case A, a sym­
m etric boundary  condition is im posed at x  =  0 plane so th a t the sim ulation is only 
preform ed in  the  region w ith x  >  0 and — L z < z < L z . In Case A, the grid size is 
chosen to  be A =  1.5pe and the  size of sim ulation dom ain is chosen to be L x — 48pc
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and  L z =  192pe, respectively. The initial m agnetic field configuration for Case A 
is a sym m etric current sheet, i.e., B ,  — B m — B 0 and B  =  B 0t anh( x / L ) e z , where 
L — 5.0pe is the initial current sheet thickness. The initial tem perature profile is 
assum ed to  be uniform , i.e., T,a =  Tma =  Ta for both  ions (a  =  i) and electrons 
(a  =  e).

Case A is run  from t =  0 to  t =  w ith a tim e step of 0.2ST~1, where
fle =  (eB o / m ec) is the electron gyrofrequency on the basis of the m agnetic field 
outside the  current sheet. O ther param eters used in the sim ulation are: Pi /pe =  
12.5, =  0.04, Ti/T'  -  6.25, vthi/ v the = 0.5, u e/ v tke =  0.2, U j/r tfce =
1.25, Wpe(fig =  1.0, and — 0.2, where pat 0 Q, Ta , u Q, and
are, respectively, the  Larm or radius, the gyrofrequency, the therm al energy, the 
therm al speed, the drift speed, and  the  plasm a frequency for the particles of a  
species. At the driven inflow boundary  (x =  ± L e ), the ratio  of plasm a pressure 
to  m agnetic pressure is chosen to  be /? =  8irNi(Ti  +  Te) j B 2 =  1.0 , where N\, is 
the particle  num ber density a t the  inflow boundary. The Alfven speed is found 
to be va  =  Bo / \ Z4t t = 1 .52rt {̂ and the imposed driving ra te  is chosen to 
be Ro = Vi / va  =  0.3. Initially, the  sim ulation is started  w ith 40,000 ions and 
electrons. In Case A, d 2A y / d z 2 =  0 is used as the boundary  condition for the 
vector po ten tia l A y a t the outflow boundary  (z =  ± L r ).

F igure 6 .1a  shows the  m agnetic field lines which are contours of the vector 
po ten tia l A y at different sim ulation tim es. At t =  0, the sim ulation is s ta rted  with 
a sym m etric and  uniform  current sheet located  at the x  =  0 plane. The magnetic 
fields on two sides of the current sheet are anti-parallel and equal in  m agnitude. 
Due to  th e  driving force applied at the driven boundary (x =  dtLx ), the  current 
sheet is p inched, and  a t t — 60ST~1 the development of tearing mode instability  can 
be clearly observed. As the  tearing  instab ility  grows, at t =  120f l “ 1 the magnetic

169

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



170

(CASE A)
a) MAGNETIC FIELD LINES b) ELECTROSTATIC POTENTIAL
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Figure 6.1 (a) Magnetic field lines and (b) contours of electrostatic potential 
observed at various simulation times in Case A.
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field line reconnection takes place at m ultiple sites and the current sheet breaks 
into  filam ents, leading to  the form ation of several small m agnetic islands in the 
current sheet. As m agnetic reconnection continues, the sizes of m agnetic islands 
increase, and in the nonlinear stage, some of the small magnetic islands coalesce 
to form a larger m agnetic island. For example, a t t — 1800~ 1, five small magnetic 
islands are formed. At t = 2 4 0 0 “ 1, two of the small magnetic islands near the 
center of the  sim ulation dom ain coalesce, forming a medium size m agnetic island. 
The form ed m edium  size m agnetic island in tu rn  coalesces w ith another medium 
size m agnetic island nearby, leading to form ation of a large m agnetic island at the 
center of the sim ulation dom ain at t = 300fl_1. In the m eantim e, the convection 
of m agnetic islands form ed near the  outflow boundary (z = ± L Z) can also be seen 
in the sim ulation. W hile a giant m agnetic island is formed in the  sim ulation at 
t =  fiOOfi-1, the m agnetic island formed near the left outflow boundary (z = —L z ) 
has moved com pletely out of the  sim ulation dom ain and a part of the  magnetic 
island form ed near the right outflow boundary (z =  L z ) has also moved out along 
w ith the plasm a flows generated during the reconnection process.

Figure 6.1b shows the contours of the electrostatic potential <j> at the corre­
sponding sim ulation tim es. In Figure 6b, the num bers represent the values of the 
electrostatic  potential <f>, the  dashed lines indicate the  regions w ith <j> <  0 , and the 
solid lines indicate the  regions w ith  <f> > 0. The initial electrostatic potential at 
t — 0 is zero everywhere in the sim ulation dom ain, because the initial macroscopic 
electric field is set to  be zero in  the  sim ulation. As the  sim ulation is sta rted , charge 
separation  is developed and small scale turbu len t electrostatic fields are formed. 
T he rapidly changing p a tte rn s and values of the electrostatic potential shown in 
Figure 6.1b indicate the highly fluctuating electrostatic field generated by the driven 
collisionless m agnetic reconnection. It can be seen from Figure 6 .1b th a t no large
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scale p a tte rn  of the  electrostatic  potential can be formed unless large magnetic is­
lands are present. T he contours of electrostatic potential at t — 6OOO7 1 show that 
when large m agnetic islands are present, m agnetic field lines outside the current 
sheet are more or less equipoten tial lines. The form ation of equipotential field line 
structu res can be easily understood . Because tearing mode instability  and magnetic 
reconnection are low-frequency plasm a processes and electrons are strongly mag­
netized outside the  current sheet, any field-aligned electrostatic field caused by the 
charge separation  will be quickly elim inated by the  fast electron motions along the 
m agnetic field lines and  only cross-field-line electrostatic field can be m aintained. 
Figure 6 .1b also shows th a t due to trapp ing  of particles by the m agnetic islands, 
the center of a m agnetic island can be either a positive m axim um  or a negative 
m inim um  of the  e lec trosta tic  potential, indicating the excessive accum ulation of 
ions or electrons inside m agnetic islands. The sim ulations show th a t particle tra p ­
ping by m agnetic islands is closely associated w ith particle acceleration during the 
driven collisionless m agnetic reconnection. A detailed study of particle trapping 
and acceleration will be presented in the  next chapter.

T he full partic le  sim ulation of driven collisionless m agnetic reconnection illus­
tra te d  in Figure 6.1 looks very sim ilar to th a t shown in Figure 5.1, even though the 
electron dynam ics and electrosta tic  in teraction  are included in the present simula­
tion. However, in th e  one-com ponent sim ulations, ions are m agnetized outside the 
current sheet and their m otions are controlled by the drift m otions in  the magnetic 
field, w hereas in th e  present full particle sim ulations, ions are unm agnetized in the 
neighbourhood of the current sheet due to their large Larm or radius; their mo­
tions are meanly determ ined  by induction  and electrostatic electric fields. On the 
o ther hand , in th e  one-com ponent sim ulations, electrons are assumed to  provide an 
instan taneous charge n eu tra l p lasm a environm ent so th a t no charge separation is
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allowed, whereas in the full particle sim ulations, charge separation is present due 
to the  different m otions of electrons and ions.

Similar to  one-com ponent sim ulations, if the  present simulations were run for 
longer tim e, repeated  form ation and convection of m agnetic islands leading to F T E  
signatures a t the  dayside m agnetopause would have been observed. However, com­
puting  resources were not available to  sim ulate th e  repeated form ation and convec­
tion  of m agnetic islands and to  examine o ther features associated with the driven 
collisionless reconnection process in a long sim ulation system  w ith L z =  192pe. On 
the o th e r hand , although the sizes and recurrence tim es of large magnetic islands 
may be affected by the  size of the  sim ulation dom ain, basic features associated with 
th e  driven collisionless reconnection process are not changed when a shorter simula­
tion  dom ain is used. Therefore, in order to  effectively and economically investigate 
various features associated w ith the driven collisionless m agnetic reconnection pro­
cess and FTE s at the dayside m agnetopause, a  shorter sim ulation domain with 
L z — 96pe is chosen for the full particle  sim ulation cases presented below.

Case B is run  from t =  0 up to  t = ISOOfiT1 w ith the same assum ptions, 
param eters, and boundary  conditions as those used in case A, except th a t the 
length  of the  sim ulation dom ain is shorter, i.e., T r /p e =  96, and the boundary 
condition d A y / d z  =  0 is used for the vector po ten tial A y a t the  outflow boundary 
(z =  ± L Z). Figure 6.2 shows the m agnetic field lines at different simulation times 
observed in Case B. In the  sim ulation of driven collisionless m agnetic reconnection, 
the  in te rm itten t m ultiple X line reconnection is observed to take place, leading to 
th e  repea ted  form ation and convection of m agnetic islands w ith various sizes. For 
exam ple, a t t =  240fl~1 and t = 1140fl“ 1, m agnetic islands of medium size are 
convected out of the right outflow boundary  of th e  sim ulation dom ain, whereas at 
t  =  420fl~1 and t =  lSOOfl” 1, large m agnetic islands are ejected from the right and
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Figure 6.2 Magnetic field lines observed at various simulation times in 
Case B.
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left outflow boundaries of the  sim ulation dom ain, respectively. As suggested by Lee 
and Fu [1985], the repeated  form ation and convection of m agnetic islands caused 
by the in te rm itten t m ultiple X line reconnection at the m agnetopause current sheet 
would produce the observed features of FTEs at the dayside m agnetopause.

A part from the in te rm itten t m ultiple X line reconnection process, which is 
characterized by the  repeated  form ation and convection of m agnetic islands, a  quasi­
steady single X line reconnection period can also be identified during the simulation 
shown in Figure 6 .2 . For exam ple, between t =  420B 71 and t =  10800~ 1, a single 
X line persists in the sim ulation dom ain with only occasional form ation and convec­
tion of small m agnetic bubbles. Notice th a t when a  small m agnetic bubble is moving 
along w ith  the plasm a flow generated during the reconnection process tow ards the 
outflow boundary of the sim ulation dom ain, the size of the m agnetic bubble is still 
growing. This indicates a  continued m agnetic reconnection at the X line region. 
It can also be seen in Figure 6.2 th a t during the quasi-steady single X line recon­
nection, the bending of m agnetic field lines takes place mainly in the m idplane of 
the current sheet. In the m eantim e, it is observed th a t high-speed plasm a flows 
are also mainly confined in the central current sheet, providing fu rther evidence for 
current sheet particle acceleration during the  collisionless m agnetic reconnection 
process. T he above results are consistent with the theoretical collisionless magnetic 
reconnection m odel [Hill, 1975] and the  results of previous particle  sim ulations [Lee 
and Ding, 1987],

Figure 6.3 shows the tim e series of the m agnetic energy contained at various 
wave modes near the  current sheet region (x ~  0) from t =  0 to t =  240D71. The 
curves w ith  squares, solid dots, and circles are for the mode num bers of m  =  1, 2, 
and 3, respectively. It can be seen in Figure 6.3 th a t the m ode of m  =  3 is dom ­
inant at the early stage. However, according to  the linear theory of tearing mode
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Figure 6.3 Time series of the magnetic energy contained at various wave 
modes near the current sheet region (x ~  0). Curves with squares, solid 
dots, and circles are for mode number m  =  1,2, and 3, respectively.
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instab ility  discussed in C hap ter Three, the mode of m  = 2 is found to be the most 
unstable  mode which satisfies k z L ~  0.3, where kz =  m n / L z is the wavenumber 
and L  is the current sheet thickness. The apparent difference mentioned above 
can be explained as follows. At the early stage, particle acceleration and heating 
are negligible. Due to  the  driving force applied a t the driven inflow boundary, the 
current sheet is pinched and the m agnetic field is piled up outside the current sheet, 
leading to enhanced current and particle drift speed in the  current sheet, which in 
tu rn  results in  an effectively th inner current sheet thickness L'  (L ' < L).  Thus, a 
shift of the  previous m ost unstable  mode tow ard larger wavenumbers is required in 
order to  satisfy the  m ost unstab le  tearing mode condition kz V  ~  0 .3 .

P revious studies show th a t linear grow th rates for ion and electron tearing 
m odes can be w ritten  as j i  ~  0 .12(uj/u tM )5/2fti and j e ~  0.5(ue/ v the)B/2f le, re­
spectively [e.g., Terasawa, 1981; Quest and Coroniti, 1981a, 1981b; Swift, 1986; 
Ding et al., 1986]. W ith  plasm a param eters used in the  present sim ulation, an ion 
tearing  mode would have a linear growth ra te  of 7 i =  0.047fle and an electron 
tearing  m ode would have a linear growth ra te  of j e =  0.009De, if no driving force 
is im posed at the driven inflow boundary. To com pare the  tearing mode instability 
developed in the  present sim ulation w ith  the ion and electron tearing modes, the 
linear grow th ra te  of the tearing  mode observed in  the  sim ulation is calculated. 
T he linear grow th ra te  (7 ) of the  tearing  m ode observed in the  sim ulation can be 
easily obtained  by tak ing  the  slope of m  =  3 curve and then  dividing by 2, since 
the power spectrum  P b x is proportional to  eZyt. The growth rate  is found to be 
7  ~  0.027fle. This result indicates th a t an enhanced electron tearing mode is de­
veloped in the  sim ulation due to  the im posed driving force a t the  driven inflow 
boundary. Sim ilar results were obtained  earlier w ith the one-com ponent particle
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sim ulations, in which an enhanced ions tearing  m ode is observed. Notice th a t al­
though the current is mainly carried by ions in the present full particle simulations, 
electrons are the particles th a t interact w ith the tearing waves, leading to the de­
velopment of enhanced electron tearing mode in the sim ulation. The simulation 
results of Swift [1986] also indicated th a t an ion tearing mode having a larger lin­
ear growth ra te  is developed in the one-com ponent particle sim ulations, whereas an 
electron tearing  m ode having a smaller linear growth rate is developed in the full 
particle sim ulations.

Figure 6.3 also shows th a t after t ~  4 0 fl7 1> the pertu rbations of m  =  1 and 
m  =  2 modes also grow w ith linear growth rates com parable to tha t of m  =  3 
m ode, and  th a t after t ~  15017J1, the p ertu rba tio n  of m  =  1 becomes dom inant 
while the pertu rb a tions of m  =  2 and m  =  3 decrease, due to the coalescence of 
small m agnetic islands and the form ation of a  larger m agnetic island. However, the 
nonlinear growth ra te  of the m  =  1 mode is much sm aller (7  ~  0.003fl,) th an  th a t 
in the earlier linear stage (7  ~  0.032fle, for 40 <  fl et <  80 and 7  ~  0.014fle, for 
80 < <  150). As large magnetic islands move out of the sim ulation dom ain,
pertu rb a tio ns w ith sm aller mode num bers s ta rt to  grow again, leading to  the form a­
tion of sm all m agnetic islands, which la te r coalesce to  form larger m agnetic islands. 
These results indicate th a t as long as the sim ulations are continued, the form ation 
and convection of m agnetic islands by the  driven collisionless m agnetic reconnection 
process repeat quasi-periodically, producing signatures similar to  FTE s observed at 
the dayside m agnetopause. Besides the form ation and convection of m agnetic is­
lands and  bubbles, high-speed plasm a flows, particle energization and acceleration,
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intense electrom agnetic waves, and particle heat fluxes are also observed associated 
w ith the  driven collisionless reconnection process.

Driven m agnetic reconnection is intrinsically a tim e-dependent and highly non­
linear process. The nonlinear n atu re  of the driven reconnection process is reflected 
by the  in term itten t and sporadic form ation of magnetic islands caused by the mul­
tiple X line reconnection observed in the simulation. If the driven reconnection 
process is considered as a  dynam ic system , the imposed constant reconnection elec­
tric field a t the inflow boundary  as an input th a t drives the system , and the recon­
nection electric field in the current sheet region as a response to the input driving 
force and an ou tpu t of the driven system , then the nonlinear natu re  of the driven 
reconnection process is clearly displayed by the tem poral variations of the aver­
age reconnection electric field in the current sheet region, as p lo tted  in Figure 6.4. 
As discussed in C hap ter O ne, the reconnection electric field can also be consid­
ered as the  reconnection ra te  for the m agnetic reconnection process. Besides the 
high-frequency fluctuations, the tem poral variation of the reconnection electric field 
in the current sheet region shown in Figure 6.4 has several spiky structures, e.g., 
E y — 0A7(v theBo/c)  at t = 60fl“ x and E y > 0.75(vth.eBo/c) at t =  1440fi71i 
a lthough the im posed reconnection electric field at the driven inflow boundary is 
only a constant (E y =  0.23(vtheB/c)) ,  indicated by the straight line in Figure 6.4. 
These spiky structu res ind icate the enhanced reconnection periods and the bursty 
n atu re  of the driven m agnetic reconnection process, which is usually characterized 
by the form ation of m agnetic islands and bursts of energetic particles.

A nother striking featu re  of Figure 6.4 is tha t during the quasi-steady sin­
gle X line reconnection period (identified approxim ately between t = 64OO7 1 to  
t — 1040D71) the average reconnection electric field in the current sheet region
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RECONNECTION ELECTRIC FIELD
w

flet

Figure 6.4 Average reconnection electric field as a function of time mea­
sured in the current sheet region (x ~  0) in the simulation Case B. The 
straight line indicates the imposed reconnection electric field at the driven 
inflow boundary (x =  ± L X).
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can be estim ated  as a constant th a t is only slightly smaller than  the imposed re­
connection electric field at the driven inflow boundary. A similar feature has also 
been dem onstrated  by Lee and  Ding [1987] in their one-component particle sim­
ulation of the collisionless m agnetic reconnection. In Lee and Ding [1987], it was 
shown th a t during the quasi-steady single X line reconnection, the reconnection 
ra te  ( M  a =  0.32) in the current sheet region is very close to the imposed reconnec­
tion ra te  ( R q = 0.3) a t the driven inflow boundary. From the above observations, 
it is conceived th a t for the driven m agnetic reconnection, a linear response to the 
constant driving force leads to  the quasi-steady single X line reconnection, whereas 
a nonlinear response to the constant driving force results in the multiple X line re­
connection; th is in tu rn  leads to the repeated  form ation and convection of magnetic 
islands. Therefore, the quasi-steady single X line reconnection can be considered 
as a special case in the  nonlinear tim e-dependent driven magnetic reconnection 
processes. The criterion for the  transition  from  single X line reconnection to mul­
tiple X line reconnection has been exam ined by Lee and Fu [1986] based on MHD 
sim ulations.

One of the features associated w ith FTE s at the dayside m agnetopause is the 
detection  of energetic particles [e.g., Daly et al., 1981; Scholer et al., 1982]. It is 
found in the sim ulation th a t coincident w ith the  m agnetic reconnection enhance­
m ents, which are ind icated  by the peaks in the reconnection electric field, ions and 
electrons are accelerated by th e  m agnetic reconnection. A detailed study of particle 
acceleration during collisionless m agnetic reconnection will be reported in the next 
chapter. Shown in Figure 6.5 are the  electron energy distributions at t =  0 and 
t =  1020D“ 1. At t =  0, the  initial d istribu tion  is a Maxwellian distribution. At 
t = 1202fl~1, energetic electrons w ith energies up to  300Te are generated during 
the driven collisionless m agnetic reconnection and the electron distribution shows
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ELECTRON ENERGY DISTRIBUTION

Figure 6.5 Electron energy distributions at t =  0 and t =  102 0 fl~ 1 in 
Case B. At t — 1020n~1 energetic electrons with an energy spectrum of 
f e{E)  ~  JE~3'8 is generated by the reconnection process.
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a high-energy tail, which fits approxim ately a power law of f e(E)  ~  E ~ 38 for 
E  > 507^. At t — 1020fle x, the ion energy distribution (not shown) also has a 
high-energy tail, which is approxim ately given by a power law of / , ( £ )  ~  E ~ AA for
E  > 4 0 7 .

Similar to the results of the one-component simulations presented in C hapter 
Five, the num bers of energetic ions and electrons in the present sim ulations are 
found to  increase during the  form ation of magnetic islands and decrease with the 
ejection of m agnetic islands. Therefore, the num ber of energetic particles and the 
high-energy parts of ion and  electron d istribution functions vary from tim e to  time 
as the tim e-dependent driven collisionless m agnetic reconnection process continues. 
On the  basis of an exam ination  of particle energy distribution  functions a t various 
sim ulation tim es, it is found th a t the energy spectra for energetic ions and electrons 
can be respectively w ritten  as

f i { E )  ~  E - i 2±0-7 (6.1)

and
f e(E)  ~  E ~ 3-9±0-5 (6 .2 )

High-speed plasm a flows associated with FTEs are often observed at the day­
side m agnetopause. An exam ple of the high-speed plasm a flow d a ta  associated 
w ith F T E s observed by A M P T E /U K S  satellite [Smith et al., 1986] is reproduced 
in  Figure 6 .6 . Several F T E s were detected from 17:45 to  17:57 on August 26, 1984, 
while the satellite was moving from  the magnetosphere into  the m agnetosheath. 
It is shown in Figure 6.6 th a t in the absence of FTEs, the  plasm a flow velocity is 
generally less th an  50 ~  lOOkm/s, whereas during FTEs, the  plasm a flow velocity 
can reach as high as 200 ~  300km /s, which is com parable to  the Alfven speed at
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2 6  RUG 1 9 8 4  R M P T E - U K S

Figure 6.6 Satellite observation of high-speed plasma flows associated 
with FTEs at the dayside magnetopause [Smith et al., 1986]. The com­
ponents of plasma flow velocity and magnetic field in the boundary normal 
coordinate system [Russell and Elphic, 1979] are plotted as functions of 
time.
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the dayside m agnetopause. Notice th a t the high-speed plasm a flows are mainly in 
the L- and  M -directions tangential to the m agnetopause, whereas the flow speed 
norm al to the m agnetopause rem ains more or less the same as when FTEs are 
absent. Besides high-speed plasm a flows, particle heat fluxes formed by energetic 
particles stream ing  along m agnetic field lines are also observed during FTEs at the 
dayside m agnetopause [Scudder et al., 1984; Thom sen et al., 1987; Klum par et al., 
1989]. T he high-speed plasm a flows associated with FTE s are believed to be caused 
by the m agnetic reconnection process at the dayside m agnetopause. However, the 
field-aligned particle  heat fluxes associated w ith FTE s may be caused by particle 
acceleration during m agnetic reconnection an d /o r by the leakage of hot m agneto­
spheric particles along the reconnected open m agnetic field lines [Daly et al., 1981; 
Scholer et al., 1981; Sonnerup et al., 1981; Sibeck et al., 1987].

To com pare the sim ulation results w ith F T E  observations, plasm a flow patterns 
and particle  heat fluxes at various sim ulation tim es are com puted. It is found tha t 
high-speed p lasm a flows w ith a speed com parable to the Alfven speed are generated 
by the driven collisionless m agnetic reconnection process, especially during the 
convection of large m agnetic islands, which is sim ilar to  w hat is observed in the 
one-com ponent particle sim ulations. In the  m eantim e, field-aligned particle heat 
fluxes are also generated  by the reconnection process. An example of the high­
speed plasm a flows and particle  heat fluxes associated w ith the  driven collisionless 
m agnetic reconnection observed in Case B are presented in Figure 6.7.

Figure 6.7a shows the m agnetic field line at t — 1020fl~1. Two X lines are 
present, one near the center of the sim ulation dom ain and  the o ther close to the right 
outflow boundary. A small m agnetic island is formed in the current sheet region 
w ith z >  0 , while a significant am ount of m agnetic field bending is present in the 
current sheet w ith  z <  0. F igure 6.7b shows the contours of electrostatic potential
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Figure 6.7 High-speed plasma flow and particle heat flux generated by 
the driven collisionless magnetic reconnection, (a) Magnetic field lines, (b) 
contours of electrostatic potential, (c) ion flow pattern, and (d) ion heat flux 
obtained at t =  1020fl“ 1 in Case B. The maximum flow speed corre­
sponds to ~  1 where v a is the Alfv6n speed.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



at the corresponding sim ulation tim e, which are similar to  the feature discussed 
earlier in Figure 6.1b. The ion flow pattern  at t = 1020n~ 1 is shown in Figure 6.7c. 
Incoming plasm a is found to flow from the driven boundary at x =  ± L X towards 
the central current sheet (x =  0), due to the E  x B  drift motion of particles. Plasm a 
is accelerated at the reconnection sites (X line regions), leading to the form ation 
of high-speed plasm a flow. The m axim um  flow speed at t = 1020fl“ 1 is found to 
be ~  1.3u>j, where is the Alfven speed. Associated w ith ejection of magnetic 
islands, high-speed plasm a flows are formed and near the  growing magnetic island, 
the flow speed is small. Notice th a t the high-speed plasm a flows are mainly confined 
in the central current sheet region with |x| < 7.5pe. This result and the bending of 
m agnetic field shown in Figure 6.7a indicate th a t the high-speed plasm a flows are 
mainly caused by current sheet acceleration.

A part from  particle acceleration, particle heating is also observed in the sim­
ulation. B oth ion and electron heat fluxes are generated during the reconnection 
process. The heat flux is com puted from

q« =  “  U)2(V«fc -  u )S [x Q -  xak(t)} (6.3)
k

where u  is the  average plasm a flow velocity and a  indicates species of particles. 
Shown in Figure 6.7d is the  vector plot of ion heat flux at t =  1020fl~1. It is clear 
th a t the heat flux is o riginated  from  the X line region and confined in  the current 
sheet. The direction of particle heat flux is basically field-aligned. A large heat flux 
is generated by the bending m agnetic field in the z <  0 region, providing further 
evidence for the  current sheet acceleration.

To fu rther dem onstra te  the supertherm al particles and particle heat fluxes gen­
erated  during the driven collisionless reconnection process, the ion d istribution  at 
t — 1 0 2 0 1 7 is p lo tted  in Figure 6.8 as a  function of Vj|, the velocity component
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parallel to  the m agnetic field. The d istribution  function has a high-energy compo­
nent in the region w ith —2.4 < V\\/vthe <  —1-5, indicating the presence of particle 
heat flux. The num ber of energetic particles is estim ated to be 3% of the num ber of 
to ta l particles. It is clear th a t the particle heat flux is carried by the supertherm al 
particles stream ing  along the m agnetic field lines. A similar feature has been found 
in electron d istribu tion  functions.

The observed ion and electron velocity d istributions during FTE s have been re­
ported  by Thom sen et al. [1987] with ISEE d a ta  and by K lum par et al. [1989] with 
A M P T E /C C E  d ata . Both ion and electron d istributions show the presence of heat 
flux along m agnetic field lines. To show the sim ilarity between sim ulation results 
and  the observational d a ta  a t the  dayside m agnetopause, proton d istribution  func­
tions associated w ith FTE s obtained by ISEE 1 on November 6 , 1977 [Thomsen et 
al., 1987] are reproduced in Figure 6.9. The top  panel shows a two-dimensional pro­
ton  velocity d istribution  and the bo ttom  panel shows an one-dimensional velocity 
d istribu tion  th a t is obtained  by cutting  the two-dimensional d istribution  function 
along the direction of m agnetic field (B ). Therefore, the one-dimensional d istribu­
tion  is actually  a  d istribution  function of Vj|. The shaded area shows the presence 
of field-aligned proton heat flux associated w ith FTEs tha t is very sim ilar to the 
sim ulation result shown in Figure 6 .8 . T he particle heat fluxes observed in sim­
u lations are m ainly generated  by the particle  acceleration during the  collisionless 
m agnetic reconnection process. At the  dayside m agnetopause, however, particle 
heat fluxes associated w ith F T E s may also be contributed by the  leakage of hot 
m agnetospheric particles along the connected open magnetic field lines, as well as 
by the  particle  acceleration during m agnetic reconnection.
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ION VELOCITY DISTRIBUTION

V||/vthe

Figure 6.8 Ion distribution as a function of Vjj, the velocity component 
parallel to the magnetic field, obtained at t =  10201)71 in Case B. The 
distribution shows the presence of a high-energy component in the region 
with -2 .4  < Vj|/ v the <  —1.5, corresponding to the presence of a particle 
heat flux.
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NOVEMBER 6, 1977 ISEE-1

Figure 6.9 Proton distribution functions associated with FTEs at the day­
side magnetopause. The top panel shows a two-dimensional proton velocity 
distribution and the bottom panel shows an one-dimensional velocity distri­
bution, which is obtained by cutting the two-dimensional distribution function 
along the direction of magnetic field (B ) [Thomsen et al., 1987].
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Various plasm a waves have been observed at the dayside m agnetopause. The 
fluctuating electric field has a  typical m agnitude of a few m V /m  and the fluctuat­
ing m agnetic field has a typical m agnitude of lOnT. The power spectrum  for the 
fluctuating m agnetic field, ranging from 10 to 1000Hz, can be approxim ated by a 
power law of Pg  ~  f ~ a w ith a  =  3.3 ~  4.7. The power spectrum  for the fluc­
tua tin g  electric field, ranging from 10Hz to  100kHz, can also be fitted by a power 
law of P e  ~  f ~ a w ith  oc =  2.0 ~  2.8 [G urnett et al., 1979; Anderson et al., 1982; 
LaBelle and  Treum ann, 1988]. The observation th a t wave intensities at the dayside 
m agnetopause increase w ith an increase of the negative IM F B z com ponent ind i­
cates a  possible correlation between the waves and m agnetic reconnection process 
[Tsurutani et al., 1989]. Intense plasm a waves associated w ith FTEs have also been 
reported  by LaBelle et al. [1987].

Intense fluctuations in bo th  electric and magnetic fields are observed in the 
particle sim ulation of the  driven collisionless magnetic reconnection. To examine 
the electric and m agnetic waves associated w ith the driven collisionless magnetic 
reconnection process, the electric field E  and m agnetic field B  are recorded a t a 
tim e interval of selected points in the sim ulation domain. The magnetic
field d a ta  show th a t, associated w ith the convection of m agnetic islands, the  m ag­
netic field com ponent B x displays the bipolar signatures sim ilar to  the observations 
of F T E s. T he tem poral variations of the  power spectrum  of the  m agnetic field 
com ponent B x show a  d istinct feature, which will be discussed on the basis of the 
self-organization theory in the la te r section. Notice th a t in the sim ulation, the elec­
tro sta tic  field is two-dim ensional, confined in x — z plane, whereas the induction 
electric field is one-dim ensional, w ith an E y com ponent only. As discussed earlier, 
the m agnetic field lines outside the current sheet are more or less equipotential 
lines, because the  fast electron m otion tends to short out the parallel electrostatic
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field along the field lines. Therefore, the electrostatic fluctuation in the  electrostatic 
field com ponent E z is usually smaller than  tha t in the cross-field line com ponent 
E x . However, in the current sheet region, the electric field is more irregular and 
tu rbu len t th an  outside the current sheet so th a t the fluctuation in the  electric field 
com ponent E z is com parable to  th a t in E x . The power spectra  of m agnetic field B 
and electric field E  are com puted. An example of the typical power spectra of the 
electrom agnetic waves associated w ith the driven collisionless m agnetic reconnec­
tion  is shown in Figure 6.10.

Figure 6.10a shows the  typical power spectrum  of the magnetic field com ponent 
B x recorded a t (x / p e =  12, z / p x =  72), which is outside the current sheet and near 
the  right boundary  of the  sim ulation dom ain. The power spectrum  can be approx­
im ated  by a  power law of P b  ~  / ~ 3'8, which is com parable to the power spectrum  
of P b  ~  / ~ 4 observed in F T E s [Elphic, 1988], where /  is frequency. Figure 6.10b 
shows the  typical power spectrum  of the electrostatic field E  = ^ / E \  -4- E* recorded 
a t ( x /p e =  2 4 ,z /p e =  0). The power spectrum  can be approxim ately fitted  by a 
power law of Pe  ~  which is close to the observed spectrum  of P e  ~  / ~ 2

[Anderson et al., 1982]. Notice tha t the small peak in both  the m agnetic field spec­
tru m  and the  electric field spectrum  a t the frequency range /  =  0 .1(fle/27r), which 
corresponds to  the  ions gyrofrequency in the sim ulation. Therefore, these peaks in 
th e  power spectra  may be related  to  the  ion cyclotron waves in the  sim ulation. The 
power sp ectra  in the high-frequency region, e.g., /  >  0 .2(flc/27r), are believed to  
be caused by the  therm al noise in the  sim ulation.

A lthough the power spectra  shown in Figure 6.10 represent the  typical power 
spectra  of the  electric and  m agnetic fluctuations observed in the sim ulation, the 
power spectra  a t different locations do show a  little variation. In  general, the 
power sp ectra  in the current region are higher than  outside the current sheet. An
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Figure 6.10 Typical power spectra of electromagnetic waves associated 
with the driven collisionless magnetic reconnection observed in simulation 
Case B. (a) Power spectrum of magnetic field component B x obtained at 
( x / p e — 12, z / pe  — 72) and (b) power spectrum of electrostatic field 
E  — y j E l  + E l  obtained at (x / p e = 2 A , z / p e = 0).
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exam ination of power spectra  at 49 different locations, b o th  inside and outside the 
current sheet, shows th a t the spectrum  for the fluctuating m agnetic field can be 
approxim ated as

P b  ~  / - 3'5±0-5 (6.4)

and the spectrum  for the fluctuating  electric field can be approxim ately w ritten as

P e  ~  f - u6±0A (6.5)

Due to  the lim ited num ber of particles in each grid cell used in particle sim­
ulations, the  therm al noise, wrhich may also contribute to  the  fluctuating electric 
and m agnetic fields, is unavoidable. To examine the effects of therm al noise in the 
sim ulation code on the spectra  of fluctuating  electric and  m agnetic fields, several 
sim ulation cases were run  w ith a  uniform or nonuniform  parallel magnetic field 
and plasm a configurations, corresponding to the cases when IM F has a northward 
B z . T he sim ulation results show th a t in the absence of m agnetic reconnection, the 
power spectra  of the  fluctuating electric and m agnetic fields, m ainly caused by the 
therm al noise, are much lower and less steep th an  when the reconnection process 
is present. For exam ple, in a uniform  magnetic field and plasm a configuration, the 
average power spectra  of the  fluctuating m agnetic and electric fields are found to  
be

P b  ~  / _1,5±0'3 (6.6)

and
P e  ~  / - 11±0'2 (6.7)

respectively, which are quite different from (6.4) and (6.5) obtained  when the driven 
collisionless m agnetic reconnection takes place.
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In the above sim ulations, Case A and Case B, both  quasi-steady single X line 
reconneciion (SXR) and in term itten t multiple X line reconnection (MXR) can be 
obtained during the driven collisionless m agnetic reconnection. Various features 
associated w ith the  driven collisionless reconnection process have been examined 
and the  results are com pared w ith F T E  observations at the dayside m agnetopause. 
However, in Case A and Case B, the effects of the m agnetic field com ponent B y , 
which is perpendicular to the sim ulation x — z plane and self-generated by the 
currents J x and J z in the sim ulation plane, have been artificially suppressed for the 
sake of simplicity. In the following sim ulations, the self-generated m agnetic field B y 
com ponent is included and the sym m etric boundary  condition is no longer imposed 
at x = 0. Now the vector potential has three com ponents, A  =  A xe x + A ye y +  A ze z 
and sim ulations are carried out in the full plane with — L x < x < L x and — L z < 
z < L z .

The self-generated m agnetic field B y com ponent included in the following sim­
ulations is different from the so-called guiding field B yo, which is a zero-order m ag­
netic com ponent parallel to the current sheet. If the initial m agnetic field config­
u ration  is strictly  antiparallel, there is no guiding field B yo in the  current sheet 
direction; whereas if the ro tation  of initial m agnetic field across the current sheet 
is less th an  180°, the m agnetic field will have an antiparallel com ponent and a 
guiding field B y0 along the  current sheet. T he guiding field B y<j has been found 
to have an im portan t influence on the tearing m ode instability  and magnetic re­
connection process . It has been shown by both  theoretical analyses and numerical 
sim ulations th a t the growth ra te  of tearing mode instability  is significantly reduced 
due to  m agnetization  of electrons by the  guiding field B y0 [e.g. K atanum a and 
K am im ura, 1980; Q uest and Coroniti, 1981a, 1981b; Hoshino, 1987; Allen and 
Swift, 1989]. However, in the  present sim ulations, the initial field configuration is
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stric tly  antiparallel and the guiding field B yo is set at zero. During simulations, 
a m agnetic field com ponent B y will be generated self-consistently by the currents 
J x and J z in the sim ulation x — z plane. This self-generated B y com ponent is 
now included in the sim ulation study  of the driven collisionless magnetic reconnec­
tion process. A lthough it is not difficult to im plem ent a nonzero guiding field B y0 
in  the  particle  sim ulations of m agnetic reconnections w ith nondriven and periodic 
boundary  conditions, as dem onstrated  in Allen and Swift [1989], the inclusion of 
the  nonzero guiding field B yo into  the particle sim ulations of driven collisionless 
m agnetic reconnection, to  be discussed in la te r chapter, is not as trivial as first 
though t.

Several cases of the driven collisionless magnetic reconnection with the self­
generated  m agnetic field B y com ponent are sim ulated. A typical example of such 
sim ulations, Case C, is presented below. Param eters and initial conditions for 
Case C are the same as those used in Case B. The simulation is run from t =  0 
to  t =  6OOD7 1. M agnetic field lines, which are contours of A y, and contours of 
the  self-generated m agnetic field B y com ponent at different sim ulation tim es in 
Case C are shown in Figure 6.11. The m agnetic field lines p lotted in Figure 6.11a 
display the  sim ilar features of driven collisionless magnetic reconnection shown by 
Case B in  Figure 6.2a. The development of the reconnection process is altered a 
little  due to  the  inclusion of the  B y com ponent. It is also found in the sim ulation 
th a t  the basic features associated w ith  driven collisionless magnetic reconnection, 
such as in te rm itten t form ation and convection of magnetic islands, generation of 
energetic particles and particle heat fluxes, generation of high-speed plasm a flows, 
and  generation  of intense plasm a waves, are not affected significantly.

Figure 6 .11b shows the contours of the self-generated magnetic field B y compo­
nent a t different sim ulation tim es. In Figure 6.11b, solid lines indicate the  regions
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Figure 6.11 (a) Magnetic field lines and (b) contours of the self-generated 
magnetic field B y component at different simulation times in Case C. In 
By  contours, solid lines indicate the regions with B y > 0 while dash lines 
represent the regions with B y <  0.
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with By  > 0 while dashed lines represent the regions w ith B y < 0. It can be seen in 
Figure 6.11b th a t a t the  early stage, the values of B y are small and its patterns are 
irregular; a t the la te r stage, a large B y com ponent can be generated and a macro­
scopic p attern  of B y can be form ed associated w ith the ejection of magnetic islands. 
For exam ple, a t t = 90D ~1, the  m axim um  value of |jE?„| is found to be ~  0.4f?0, 
about 0.25% of the  value of the  magnetic field outside the current sheet. Notice 
th a t due to the driving force applied at the driven boundary  ( i  =  ± L X), magnetic 
field lines are piled up outside the current, leading to  an increase of magnetic field 
strength. At t = 510D ~1, the  m axim um  value of |B V| is found to  be as high as 
~  1.2jBo> which is abou t 50% of the value of the m agnetic field outside the current. 
The large m agnetic field com ponent B y and  its macroscopic p a tte rn  are found to 
be caused m ainly by the  large x-com ponent of electron current associated with the 
ejection of m agnetic islands. As indicated by the B y contours, in the z > 0 region 
the to ta l current J x is negative, which leads to  a negative B y in the x > 0 region 
above the current sheet and a positive B y in the  x < 0 region below the current 
sheet. The directions of to ta l current J x and the self-generated m agnetic field B y 
com ponent are reversed in the  z <  0 region. The presence of a positive magnetic 
field B y com ponent causes m agnetic field lines to  loop into the  sim ulation plane, 
while a negative m agnetic field B y com ponent caused m agnetic field lines to  loop 
out of the  sim ulations p lane, as also observed in Swift and  Allen [1987].

Swift [1986] showed th a t the self-generated B y has little  effect on the devel­
opm ent of tearing  m ode. B ut, in the presence of a  convection electric field E y , 
electrons lose po ten tial energy and gain kinetic energy while stream ing along the 
looped m agnetic field lines; the self-generated B y tends to  confine electrons close 
to  the  current sheet, which in tu rn  results in  large electrostatic  potential differ­
ences across m agnetic field lines [Swift and Allen, 1987]. However, bo th  electron
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energization along looped m agnetic field lines and large potential difference across 
m agnetic field lines are not clearly observed in the present simulations. This may 
be due to the fact th a t in Swift and Allen [1987], a uniform convection electric 
field E y is externally im posed, while in the present sim ulations the reconnection 
induction  electric field E y is self-generated and nonuniform, larger near the X line 
regions in the current sheet and smaller outside the current sheet. Therefore, elec­
tron  acceleration by the electric field E y is significant only in the small region near 
X lines, instead of in the whole sim ulation dom ain as in the sim ulations of Swift and 
Allen [1987]. Furtherm ore, in the present sim ulations bo th  electrons and ions are 
unm agnetized near the current sheet, whereas in Swift and Allen [1987], electrons 
bu t no t ions were m agnetized in the current sheet region due to  the presence of a 
nonzero m agnetic field com ponent ( B to) norm al to the current sheet. Notice th a t 
in Swift and Allen [1987], no tearing instability  was observed.

8.2 Driven Collisionless Reconnection in an Asymmetric Current Sheet

In the  above sim ulations, a simplified sym m etric current sheet model is used as 
the  in itial m agnetic field and plasm a configurations. Various features associated 
w ith the  driven collisionless m agnetic reconnection process have been examined 
and com pared w ith F T E  observations. However, the m agnetic field configuration is 
generally asym m etric a t the  dayside m agnetopause, where the m agnetosheath field 
is usually smaller th an  the  m agnetospheric field. Furtherm ore, the m agnetosheath 
plasm a has a higher density and  lower tem pera tu re , whereas the m agnetospheric 
plasm a has lower density and higher tem pera tu re . The asym m etric natu re  of the
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dayside m agnetopause current sheet can also be seen in the observations of magne­
tosheath  and m agnetospheric FTEs.

FTE s have been observed both  in the m agnetosheath  and in the m agneto­
sphere. A lthough n ug n eto shea th  FTE s and m agnetospheric FTEs have similar 
recurrence tim es and  sim ilar scale sizes, the m agnitude of m agnetospheric FTE  B n 
signatures is generally sm aller than  those of m agnetosheath FTEs, and more mag­
netosheath  F T E s th an  m agnetospheric FTEs tend to  be observed [Rijnbeek et al., 
1984]. Sometimes, two-regime F T E s are observed, characterized by a simultaneous 
F T E  signature b o th  in the  m agnetosheath  and in the magnetosphere at the day­
side m agnetopause (Figure 6.12) [Farrugia et al., 1987]. Sometimes FTEs are only 
observed in the m agnetosheath  [Rijnbeek et al., 1984]. Recently, A M PTE/U K S 
satellite d a ta  reveal th a t the  m agnetospheric FTEs have a multilayered structure 
(Figure 6.13) in which plasm a and fields show a system atic behavior [Farrugia et al.,
1988]. T he crater-like FTE s th a t feature a decrease in the m agnetic field strength 
and an increase in the plasm a density have been observed inside the magnetosphere 
[Rijnbeek et al., 1984; LaBelle et al., 1987; Farrugia et al., 1988]. Similar m ag­
netic field and plasm a signatures have also been identified in A M PT E /IR M  data  
by Liihr and Kloker [1987] as m agnetic cavities or m agnetic holes at the dayside 
m agnetopause. It is suggested th a t the  signatures of the  crater-like FTEs and the 
m agnetic cavities m ight indicate an early evolutionary sta te  of an F T E , because 
they are often observed in the  low -latitude region of the dayside magnetopause 
[Rijnbeek et al., 1984; Liihr and Kloker, 1987].

To exam ine features of F T E s associated w ith the asymmetric dayside magne­
topause, sim ulations of driven collisionless m agnetic reconnection in an asymmetric 
current sheet have also been carried out. The asym m etric current sheet has a 
strong m agnetic field on one side and a weak m agnetic field on the o ther side. A
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Figure 6.12 Magnetic field data for the inbound pass on November 9,1979, 
which show detections of two-regime FTEs. The heavier trace refers to 
measurements on ISEE 2 while the lighter trace refers to ISEE1, which is 
about 3817km behind ISEE 2. The main two-regime FTEs are indicated by 
vertical lines [Farrugia et al., 1987].
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Figure 6.13 The multilayered structure observed in a magnetospheric FTE 
by AMPTE/UKS satellite on October 28, 1984. (a) Magnetic field data, and 
(b) plasma data, where more jagged trace refers to electrons, and the second 
panel shows number density of energetic particles [Farrugia et al., 1988].
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dense and  cool plasm a population is present in the weak field region to represent 
m agnetosheath  plasm a, while a hot and dilute plasm a population is present in the 
strong field region to represent m agnetospheric plasma. Several cases of the driven 
collisionless m agnetic reconnection in the asym m etric current sheet configuration 
have been sim ulated. An exam ple of sim ulations with the  asym m etric current sheet, 
Case D, is presented below.

For the asym m etric current sheet, the m agnetic field and tem perature profiles 
can be w ritten  as

B (» )  =  [( 1 +2f i g  ) +  ( * 2f i B ) t a n h ( ^ )  e ,  (6.8)

T(*) = To [ ( L t A l )  +  ( 1 ^ 1  ) t a n h ( | ) ]  (6 .9 )

where Bo — —B z(x  =  oc), To =  T ( x  =  oo), R b  =  —B z(x = —o c ) / B z(x =  oo), and
R t  — T ( x  =  —oo) / T ( x  =  oo) respectively are the m agnetosheath field strength,
the  m agnetosheath  plasm a tem pera tu re , the ratio  of m agnetospheric field to  mag­
netosheath  field, and the  tem peratu re  ratio  of m agnetospheric plasm a to magne­
tosheath  plasm a. The initial plasm a density profile is determ ined by balancing 
the  m agnetic pressure w ith the plasm a pressure. In the sim ulation, the ratio of 
m agnetic fields is chosen to be R b  =  2.0 and the tem perature  ra tio  is chosen to be 
R t  =  4.0. O ther param eters used in Case D are the same as those in the symmetric 
case, Case C, except th a t the  tem pera tu re  ratio  of ions to  electrons is chosen to 
be T i / T e = 4.0. It is also assum ed th a t the imposed reconnection electric fields 
a t the  driven inflow boundary  ( i  =  ± Z „) are equal. Case D is run  from t = 0 to
t =  l s o o n ^ 1.

Figure 6.14a shows the m agnetic field lines at various sim ulation times observed 
in Case D. At t =  0, an asym m etric current sheet is present. The dense magnetic
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Figure 6.14 Driven collisionless magnetic reconnection is an asymmetric 
current sheet, (a) Magnetic field lines and (b) scatter plot of electron positions 
at various simulation times observed in Case D.
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field lines in the x <  0 region represent the strong magnetospheric field, while the 
less dense m agnetic field lines in the x > 0 region indicate the  weak m agnetosheath 
field. Similar to  the cases shown previously, the driving force at the driven boundary 
(a: =  i T * )  results in the development of an enhanced tearing instability  in the 
current sheet, which in tu rn  leads to the  development of the in term itten t multiple 
X line reconnection. At t = 1500~1, two X lines and one m agnetic island are present 
in the  sim ulations dom ain. Notice th a t a m agnetic island causes a simultaneous 
m agnetic field pertu rbations in both  the weak field region with x > 0 and the strong 
field region w ith x >  0, sim ilar to  the observations of two-regime FTE s (Figure 
6 .12); the  m agnetic field pertu rbations caused by the m agnetic island are much 
larger in the weak field region than  th a t in the strong field region. At t — 450O~1, 
the  m agnetic island grows to  a larger size and at the same tim e, the convection of 
the  island tow ard the  right outflow boundary  of the  sim ulation dom ain is already 
sta rted . Along w ith the plasm a flows generated by the reconnection process, half 
of the  large m agnetic island formed earlier has moved out of the sim ulation dom ain 
at t = 660ft,:1. At t = 1 0 8 0 f t '1, a single X line configuration is present in the 
sim ulation dom ain. A striking feature of this single X line configuration is th a t in 
the strong field region (x <  0 ), m agnetic field lines are almost flat, indicating very 
lim ited m agnetic field pertu rbations, whereas in the weak field region (x >  0 ), two 
m agnetic bulges are form ed and a significant am ount of m agnetic field pertu rbations 
is present. A lthough the earlier sim ulation results of Case A, B, and C show th a t 
bo th  M XR and SXR processes can generate large m agnetic perturbations on both 
sides of a sym m etric current sheet, the  results of Case D shown in Figure 6.14a 
indicate th a t in an asym m etric current sheet, only M XR process can generate a 
sim ultaneous m agnetic field pertu rb a tio n  on bo th  sides of the asym m etric current

205

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



sheet, and the m agnetic field perturbations caused by SXR process are mainly in 
the weak field side of the current sheet.

Figure 6.14b shows the scatter plots of electron positions a t the correspond­
ing sim ulation tim es in Case D. At t =  0, a dense and cool plasm a population 
representing m agnetosheath  plasm a is located in the x  >  0 region; a dilute and 
hot plasm a population  representing m agnetospheric plasm a is located in the x <  0 

region. At t = 150fl~ 1, during the m ultiple X line reconnection, a part of the 
dense and cool p lasm a becomes trapped  by the  m agnetic island, forming a bulge 
of dense and cool plasm a population intruded into  the strong m agnetic field region 
w ith x <  0. The intrusion of dense and cool plasm a into the strong m agnetic field 
region becomes fu rth er evident when the m agnetic island grows to a larger size at 
t = 450fl71. W ith  the  convection of the m agnetic island, part of the bulge of dense 
and cool plasm a population moves out of the sim ulation dom ain a t t =
T he intrusion of dense and cool plasm a bulge into  the strong field region disappears 
after the  m agnetic island moves out of the sim ulation domain and a single X line 
is formed at t =  1 0 8 0 f t '1.

The in trusion of m agnetosheath plasm a bulge into  the m agnetosphere during 
the M XR process shown in Figure 6.14b can be im portan t to the m agnetospheric 
FT E s. If a satellite  is in the m agnetosphere and passing through a m agnetic island 
formed by the  M XR process, it will detect m agnetic field pertu rbations similar to 
th a t of F T E s [Lee and Fu, 1985]. In the m eantim e, the satellite detects (1) hot 
and d ilu te m agnetospheric plasm a before encountering the m agnetosheath plasm a 
bulge, (2) a  transition  region w ith decreasing plasm a tem perature  and increasing 
plasm a density when encountering the m agnetosheath  bulge, (3) dense and cool 
m agnetosheath  plasm a inside the  m agnetosheath plasm a bulge, (4) a transition  re­
gion again, b u t w ith  increasing plasm a tem pera ture  and decreasing plasm a density,
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when leaving the m agnetosheath  plasm a bulge, and (5) hot and dilute m agneto­
spheric plasm a again, after leaving the m agnetosheath plasm a bulge. The magnetic 
field in the transition  region may be stronger than  th a t inside the magnetic island 
due to m agnetic field compression. Thus, when encountering a m agnetosheath 
plasm a bulge in the m agnetosphere, the satellite may observe a multilayered struc­
tu re  w ith  system atic m agnetic field and plasm a variations as it detects a mag­
netospheric FT E . Such system atic changes in field and plasm a have indeed been 
observed in the m agnetosphere recently by A M PT E /U K S satellite (Figure 6.13) 
[Farrugia et al., 1988).

To further illustra te  the different m agnetic signatures generated  by the MXR 
and SXR processes, the m agnetic field lines and profiles of m agnetic field B x com­
ponent obtained in bo th  the weak field region (x =  12pe) and  strong field region 
(x =  —12pe) a t tim e t =  lbO fi” 1 and t =  1080JT~1 are shown in Figure 6.15. 
Since the  present sim ulation box represents a small dom ain at the subsolar region 
of the  dayside m agnetopause, the m agnetic field B x com ponent in the simulations 
is equivalent to  the m agnetic field B n component in the boundary  normal coor­
dinate  system  [Russell and Elphic, 1979]. In the following, bo th  B x and B n are 
used w ithout distinction. Figure 6.15a is a reproduction of the  second and the last 
panels of Figure 6.14a, which shows the M XR configuration a t t =  ISOfi” 1 and the 
SXR configuration at t =  108 007 1. Figure 6.15b shows the  profiles of F T E s B n 
signatures generated by the  M XR and SXR processes. The left two panels show 
th a t a  m agnetic island form ed by the  M XR process tends to produce simultaneous 
F T E  B n signatures on b o th  sides of the  asym m etric current sheet, even though 
the  B n signature in the  strong field region (x =  -1 2 p e) is sm aller th an  th a t in the 
weak field region (x =  12pe). On the o ther hand, the right two panels show tha t 
F T E  B n signatures generated  by a m agnetic bulge formed during the SXR process
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Figure 6.15 Different FTE B n (Bx) signatures generated by the MXR and 
SXR processes observed in Case D. (a) Magnetic field lines and (b) FTE 
B n signatures at t = 15007* arK*  ̂ =  108007*.
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are mainly on the weak field side of the asym m etric current sheet and the B n per­
tu rba tions in the strong field region are insignificant. The above results indicate 
th a t the M XR and SXR processes tend to generate different FTE  B n signatures at 
the  dayside m agnetopause. The asym m etric B n signatures on the two sides of an 
asym m etric current sheet were also observed in MHD simulations [Scholer, 1989b]. 
Recently, a system atic study of the  different F T E  signatures generated the MXR 
and  SXR processes has been com pleted by Ding et al. [1990] on the basis of 2-D 
MHD sim ulations. A lthough Figure 6.15b shows the spatial profiles of the B x sig­
natu res generated  by the  M XR and SXR processes, the tem poral variations of B x 
signatures associated w ith the M XR and SXR processes exhibit features similar to 
Figure 6.15b, as dem onstrated  in the simulations of Fu and Lee [1986] and Ding et 
al. [1990].

Figure 6.16 shows the m agnetic field stren g th  as a function of z a t different 
locations relative to the current sheet (x ~  0) when an F T E  signature is generated 
due to  the  form ation of m agnetic island by the M XR process a t t = 150D7*. The 
top  panel (1) and the bo ttom  panel (6 ) show th a t far away from the current sheet, 
the  m agnetic field strength  is enhanced when an F T E  signature is detected. Panel 
2 shows th a t  near the  current sheet, the m agnetic field strength in an F T E  may 
decrease due to  the  depletion of m agnetic field in the X line region and at the 
center of the  m agnetic island, and increase at the  edges of the  m agnetic island 
due to the  com pression of m agnetic field lines. Close to the current sheet, the 
m agnetic field streng th  may also rem ain alm ost unchanged during an F T E  (panel 
5). Inside the  current, the  m agnetic field stren g th  may become very small (panel 3) 
and at several locations the m agnetic field streng th  may drop to  near zero (panel 4), 
which is sim ilar to  the observations of m agnetic cavities or m agnetic holes reported 
by Liihr and  Kloker [1987]. Panel 4 also shows th a t m agnetic field strength  is
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Figure 6.16 Magnetic field strength as a function of z observed at different 
locations relative to the current sheet (x ~  0) when an FTE signature is 
generated due to the formation of magnetic island by the MXR process at
t =  150SV1.
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enhanced at the edges of an F T E  and  reduced in the center of the FTE. This 
feature resembles the observed characteristics of the crater-like FTEs inside the 
m agnetopause [Rijnbeek et al., 1984; LaBelle et al., 1987; Farrugia et al., 1988]. 
O ur sim ulation results show th a t variations of m agnetic field strength  during an 
F T E  are com plicated and are closely related  to  the penetration  of a satellite into 
the  m agnetic islands (flux tubes) a t the  dayside magnetopause.

F T E s have been observed both  in the m agnetosheath region and inside the 
m agnetosphere a t the dayside m agnetopause. F T E  signatures have been sim ulta­
neously observed by ISEE 1 and ISEE 2 spacecraft while they were separated by 
a  few thousand  kilom eters, w ith ISEE 1 in the  m agnetosheath region and ISEE 2 
inside the  m agnetosphere [Farrugia e t al., 1987]. In the simulation, we have shown 
th a t the  signatures of the  two-regime FTEs can be generated by the form ation of a 
m agnetic island (a  m agnetic flux tub es in the three-dim ensional environm ent) du r­
ing the  M XR process. O ur sim ulation and recent simulations of Scholer [1989b] and 
Ding et al. [1990] have also shown th a t during the SXR process, m agnetic bulges 
can be form ed in the m agnetosheath  region, leading to  the signatures of m agne­
tosh ea th  FT E s. M agnetic field pertu rb a tions inside the magnetosphere caused by 
the  SXR at the  dayside m agnetopause are very weak. Therefore, observation of 
two-regim e F T E s would indicate an M XR process a t the dayside m agnetopause, 
whereas observation of m agnetosheath-only F T E s would indicate an SXR process. 
Since b o th  the  M XR and the SXR processes can produce the signatures of the 
m agnetosheath  F T E s and only the  M XR process can generate the signatures of 
the  m agnetospheric F T E s, more F T E s a t the  dayside m agnetopause would be de­
tec ted  in the m agnetosheath  region th an  inside the m agnetosphere. This result is 
consistent w ith the ISEE 1 and 2 observations of FTEs [Rijnbeek et al., 1984].
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A m ultilayered struc tu re  of m agnetospheric FTE s was reported  by Farrugia et 
al. [1988]. W ithin  the  layered F T E  structu re , the magnetic field and the plasm a 
population show distinct properties. Inside the  m agnetospheric FTEs, cool and 
dense m agnetosheath  plasm a is observed; outside the m agnetospheric FTEs, hot 
and d ilu te m agnetospheric plasm a is observed; in between a transition  region with 
a  m ixture of m agnetosheath  and m agnetospheric plasm a is observed. W ithin the 
layered F T E  stru c tu re , the m agnetic pressure and plasm a pressure show an out- 
of-phase variation. In the sim ulation, we have shown th a t an intrusion of magne­
tosheath  p lasm a bulge into the  m agnetosphere, due to  the form ation of a magnetic 
island (a  m agnetic flux tube) during the M XR process, may lead to the presence 
of the  layered m agnetospheric F T E  structure . The variations of plasm a and mag­
netic field observed in  the sim ulation show qualitative agreement w ith the AM PTE 
observations [Rijnbeek et al., 1987; Farrugia et al., 1988].

The early observations show th a t the m agnetic field strength  in FTEs is typi­
cally enhanced [Russell and  Elphic, 1979]. T hen, Rijnbeek et al. [1984] found tha t 
the m agnetic streng th  in F T E s may decrease as well as increase. Later on, crater­
like F T E s were identified th a t featured  a m agnetic field strength  enhancem ent at 
the  edges of the F T E s and a m agnetic field streng th  reduction in the center of the 
FTE s [LaBelle et al., 1987; Farrugia et al., 1988]. The crater-like FTEs appear 
to  be a  regular feature of m agnetospheric FTE s. O bservations of m agnetic cavi­
ties or m agnetic holes at the dayside m agnetopause [Liihr and Kloker, 1987] show 
m agnetic field and plasm a features sim ilar to  th a t of the crater-like FTEs. In the 
sim ulation, we have shown th a t the  m agnetic field strength  in FTE s is typically in­
creased during the  M X R process when a satellite is far way from the current sheet 
region, w hether it is located  exterior or interior to  the dayside m agnetopause. Close 
to  the  current sheet, the  m agnetic field strength  in F T E s may rem ain unchanged or
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decrease. In the current sheet, detection of m agnetic islands (m agnetic flux tubes) 
inside the m agnetosphere may produce m agnetic field and plasma features resem­
bling the crater-like FTEs. The signatures of magnetic cavities or magnetic holes 
may be detected  when a satellite penetrates deep into a magnetic island (m agnetic 
flux tu b e ). The sim ulation results confirm  the previous speculation th a t the pres­
ence or absence of the reduced m agnetic field strength  of an FTE indicates how 
deeply the  satellite penetrates the F T E  [LaBelle et al., 1987].

6.3 Self-organization in Driven Collisionless Magnetic Reconnection

In the  previous two sections, the driven collisionless magnetic reconnection in 
bo th  sym m etric and asym m etric current sheets are studied on the basis of full 
particle  sim ulations. Various particle properties and field features associated with 
the  driven collisionless m agnetic reconnection are examined and the results are 
com pared w ith observations of FTE s at the dayside m agnetopause. In this section, 
the  driven collisionless m agnetic reconnection process is examined from another 
perspective, on the basis of the  self-organization theory.

The concept of self-organization has been developed in the studies of hydro­
dynam ic and m agnetohydrodynam ic (MHD)  turbulence since 1970s [Taylor, 1974; 
Rhines, 1975; B retherton  and Haidvogel, 1976; M ontgomery et al., 1978; M atthaeus 
and  M ontgomery, 1980; Hasegawa, 1983]. The self-organization process has also 
been nam ed as selective decay, selective dissipation, dynamic alignm ent, or re­
laxation  processes and has been studied  extensively [M atthaeus and Montgomery, 
1984; Horiuchi and  Sato, 1986; Taylor, 1986; T ing et al., 1986]. It is now well known 
th a t self-organization is a process in which an ordered structure  can be formed from
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a disordered s tru c tu re  in a  nonlinear and dissipative system  [Nicolis and Prigogine, 
1977; Hasegawa, 1985].

It is well known in therm odynam ics th a t if the energy of a system  is the only 
conserved quantity , entropy is defined as a m easure of the disorder natu re  in the 
quality of the  system  energy. If the system  is allowed to evolve, the entropy of 
the  system  tends to  increase. In o ther words, the system  evolves tow ard greater 
disorder. However, in the  presence of a local energy source and nonlinear in terac­
tions, a quasi-sta tionary  and stable sta te  having an ordered struc tu re  can be formed 
in a dissipative system  [Nicolis and Prigogine, 1977; Nicolis, 1986 and references 
therein]. Here, the  local decrease of entropy is com pensated by an increase of en­
tropy in the environm ent and the ordered s tru c tu re  is formed w ithout violating the 
global entropy increase law [Hasegawa, 1985].

On the o ther hand , as pointed out by Hasegawa [1985], if more than  one 
physical quan tity  is conserved in a  physical system , the system  can in principle 
form  an ordered s tru c tu re  in one physical quantity , while letting  o ther quantities 
take care of the increase of entropy through the  self-organization process. For 
exam ple, in a  two-dim ensional incompressible MHD turbulence, the to ta l energy 
E  — \  J ( p v 2+ B 2/4iv)d2x,  the to ta l cross helicity H c =  ^ J  v -B d2x,  and the squared 
vector po ten tia l H a  — \  f  A. • A d2x  are conserved. In such a system  w ith  H c ~  0, 
an ordered s tru c tu re  can be form ed in A  due to  an  inverse cascade of the  squared 
vector po ten tia l H a  to  small w avenum ber and a  d irect cascade of m agnetic energy to 
large wavenum bers th rough  self-organization [Pouquet, 1978]. The exam ple shows 
th a t in a system , an ordered structu re  can be form ed in one physical quantity  
at the expenses of an increased disorder in o ther quantities. Thus, w hether you 
see an ordered s tru c tu re  to ta lly  depends on which quantity  you look a t. In some 
o ther cases, such as two- and three-dim ensional (2- and 3-D) MHD turbulence with
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H c ^  0, no ordered macroscopic struc tu re  is formed; instead, the self-organization 
appears in the alignm ent of the  velocity and m agnetic field vectors. Therefore, as 
Hasegawa [1985] perceived, the  ordered struc tu re  in a self-organization process is 
subjective. Furtherm ore, the direct and  inverse cascades of the conserved quantities 
in a  system  may have specific m odal spectra in the wavenumber space during the 
self-organization process [e.g., K raichnan and M ontgomery, 1980; Hasegawa, 1985; 
M ontgomery, 1989, and references therein].

During m agnetic reconnection, ordered structures such as m agnetic islands 
are often form ed from the tu rbu len t reconnection m agnetic field. Therefore, mag­
netic reconnection can also be considered as a self-organization process. Previous 
exam inations of m agnetic reconnection as a self-organization process are mainly 
based on MHD turbulence theories [e.g., Taylor, 1986; M atthaeus and Lamkin, 
1986; Horiuchi and Sato, 1986; Song and Lysak, 1989]. In the following, the driven 
collisionless m agnetic reconnection is considered as a self-organization process. An 
explanation  of some of the results obtained  in the particle simulations of driven col­
lisionless m agnetic reconnection is a ttem p ted  on the basis of the self-organization 
concept. It is not the purpose of the present study to vigorously verify th a t the 
driven collisionless m agnetic reconnection is a  self-organization process based on the 
first principle. Several concepts of the self-organization theory are only borrowed 
w ithout verification to  describe the driven collisionless m agnetic reconnection from 
a different perspective. Some prelim inary results are presented.

Since the self-organization process is subjective, as pointed out by Hasegawa 
[1985], w hether an ordered stru c tu re  can be observed depends on physical quanti­
ties exam ined. The sim ulation results presented above dem onstrate th a t  ordered 
m agnetic island struc tu res can be repeatedly formed by the driven collisionless 
reconnection process. Below, the  repeated  form ation of ordered m agnetic island
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structu res observed in the driven collisionless m agnetic reconnection are explained 
by a  hypothesis of generation and inverse cascade of the model spectrum  of the 
m agnetic field com ponent B x in a self-organization process.

In the driven collisionless m agnetic reconnection, the driving force applied at 
the driven boundary  leads to an enhanced tearing  mode instability, as shown in 
the sim ulations. The growth of the most unstable mode of the enhanced tearing 
instab ility  produces an energy source at a specific wavenumber range w ith kz L ~  
0.3, which can generate norm al m agnetic field com ponent B x . An inverse cascade 
of the model spectrum  of B x results in an energy condensation a t the smaller 
wavenum bers, leading to the form ation of large ordered m agnetic island structures; 
in the  m eantim e, a direct cascade of m agnetic energy results in plasm a heating. 
A lthough p art of the m agnetic energy dissipates into plasm a kinetic energy, the 
m agnetic energy in the system  may also increase, if the  driving force a t the  driven 
boundary  pum ps more m agnetic energy into  the  system  than  is dissipated, which is 
ju s t the case shown in Figure 5.5. As the  enhanced tearing instability  slows down 
in the  nonlinear stage when m agnetic islands grow to large sizes, the ra te  of energy 
in p u t at th e  m ost unstable wavenumber decreases and so does the ra te  of energy 
condensation at the  sm aller wavenumbers. A ssociated with the ejection of large 
m agnetic islands, the energy condensation at the sm aller wavenumbers in the modal 
spectrum  of B x can be drastically  reduced. Since the  system  is driven continuously 
by the  driving force imposed at the driven boundary, the whole cycle of process 
described above will resume, leading to  the  repeated  form ation and convection of 
m agnetic islands and o ther features associated w ith  the  driven collisionless magnetic 
reconnection.

To check the scenario described above, th a t the generation and inverse cascade 
of the  m odal spectrum  of B x leads to the repeated  form ation of ordered magnetic
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island struc tu res, the  power spectra  of B x as a function of the normalized wavenum- 
ber k zL  a t different sim ulation tim es in Case B are p lotted in Figure 6.17. The 
corresponding m agnetic field lines are shown in Figure 6.2. Since at t =  0 the 
initial m agnetic field lines are strictly  antiparallel, no m agnetic field component B x 
is present. At t = 120H ~1, the enhanced tearing  instability  caused by the driving 
force applied a t the  driven boundary  is already in progress, leading to the signifi­
cant am ount of energy input a t the most unstable tearing mode with a wavenumber 
of k zL  ~  0.3, ind icated  by the peak in the spectrum . Due to the inverse cascade 
of the m odal spectrum  of B x, a condensation of energy in smaller wavenumbers 
can be seen at t = 240fi71> leading to  the form ation of ordered magnetic island 
structu res as shown in Figure 6.2. In the  m eantim e, the energy input level at the 
w avenum ber of k z L  ~  0.3 is reduced due to  a slowdown of the enhanced tearing 
instability . Associated w ith the  ejection of m agnetic islands, the energy condensa­
tion in th e  sm aller wavenumbers is significantly decreased as indicated by power 
spectra  of B x a t t — 420fl“ 1 and t — 660D 71. At t = 9601171, as the enhanced 
tearing instab ility  resumes, the  generation and inverse cascade of the modal spec­
tru m  of B x are s ta rted  again. As tim e goes on, the cycle of the process described 
above is repeated , as shown by the power spectra  of B x between t = 10201171 

t =  1500D 71.
Since the  driven collisionless reconnection is a  highly nonlinear process, the 

repeated  generation  and inverse cascade of the  m odal spectrum  of B x is only a 
qualitative observation. The result of F igure 6.17 provides the first evidence th a t 
the  driven collisionless m agnetic reconnection is a  self-organization process, in which 
the generation and inverse cascade of the m odal spectrum  of the magnetic field com­
ponent B x leads to  the repeated  form ation of the ordered magnetic island structures 
from  the  tu rbu len t m agnetic field. If the driven collisionless magnetic reconnection
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Figure 6.17 The power spectra of magnetic field component B x as a func­
tion of the normalized wavenumber kz L at different simulation times ob­
served in Case B. The peak at kzL ~  0.3 corresponds to the energy input 
caused by the enhanced tearing instability. The corresponding magnetic 
field lines are shown in Figure 6.2.
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can be considered as an ergodic system, and if the  simulations are run  long enough, 
then  a tim e-averaged quan tity  would be very close to its ensemble-averaged coun­
te rp a rt. The tim e-averaged power spectrum  of B x in Case B has been calculated. 
It is found the  tim e-averaged spectrum  can be approxim ately w ritten  as
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0.4 Summary

In this chapter, the driven collisionless m agnetic reconnection process is studied on 
the  basis of full particle  sim ulations. Both sym m etric and asym m etric current sheet 
models are used as the  initial configurations for the simulations. The results of four 
different sim ulation cases are presented. The results of the full particle sim ulation of 
driven collisionless m agnetic reconnection are applied to  the m agnetic reconnection 
and  F T E s a t the dayside m agnetopause. A sum m ary of the main results are listed 
below.

(1) A lthough ions tearing  mode instability  is developed in the  current sheet 
in the one-com ponent sim ulations, electron tearing  mode instability  is developed 
in the full particle sim ulations. The driving force applied a t the driven boundary 
leads to  an enhanced tearing  growth rate.

(2) B oth quasi-steady single X line reconnection (SXR) and in term itten t m ulti­
ple X line reconnection (M XR) configurations are observed in the sim ulations. The 
M XR process is found to  be characterized by the repeated  form ation and convec­
tion  of m agnetic islands (flux tubes in 3-D environm ent) and m agnetic reconnection 
enhancem ents, which are indicated  by the peaks in the reconnection electric field.
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(3) Coincident w ith the m agnetic reconnection enhancem ents, bursts of ener­
getic particles, electrons w ith an energy spectrum  of f e( E ) ~  £j-3-»±o.5 ancj jons 
w ith an energy spectrum  of f t (E )  ~  E ~ i l±0'7, are generated. High-speed plasm a 
flows and field-aligned particle heat fluxes are also observed.

(4) It is also found th a t  m agnetic reconnection processes generate intense 
p lasm a waves and th a t the  fluctuating m agnetic field has a  power spectrum  of 
P b  ~  y-3-5±o.5 an(j fluctuating  electric field has a power spectrum  of Pe  ~
^ - 1 . 8 ± 0 . 4

(5) In a sym m etric current sheet, bo th  M XR and  SXR processes generate large 
F T E  signatures on the two sides of the current sheet. In an asym m etric current 
sheet, the  signatures of the  m agnetosheath  FTE s can be produced by both  the MXR 
and  SXR processes, while the  signatures of the  m agnetospheric F T E s are mainly 
generated  by the M XR process. Therefore, more F T E s are expected to be observed 
in the  m agnetosheath  th an  in  the m agnetosphere. Furtherm ore, the  magnetospheric 
F T E s usually have a  sm aller B n signature than  th a t of the  m agnetosheath  FTEs.

(6) The presence of a  m agnetic island (a flux tube  in 3-D space) tends to 
generate sim ultaneous F T E  signatures on both  sides of the  current sheet, which 
resembles two-regime F T E s observed a t the dayside m agnetopause. An intrusion 
of m agnetosheath  plasm a bulge into  the m agnetosphere is often observed when 
a m agnetic island is form ed. A detection of the m agnetosheath  bulge intruded 
in  the  m agnetosphere may lead to  the  layered F T E  structu res observed in the 
m agnetospheric FTE s.

(7) D uring F T E s, the m agnetic field strength  is usually increased when a  satel­
lite  is away from the current sheet and  decreased when it is near the current sheet. 
The signatures of crater-like F T E s and  m agnetic cavity structu res can be observed
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when a satellite  penetrates deep inside m agnetic islands (flux tubes) formed in the 
current sheet region.

(8) If the driven collisionless m agnetic reconnection is considered as a  self­
organization  process, the enhanced tearing  mode instability in the current sheet 
caused by the  driving force applied at the  driven inflow boundary creates an energy 
source a t a specific wavenumber range, w ith k zL  ~  0.3 in the modal spectrum  of 
the  m agnetic field com ponent B x . An inverse cascade of the modal spectrum  of 
B x leads to  the form ation of ordered m agnetic island structures. During the self­
organization  process, the  continuous generation and  inverse cascade of the m odal 
spectrum  of B x results in the repeated  form ation of magnetic islands observed in 
the  driven collisionless m agnetic reconnection process.
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Chapter 7 Particle Acceleration in Driven Collisionless M ag­

netic Reconnection

It is com monly observed in  such p lasm a processes as solar flares, flux transfer events 
(F T E s), and  m agnetospheric substorm s th a t a  sm all fraction of particles is accel­
erated  to  high energy. For exam ple, during m agnetospheric substorm s, energetic 
protons w ith  an energy range of several hundreds of keV up to  an MeV are often 
detected in the  e a r th ’s m agnetotail [e.g., Baker and  Belian, 1986]. Explaining the 
generation of such energetic particles has been a  m ajor challenge for space plasma 
physicists. M agnetic reconnection was proposed as one of m any a ttem p ts  to  account 
for accelerating particles to  high energy [see review and cited references in Chap­
ter Two]. In  th is  chap ter, an investigation of partic le  acceleration in collisionless 
m agnetic reconnection is based on the sim ulation results of the  driven collisionless 
m agnetic reconnection presented in the previous chapters.

These sim ulation  results will show th a t besides the  current sheet acceleration, 
particles can be accelerated after they become trap p ed  by m agnetic islands dur­
ing the tim e-dependent collisionless m agnetic reconnection processes. Particularly, 
those particles th a t  stochastically  bounce w ithin  m agnetic islands can be acceler­
ated to  high energy by the  reconnection electric field, due to  rap id  random  crossing 
of the central curren t sheet in a  very short period  of tim e. This may provide an 
im portan t m echanism  for th e  generation of energetic particles during the  time- 
dependent collisionless m agnetic  reconnection processes. This chap ter is organized 
as follows. In Section 7.1, particle  acceleration processes in m agnetic reconnection 
are in troduced. In  Section 7.2, various different types of particle orb its observed
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in the driven collisionless m agnetic reconnection are presented. In Section 7.3, the 
discussion of particle  acceleration processes in collisionless m agnetic reconnection 
is based on the results ob tained  in the particle sim ulation of driven collisionless 
m agnetic reconnection.

7.1 A n Introduction to Particle Acceleration in Magnetic Reconnection

Single partic le  m otions in reconnection m agnetic and  electric fields are very im por­
tan t to  the  particle acceleration processes in  m agnetic reconnection. Below, single 
particle  m otions in  a  neu tra l p lasm a sheet configuration are described before par­
ticle acceleration in  m agnetic reconnection is discussed. Figure 7.1 shows particle 
tra jectories in a p lasm a neu tra l sheet w ith and  w ithout electric field.

W hen an electric field is absent, F igure 7.1a shows th a t ion trajectories can 
be divided into  th ree  categories: (1) outside the current sheet, magnetized ions 
in  the  strong field region sim ply gyrate around m agnetic field lines; (2) inside the 
current sheet, less m agnetized ions in the  region w ith strong m agnetic field gradient 
experience VI? drift while they  are gyrating  around m agnetic field lines; and  (3) 
inside the current sheet, unm agnetized ions near the  center of the  neutral sheet 
m eander around the  n eu tra l sheet while being trapp ed  in the  current sheet due 
to  the strong VI? force. The tra jectories of electrons in a neu tra l sheet w ithout 
an  electric field are sim ilar to  th a t of ions shown in  Figure 7.1a, except th a t the 
directions of electron gyration  and  V B  drift are opposite to  th a t  of ions. Figure 
7.1b shows the tra jec to ries of ions and electrons in a  neutral sheet with an electric 
field E  =  E ye y in the  d irection of current. The trajectories show th a t outside 
th e  current sheet, b o th  ions and  electrons move tow ard the  neu tra l sheet under 
th e  influence of E  X B  drift and  th a t inside the  neu tra l sheet, ions and electrons
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Figure 7.1 Particle trajectories in plasma neutral sheets, (a) Ion trajectories 
in a neutral sheet without electric field (E  =  0) and (b) ion and electron 
trajectories in a neutral sheet with electric field (E  =  7  ̂ 0)-
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are trap p ed  and  accelerated by the electric field in  the  opposite directions. Notice 
th a t F igure 7.1b shows exactly the same picture of Alfven’s collisionless magnetic 
merging model [Alfven, 1968j, in which particles are accelerated during m agnetic 
merging process by the  induction electric field.

Since the induction  electric field can accelerate particles during the  reconnec­
tion process, it was suggested in early studies of magnetic reconnection th a t p arti­
cles may be accelerated to high energy by strong reconnection electric fields near 
the  X -type m agnetic neu tral lines (X lines) [Giovanelli, 1947; Dungey, 1958; Sweet, 
1958; P arker, 1963]. Subsequently, substantial effort was devoted to investigating 
particle acceleration and  energization during magnetic reconnection by examining 
test partic le  tra jectories in various modeled steady reconnection magnetic and elec­
tric  fields [Speiser, 1965, 1967; Rusbridge, 1971, 1977; Sonnerup, 1971; Eastwood, 
1972; S tem  and  Palm adesso, 1975; S tem , 1978, 1979; W agner et al., 1979, 1981; 
Lyons and Speiser, 1982; Lyons, 1984; Kim and Cary, 1983; Speiser and Lyons, 
1984]. In the modeled steady reconnection m agnetic and electric fields, it is usually 
assum ed th a t the  norm al m agnetic field com ponent, which is much smaller than  the 
tangential m agnetic field com ponent th a t changes signs across the current sheet, 
is uniform  so th a t the constant electric field can be transform ed away by a  special 
Lorentz transform ation  [Speiser, 1965, 1967; Sonnerup, 1971].

Figure 7.2 shows the trajectories of non-adiabatic ion motion in a current 
sheet w ith  a m agnetic field B z com ponent caused by magnetic reconnection. Such 
particle tra jec to ries are called the Speiser trajectories or Speiser orb its, due to  
pioneering work by Speiser [1965, 1967]. Figure 7.2a shows an example of Speiser 
orbits in the  neu tra l line rest frame in  which a reconnection electric field is present 
( E y /  0). The partic le  moves tow ard the current sheet, due to  the E  x B  drift. In 
the current sheet, the  particle gyrates a  half circle in the magnetic field B z , while
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Figure 7.2 Non-adiabatic ion trajectories in a current sheet with a magnetic 
field B z component, which is present due to magnetic reconnection, (a) in 
the neutral sheet rest frame in which E y 0 and (b) in the field line rest 
frame in which E y =  0 [Speiser, 1965]. The field line rest frame moves 
with a speed of V /r  =  c E y / B ze x away from the X line region.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



being accelerated by the reconnection electric field. Figure 7.2b shows the Speiser 
orbit in the field line rest frame which moves w ith a speed of V f  =  cEy/ B ze x away 
from the neu tra l line. Since the reconnection electric field is transform ed away, 
E y =  0 in the field line rest fram e. The particle stream s along magnetic field line 
into the  current sheet, oscillates around the  current sheet while gyrating in the  B z 
field, and ejects from  the current sheet after a half of gyration. In the  field line rest 
frame, the particle simply changes the sign of its velocity in the x-direction from 
— Vp to  Vp. In the neu tra l line rest fram e, the  to ta l energy gain in the current 
sheet for a  particle is A E  ~  2 e R zE y , where R z =  Vx/ Q z ~  is the particle
gyroradius in the m agnetic field B z, and fi* is the corresponding gyrofrequency. It 
is easy to  verify th a t the energy gain in the n eu tra l line rest frame can be w ritten 
as

A E  ~  2e R zE y = \ m { 2 V F )2 (7.1)

which is exactly the same as the energy change th a t  occurred in the field line rest 
fram e. For the typical values in the e a r th ’s m agnetotail, E y ~  0.5m V /m , B z ~  In T , 
Vp ~  500km /s, and R z ~  2500km, it is found th a t the energy gain is A Ei  ~  5keV 
for a pro ton  and A E z ~  3eV for an electron.

T he test particle trajectories calculated in the modeled steady reconnection 
m agnetic and electric fields shown above indicate th a t test particles generally do 
not spend much tim e near the X -type m agnetic neutral lines. The relatively short 
residence tim e of particles in  the  X line region imposes a lim itation on the efficiency 
of the  X line acceleration m echanism . However, the test particle trajectories cal­
culated in the  m odeled steady reconnection fields w ith an O-type m agnetic neutral 
line (m agnetic island) show th a t a particle can easily become trapped  by the mag­
netic island and  test particles may experience a  runaway acceleration near the  O
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line region [Stern, 1979; W agner et al., 1981]. Recent studies also suggested tha t 
under certain  circum stances, particle motions in the reconnection m agnetic and 
electric fields may become nonadiabatic and chaotic [Kim and Cary, 1983; Chen 
and Palm adesso, 1986; M artin , 1986; Buchner and Zelenyi, 1986, 1989]. The non­
linear dynam ics and  stochastic motions of particles in the reconnection magnetic 
and electric fields, in tu rn , may lead to particle p itch  angle diffusion [Gray and Lee, 
1982] and particle  chaotic scattering and acceleration [Ashour-Abdalla et al., 1990].

Moreover, tes t particle  trajectories were also calculated in  the  nonsteady mag­
netic and electric fields obtained from MHD sim ulations of m agnetic reconnection 
[Sato et al., 1982; M atthaeus et al., 1984; Goldstein et al., 1986; Scholer and 
Jam itzky, 1987]. In the  sim ulated nonsteady reconnection m agnetic and  electric 
fields, Sato et al. [1982] showed th a t particles m ay gain significant energy when 
they encounter a slow shock layer a n d /o r when they approach the X line region. 
Scholer and Jam itzky  [1987] found th a t during the  plasm oid development, particles 
can drift large distances along the neu tral lines and  gain high energy before they 
become trapp ed  on the close field lines in the plasmoids.

F in ite-am plitude fluctuations are often observed in the reconnection m agnetic 
and electric fields and the  turbulen t reconnection m agnetic and electric fields may 
have im portan t effects on the  m agnetic reconnection processes, e.g., the  enhance­
m ent of reconnection electric field near the  X line region [M atthaeus and M ont­
gomery, 1981; M atthaeus, 1982; M atthaeus and Lam kin, 1985, 1986] and  the  for­
m ation of m agnetic flux tubes [Song and Lysak, 1989]. It was dem onstrated  by 
M atthaeus et al. [1984] th a t test particles can be trapp ed  by turbulen t fluctuations 
in the small m agnetic bubbles formed near X line regions during the  turbulen t 
m agnetic reconnection. The trapped  particles can be accelerated by the tu rb u ­
lently enhanced reconnection electric fields for a longer tim e, on the order of an
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Alfven transit tim e, to become energetic. Based on the analytic formula derived by 
M atthaeus et al. [1984] and their sim ulation results, Goldstein et al. [1986] found 
th a t m agnetic reconnection is capable of accelerating particles to several GeV in 
solar flares and up to an MeV in m agnetospheric substorm s.

M agnetic reconnection processes in a collisionless plasm a have been investi­
gated by many authors based on theoretical analyses and particle simulations. In 
the theoretical study of collisionless m agnetic reconnection, Hill [1975] found that 
particle acceleration during collisionless m agnetic reconnection may be provided 
either by slow shock acceleration a n d /o r current sheet acceleration. In the previous 
sim ulation studies of collisionless tearing mode instability  and  collisionless magnetic 
reconnection, trapp ing  of particles by m agnetic islands are commonly observed and 
particle acceleration and heating during collisionless m agnetic reconnection also 
have been exam ined [K atanum a and K am im ura, 1980; Terasawa, 1981; Leboeuf 
et al., 1982]. It was observed in the  sim ulations of Terasawa [1981] th a t p arti­
cles are accelerated in the X line region and decelerated in the  O line region; tha t 
particles ejected from the X line region are injected into O line region; and th a t par­
ticles confined inside m agnetic islands are heated  due to adiabatical compression. 
Leboeuf et al. [1982] reported  th a t particle acceleration and heating, and genera­
tion of energetic particles can be caused by coalescence of m agnetic islands. Ding 
e t al. [1986] used a driven inflow and open outflow boundary  conditions to  sim­
ulate the driven collisionless m agnetic reconnection process and FTE s. Repeated 
form ation and convection of m agnetic islands and generation of energetic particles 
were observed in their sim ulations. It was reported  th a t particle acceleration and 
heating mainly occur during the form ation of large m agnetic islands. Lee and Ding 
[1987] used sim ilar driven and open boundary conditions to sim ulate the driven 
collisionless m agnetic reconnection and obtained the first com putational evidence
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for the current sheet particle acceleration during the collisionless m agnetic recon­
nection. However, in the previous sim ulations, e ither one-component plasm a model 
or periodic boundary  conditions were used.

In the present thesis research, the driven collisionless m agnetic reconnection 
processes are studied on the  basis of full particle sim ulations w ith the driven inflow 
and  open outflow boundaries. Many properties associated w ith the driven collision­
less m agnetic reconnection have been presented in C hapter Six. In the  following 
sections, various types of particle trajectories observed in the sim ulation of driven 
collisionless m agnetic reconnection are presented and particle acceleration processes 
in collisionless m agnetic reconnection are discussed.

7.2 Particle Trajectories in Driven Collisionless Magnetic Reconnection

Several cases of the full particle  sim ulation of driven collisionless m agnetic recon­
nection were presented in C hap ter Six. Various features associated w ith the driven 
collisionless m agnetic reconnection processes were also examined. To investigate the 
particle  acceleration processes in the  driven collisionless m agnetic reconnection, t ra ­
jectories of particles, bo th  ions and electrons, are followed. Some typical particle 
orb it exam ples are presented below. These particle  trajectories are com puted in 
the  sim ulation Case C.

Figure 7.3 shows the m agnetic field lines at different sim ulation tim es in Case
C. T he left column shows the  m agnetic field lines from t — 2IOH7 1 to  t = 330H71; 
the  right column shows the  m agnetic field lines from  t — 48OH7 1 to t = 6 0 0 0 7 1. As 
shown in the left column, during m ost of the sim ulation tim e between t — 210H71 
and  t = 330D 71, two m agnetic islands are present. Although the motion of the 
m agnetic island in the  region w ith z  <  0 is very slow, the convection of the  m agnetic
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MAGNETIC FIELD LINES

t =  2i o n c- ‘ t =  4 8 o n 7 1

Figure 7.3 Magnetic field lines at different simulation times in Case C. 
The left column shows the magnetic field lines from t =  2 1 0 fi“ 1 to t =  
S S O fl'1 while the right column shows the magnetic field lines from t =  
480fi~1 to t =  6 00 0 ~ 1. During these two periods particle trajectories 
were calculated.
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island in the region w ith z > 0 is much more rapid and  half of the m agnetic island 
has moved out of the sim ulation dom ain a t t = 330O 71- The m agnetic field lines 
in the right column show th a t between t — 48007* to  ( =  6 0 0 0 7 1, a magnetic 
island is form ed in the z >  0 region, while a current sheet struc tu re  is present in 
the z <  0 region. D uring the two periods shown in Figure 7.3, 200 sample ions 
and electron were arb itrarily  chosen and their tra jectories were followed. Several 
different types of particle trajectories with d istinct features were observed in the 
sim ulation. Some exam ples of typical particle trajectories are presented below. All 
particle tra jectories are s ta rted  at y  =  0.

Figure 7.4 shows the typical tra jec to ry  of an electron outside the current sheet 
obtained between t = 21007*  ̂ =  33007  *■ The left column shows particle
trajectories p ro jected  on the x — y,  y — z, and x — z planes; the right column shows 
particle trajectories pro jected  on the x — v x , y  — vy , and  z — vz phase spaces, and 
particle energy as a function of z. The trajectories shown in the left column indicate 
th a t the particle moves tow ard the current sheet due to  E  x B  drift and th a t the 
particle is reflected between the strong m agnetic field regions formed above the 
magnetic islands due to  m agnetic field compression. At the driven inflow boundary 
(x =  ± L X), a typical electron has an energy of v 2/ v 2he ~  1.5. The bo ttom  panel in 
the right column shows th a t the  electron gains some energy while drifting toward 
the current sheet, due to  the presence of a weak induction  electric field outside the 
current sheet.

Inside the current sheet, the induction electric field is much stronger th an  ou t­
side the current sheet, especially during the m agnetic reconnection enhancements, 
as indicated by the  spiky structu res shown in Figure 6.4. Particles inside the cur­
rent sheet can be accelerated to high energy by the strong induction  electric field.
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Y/p.

Zip*

Y / p.

N

Z/P' Zip«

Figure 7.4 The typical trajectory of an electron outside the current sheet 
obtained between t =  2 1 0 fl“ 1 and t — The left column shows
particle trajectories projected on the x — y, y  — z, and x — z planes while 
the right column shows particle trajectories projected on the x — vx, y  — vy, 
and z — v z phase spaces, and particle energy as a function of z.
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Particle acceleration by the current sheet was observed in the one-component sim­
ulations of driven collisionless m agnetic reconnection [Lee and Ding, 1987] and an 
example of current sheet particle acceleration has been shown in C hapter 5. P arti­
cle acceleration by the current sheet was also observed in the full particle simulation 
of the  driven collisionless m agnetic reconnection. For example, particle tra jec to ­
ries sim ilar to  th a t shown in Figure 5.10 are observed between t =  4 8 0 ft"1 and 
t =  600ft,:1 when a  current sheet structure is present in the region w ith z < 0. 
Besides current sheet particle acceleration, particle acceleration also occurs after 
particles become trapped  by the magnetic islands.

Figure 7.5 shows the typical tra jectory  of an electron th a t becomes trapped  by 
the  m agnetic island during its  form ation betw een t =  480 ft"1 and t = SOOft^1. The 
b o ttom  panel in  the  left colum n shows th a t the  particle comes from  the lower left 
region of the sim ulation dom ain w ith x < 0 and z <  0 and then  becomes trapped  
by the  m agnetic island formed in the region w ith z >  0. The trajectories in the 
o ther panels of the  left column indicate th a t the  particle drifts in the -y -d irection , 
which is consistent w ith the electron acceleration by the induction electric field E y . 
The bo ttom  panel in the right column shows th a t  a  significant energy increase takes 
place after th e  particle  becomes trapp ed  by the  m agnetic island. T he other three 
panels of the right colum n shows th a t after the particle becomes trapped , all of the 
three particle  velocity com ponents are increased and a  closed tra jec to ry  is formed in 
the  x  — vx phase space. The particle trajectories shown in Figure 7.5 indicate tha t 
a particle is accelerated by the induction electric field during its m ultiple crossing 
of the current sheet after it is trapp ed  by the  m agnetic island.

Figure 7.5 shows th a t a  particle  can become trapped  by the m agnetic island 
when the island is formed during m agnetic reconnection. In the  following, several 
different types of trapp ed  particle trajectories are presented. Figure 7.6 shows the
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z/pt Z>P'

Figure 7.5 The trajectory of a typical electron that becomes trapped by 
the magnetic island during its formation between t =  4 8 0 fl~ 1 and t =  
600f l ” 1. The format of the present figure is the same as that in Figure 
7.4.
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Y Ip .

ZIP*

- 10.0  - 6.0

Y /p.

ZIP. ZIP«

Figure 7.6 The typical trajectory of a trapped electron which streams along 
the closed magnetic field lines around the magnetic island in the region with 
z <  0 during the period from t — 210S7~1 to t  =  The format
of the present figure is the same as that in Figure 7.4.
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tra je c to ry  o f a tra pped  e lec tron s tream ing along the closed m agnetic  fie ld  lines 
around the  m agnetic  is land in  the z <  0 reg ion du rin g  the pe riod  from  t — 2101771 
to  t = 330177 T  The  b o tto m  panel in the le ft co lum n c lea rly  shows the  steam ing  
e lectron o rb its . Due to  the  convection o f the m agnetic is land , the s tream ing e lec tron  
o rb its  d r i f t  tow a rd  the le ft ou tflow  bounda ry  a t z = — L z . The  o the r tw o  panels 
o f the  le ft co lum n show th a t the  pa rtic le  crosses the cen tra l cu rren t sheet (x  ~  0) 
e igh t tim es w h ile  s tream ing around the m agnetic  is land . The  average pa rtic le  d r if t  
speed in  the  -y -d ire c t io n  is found to  be ~  0.53uthe* The  b o tto m  panel in  the  r ig h t  
co lum n shows th a t the pa rtic le  energy is increased more th an  five tim es d u r in g  the  
pe riod  from  t =  2101771 to  < =  3301771. The  pa rtic le  gains most o f energy w h ile  
passing th ro ugh  the  cen tra l cu rren t sheet (x  ~  0) where the in d u c tio n  e lec tric  
fie ld  is s trong . T he  rest o f the  panels in  the  r ig h t co lum n show th a t fo r a pa rtic le  
s tream ing along the  m agnetic is land , a closed tra je c to ry  can be fo rm ed in  b o th  the  
x — vz and z — vz phase spaces. The d r i f t  o f the  closed tra je c to ry  tow a rd  the  le ft 
ou tflow  bounda ry  (2 =  — L z) in  the  z — v z phase space is due to  the convection o f 
the m agnetic  is land.

F igu re  7.7 shows the tra je c to ry  o f a tra pped  e lec tron wh ich bounces ra p id ly  in ­

side the  m agne tic  is la nd  fo rm ed in  the reg ion w ith  2 <  0 d u rin g  the  pe riod  between  
t =  2101771 and t =  330177 T  The tra je c to ry  p ro jec ted  on the  x — 2 p lane shown  
in  the  b o tto m  panel o f the  le ft co lum n is very irre gu la r. The  o the r tw o  panels 
in  the  le ft co lum n show th a t d u rin g  the  ra p id  and s tochastic bounc ing  ins ide the  
m agnetic is land , the  p a rtic le  crosses the cen tra l cu rren t sheet (x  ~  0) abou t th ir ty  
tim es and the  d istance i t  d r if ts  in  the -y -d ire c t io n  is m ore than  tw ice  as much as 
th a t shown in  F igu re  7.6. The  average p a rtic le  d r if t  speed in  the  -y -d ire c t io n  is 
found  to  be ~  1.2vtke- The panels o f the r ig h t co lum n show a fea tu re  s im ila r to  
th a t shown in  F igu re  7.6, bu t the m ax im um  absolute va lue o f the  p a rtic le  ve lo c ity  is
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Figure 7.7 The typical trajectory of a trapped electron which bounces ra­
pidly inside the magnetic island formed in the z <  0 region between t =  
210fi“ 1 and t  =  SSOfl” 1. The format of the present figure is the same 
as that in Figure 7.4.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



more th an  twice as much as in Figure 7.6. The m axim um  particle energy shown in 
Figure 7.7 is v 2/ v 2thc ~  99, which is about 66 tim es particle energy (u2/ v ^ e ~  1.5) 
a t the  driven inflow boundary  (x =  ± L X). A lthough the particle tra jectory  shown 
in Figure 7.7 was only traced  to t = the particle could gain much higher
energy while rapidly and stochastically bouncing inside the m agnetic island before 
it moves out of the sim ulation dom ain.

Two different types of trajectories of particles trapped  by m agnetic island are 
shown in Figures 7.6 and 7.7. A th ird  type of trapp ed  particle tra jectory  has also 
been observed in the sim ulations. These particles are trapp ed  between magnetic 
m irrors form ed by m agnetic field compression above and below a m agnetic island. 
An exam ple of such a trapped  particle tra jec to ry  is shown in Figure 7.8. The bottom  
panel of the left column shows th a t an electron is trapped  between the m agnetic 
m irrors form ed around the m agnetic island in the z < 0 region while it is E  x B 
drifting in the  — z-direction. The o ther two panels show th a t the  particle passes 
through  the X line region in central current sheet (x ~  0 and —39 <  z / p e <  —19) 
nine tim es while bouncing between the m agnetic m irrors. The average drift speed 
in the —y-direction is found to be ~  0.28ut^e. The bo ttom  panel of the right column 
indicates th a t  the particle accelerated by the induction electric field while bouncing 
between the m agnetic m irrors gains a m axim um  energy of ~  30, which is
abou t 20 tim es the particle energy at the  driven inflow boundary. The phase spaces 
tra jectories p lo tted  in the  rem aining panels of the right column show th a t for the 
particle trapp ed  between m agnetic m irrors, the closed tra jectory  is only present in 
the  x — vx plane.

Various types of electron trajectories observed in the sim ulation are presented 
above. Because of its  larger m ass, an ion moves much slowly th an  an electron. 
T hus, the  ion tra jectories obtained in a period of 120ri~x, which is equal to  6J771

239

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



oc 
««- 

oti-sza-eie- 
oe 

s» 
oo 

c
*

-o
»-

240

Figure 7.8 The typical trajectory of a trapped electron which bounces be­
tween magnetic mirrors formed by magnetic field compression above and 
below the magnetic island formed in the z <  0 region during the period 
from t =  2IOQ 7 1 to t  =  3 3 0 fl~ 1. The format of the present figure is the 
same as that in Figure 7.4.
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for the mass ra tio  m .i /m e — 25 used in the sim ulation, do not provide much infor­
m ation about the tra jectories of ions. To follow ion trajectories for a longer period, 
however, requires much more com putational resources than  are available for this 
study. Therefore, in order to investigate the  ion trajectories in the  collisionless 
m agnetic reconnection process, a  test particle m ethod  is used, in which trajectories 
of ions are com puted in a  model of reconnection m agnetic and electric fields with 
proper scaling.

For exam ple, to  com pute the  ion trajectories near the X line region, model 
reconnection m agnetic and electric fields

B  =  B x0( —  )ex +  B z0( —  )ez (7-2)

E  =  E y oey (7.3)

were used, where B x0, Az, B z0, Xx, and E y0 are constants. For B z0 = 1.0,
Bxo/Bzo =  0.6, Axjpi =  7.0, Xz/Xx =  2.0, an exam ple of the  m agnetic field config­
uration  described by (7.2) is p lo tted  in Figure 7.9. Notice th a t the model steady 
m agnetic field configuration p lo tted  in Figure 7.9 is very sim ilar to  the central X 
line regions shown in the  left column of Figure 7.3. An exam ple of ion trajectories 
com puted in the model steady reconnection m agnetic and  electric fields given by 
(7.2) and (7.3) is shown in Figure 7.10, where E y0 =  0.25 is assum ed. The ion 
tra jec to ry  of Figure 7.10 shows sim ilar features to the tra jec to ry  of the electron 
trapp ed  between m agnetic m irrors p lo tted  in Figure 7.8. Therefore, it is reasonable 
to believe th a t w ith p roper scaling, ions would have similar tra jectories to th a t of 
electrons shown in Figures 7.4-7.8. The ion trajectories near a  reconnection O line 
were exam ined by S tern [1979] and W agner et al. [1981]. They showed th a t an ion 
can experience a  runaway acceleration after being trapped  by the m agnetic O line.
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Figure 7.9 A model steady reconnection magnetic field configuration given 
by (7.2), with B x0/Bz0 =  0.6, \ X/ Pi =  7.0. Xz/\x =  2.0.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



243

Figure 7.10 A test particle calculation of ion trajectory in the model steady 
reconnection magnetic and electric fields given by (7.2) and (7.3). Param­
eters used are B z0 — 1.0, B x0/ B z0 =  0.6, Ar /pj =  7.0, Az/Az =  
2.0, and E y0 =  0.25.
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7.3 Summary and Discussion

M agnetic reconnection is believed to  play an im portant role in such processes as 
solar flare, flux transfer events, and magnetospheric substorm s, in which the pres­
ence of energetic particles is often observed. Particle acceleration and generation 
of energetic particles have been im portan t issues in the study of magnetic recon­
nection processes. In MHD models, plasm a is accelerated to  the Alfven speed by 
slow shocks; whereas in collisionless m agnetic reconnection, particle acceleration is 
mainly provided by the current sheet acceleration [see review and cited references 
in C hap ter Two].

The generation of energetic particles during magnetic reconnection was first 
suggested to  be caused by the  strong reconnection electric field near the X line 
regions [Giovanelli, 1947; Dungey, 1958; Sweet, 1958; Parker, 1963]. However, the 
test particle calculations in the steady reconnection m agnetic and electric fields 
indicate th a t particles may not be able to gain much energy in the reconnection X 
line region, due to  a  shorter residence tim e [e.g., Speiser, 1965, 1967]. On the other 
hand, test particle  calculations also indicate th a t particles may be accelerated to 
high energy due to a much longer residence tim e near reconnection 0  line region 
[Stern, 1979; W agner et al., 1981]. It is also found in the test particle calculation 
th a t particle nonlinear dynam ics in the reconnection m agnetic and electric fields 
may also lead to  particle  chaotic scattering  and acceleration [Ashour-Abdalla et al., 
1990].

In collisionless m agnetic reconnection, previous particle simulation results indi­
cate th a t energetic particles can be generated during coalescence of small magnetic 
islands and form ation of large m agnetic islands [Leboeuf et al., 1982; Ding et al.,
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1986] or by current sheet acceleration [Lee and Ding, 1987], In the present simu­
lations of driven collisionless m agnetic reconnection, it is found th a t particles can 
become trapped  on the closed field lines during the form ation of m agnetic islands 
and th a t , besides th e  current sheet acceleration, energetic particles can also be pro­
duced due to  trapp ing  of particles by m agnetic islands during the tim e-dependent 
collisionless m agnetic reconnection. Various types of particle tra jectories observed 
in the present sim ulations are presented in the previous section. Three different 
types of trapped  particles w ith  d istinct features can be identified am ong the tra jec­
tories: 1) particles stream ing along the closed m agnetic field lines around m agnetic 
islands, 2) particles rapidly and stochastically bouncing inside m agnetic islands, 
and 3) particles reflecting betw een m agnetic m irrors formed due to  m agnetic field 
com pression near m agnetic islands.

It is found th a t  due to the particle acceleration by the induction  electric field, 
all of the  three different types of trapp ed  particles gain energy. However, the 
energy gain of the first type of trapp ed  particles, which stream  along the closed 
field lines around m agnetic islands, is less than  the o ther two types of trapped  
particles. Those trapped  particles which reflect between m agnetic m irrors near 
m agnetic islands and  stochastically  bounce w ithin m agnetic islands can gain much 
more energy, due to m ultiple particle crossings of the  central current sheet region 
in a  short period of tim e. Particularly , the  second type of trapp ed  particles shown 
in Figure 7.7 are found to be capable of becoming energetic particles due to the 
m ultiple rapid and  chaotic particle  accelerations by the reconnection electric field. 
It is suggested th a t  the  stochastical particle  bouncing inside m agnetic islands may 
be an im portan t m echanism  for the  generation of energetic particles during the 
collisionless m agnetic reconnection.
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The acceleration of trapped  particles, especially those particles with the second 
type of trapp ed  tra jec to ry  (Figure 7.7) observed in the present sim ulations, are 
sim ilar to  th a t reported  by M atthaeus et al. [1984], in which particles trapped  by 
m agnetic bubbles near reconnection X line region are accelerated to high energy by 
the  strong reconnection electric field. However, the present results differ from those 
obtained by Scholer and Jam itzky [1987], in which particles are accelerated to high 
energy by the  reconnection electric field before they  become trapped in the closed 
m agnetic field lines of m agnetic islands. Futherm ore, trapped  electron distributions 
have been observed in FTE s at the dayside m agnetopause, which was explained by 
the reflection of electrons between m agnetic m irrors formed on the open magnetic 
field lines [Daly and Fritz, 1982]. The presence of trapped  electrons w ith a third  
type of trap p ed  tra jec to ry  (Figure 7.8) in the present simulations, which reflect 
between m agnetic m irrors form ed by m agnetic field compression near the m agnetic 
islands, indicates th a t trapped  electron d istribution  observed in FTE s at the dayside 
m agnetopause m ay also be caused by the reflection of electrons between m agnetic 
m irrors while they are trapp ed  on the closed m agnetic field lines.
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Chapter 8 Summary and Discussion

M agnetic field reconnection plays a crucial role in many im portan t plasm a pro­
cesses, ranging from  solar flares and m agnetospheric substorm s to  tokam ak disrup­
tions. M agnetic field reconnection in the e a r th ’s m agneiosphere, which may occur 
bo th  at the dayside m agnetopause and in the nightside m agnetotail, has been a 
prevailing hypothesis for transferring  energy, m ass, and m om entum  from the so­
lar wind into  the m agnetosphere. The discovery of flux transfer events (FTEs) 
has provided evidence for m agnetic reconnection at the dayside m agnetopause. In 
th is thesis research, the basic plasm a processes associated w ith the driven colli­
sionless m agnetic reconnection at the e a rth ’s dayside m agnetopause were studied 
using particle  sim ulations. The sim ulation results were applied to  FTE s observed 
at the dayside m agnetopause. The main results of the present thesis research are 
sum m arized below.

1. O bservations of F T E s a t the dayside m agnetopause indicate th a t magnetic 
reconnection process may occur preferentially when the ratio  of plasm a pressure to 
m agnetic pressure in the  m agnetosheath  has a small value (0 ,  <  2) [Paschmann et 
al., 1986]. A possible explanation for the above observation is th a t  development 
of tearing  m ode instabilities triggering the onset of dayside m agnetic reconnection 
may have a dependence on the plasm a 0  values. A larger plasm a 0  value may 
lead to  a sm aller tearing  growth ra te . A theoretical study of the /^-dependence of 
tearing m ode instabilities was carried out in C hap ter Three. It is found th a t in the 
collisionless m agnetospheric plasm as, the collisionless tearing mode has a  strong 0- 
dependence when the  neu tra l sheet is sym m etric and a much weaker /^-dependence
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when the neu tra l sheet is asym m etric. At the dayside m agnetopause, the magne­
topause current sheet is, in general, asym m etric, w ith  a strong magnetic field and 
low 0  p lasm a on the m agnetospheric side and  a weak magnetic field and high 0  
p lasm a on the m agnetosheath  side. According to  the results of the present theoret­
ical study, the developm ent of tearing  mode and  hence, the occurrence of magnetic 
reconnection at the  dayside m agnetopause, should not exhibit a strong dependence 
on the m agnetosheath  0 ,  values. A lthough the present results do not support the 
d a ta  analyses reported  by Paschm ann et al. [1986], they are not inconsistent with 
recent observations a t the  dayside m agnetopause reported  by Gosling et al. [1990], 
which showed th a t the detection of FTE s did not have the strong /3-dependence as 
claimed by Paschm ann et al. [1986]. Furtherm ore, the effects of sheared magnetic 
field, which were not included in the present study, need to  be considered in the 
fu ture study  of the /3-dependence of the tearing mode instabilities at the dayside 
m agnetopause.

2. A tw o-and-one-half dim ensional (2 j-D ) m agnetoinductive particle simu­
lation  m odel w ith a  driven inflow boundary  and an open outflow boundary was 
developed in C hap ter Four for the  present study  of the driven collisionless mag­
netic reconnection processes. New features associated with the present sim ulation 
model include: (a) the  driven boundary  condition for vector potential at the  inflow 
boundary, (b) the  vacuum  force free boundary  condition for electrostatic field at 
the  outflow boundary, and (c) particle buffer zones for handling particles crossing 
the  sim ulation boundaries. In the present sim ulation model, the initial zero-order 
guiding m agnetic field com ponent ( B yo) has not been included. A self-consistent 
inclusion of the  in itial guiding field com ponent B yo leads to  the presence of an elec­
tric  field com ponent E \ z — ± V i B yo/c  a t the  driven inflow boundary (x =  ± L x),
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which in tu rn  pum ps the m agnetic flux associated w ith B y in to  the sim ulation do­
m ain. The boundary  conditions for vector potential com ponents A x and A z given 
in C hap ter Four have to be modified to  deal w ith the change of m agnetic field B y 
in the sim ulation dom ain. An im proper boundary  condition for A x and A x at the 
outflow boundary (z  — ± L Z) results in nonphysical variations of B y in the sim­
ulation. M any a ttem p ts  have been m ade to  incorporate the initial guiding field 
B yo into the present particle sim ulation study of the driven collisionless m agnetic 
reconnection. However, no satisfactory  boundary  condition for A x and A z at the 
outflow boundary  has been found. Nonphysical heating  and  cooling of particles 
are com monly observed in the  a ttem p ted  sim ulations w ith B yo ^  0. Therefore, 
particle  sim ulation of driven collisionless m agnetic reconnection w ith B yo remains 
a challenge for the  fu ture  study.

3. T he driven collisionless m agnetic reconnection process was first studied with 
one-com ponent particle  sim ulations. The results were presented in C hap ter Five. 
It is found in the sim ulation th a t the  m ultiple X line reconnection (M XR) process, 
which is characterized by the  repeated  form ation and convection of m agnetic is­
lands (flux tubes in  3-D space) and  the  generation of supertherm al particles, tends 
to  occur when the length  of sim ulation dom ain ( L z) is long; the  quasi-steady single 
X line reconnection (SXR) process, which is characterized by the  current sheet ac­
celeration of particles, takes place w hen th e  length  of sim ulation dom ain is short. 
T he sim ulation results of the  M XR process are, in general, consistent w ith satel­
lite observations of F T E s at the  dayside m agnetopause. The particle sim ulation of 
the quasi-steady SXR process, on the o ther hand , provides the  first com putational 
evidence for current sheet partic le  acceleration in collisionless plasm as. T he simula­
tion  results axe, in  m any respects, consistent w ith the only collisionless reconnection 
m odel proposed by Hill [1975].
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4. The driven collisionless m agnetic reconnection process was studied on the 
basis of full particle sim ulations in C hapter Six, and the simulation results were 
com pared w ith F T E  observations. Similar to the one-component sim ulations, both  
quasi-steady SXR and in term itten t M XR configurations are observed in the sim­
ulation . T he M XR process is found to  be characterized not only by the repeated 
form ation and  convection of m agnetic islands b u t also by m agnetic reconnection 
enhancem ents, which are indicated by peaks in the  reconnection electric field. Co­
incident w ith  the m agnetic reconnection enhancem ents, bursts of energetic p a rti­
cles, electrons w ith an energy spectrum  of f e( E )  ~  E ~ 3 9±0 S, and ions w ith an 
energy spectrum  of f i ( E )  ~  E ~A'2±0 7 are generated . High-speed plasm a flows and 
field-aligned particle  heat fluxes are also observed. It is found th a t m agnetic re­
connection processes generate intense plasm a waves, th a t the  fluctuating m agnetic 
field has a power spectrum  of Pg  ~  / -3 -5±0-5 ? and  th a t the  fluctuating electric field 
has a  power spectrum  of Pg  ~  f - 16±0A% The presence of a m agnetic island (flux 
tube  in 3-D space) tends to  generate a sim ultaneous F T E  signatures on both  sides 
of the  current sheet, which resembles two-regime FTEs observed at the dayside 
m agnetopause. The detection of a m agnetosheath  plasm a bulge in truded  in the 
m agnetosphere due to the form ation of m agnetic island may lead to the layered 
structu res observed in the m agnetospheric F T E s.

5. If the  driven collisionless m agnetic reconnection is considered as a self­
organization  process, the  enhanced tearing  m ode instability  in the current sheet 
caused by the  driving force applied a t the driven inflow boundary creates an energy 
source a t a  specific wavenumber range w ith kz L  ~  0.3 in the m odal spectrum  of 
the  m agnetic field com ponent B x . An inverse cascade of the  m odal spectrum  of 
B x leads to  th e  form ation of ordered m agnetic island structures. D uring the self­
organization  process, the continuous generation and inverse cascade of the m odal
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spectrum  of B x results in the repeated  form ation of m agnetic islands observed in 
the driven collisionless m agnetic reconnection process.

6. Particle acceleration in collisionless m agnetic reconnection was investigated 
in C hap ter Seven based on the particle sim ulations of driven collisionless magnetic 
reconnection. It is found in the  sim ulations th a t, besides current sheet particle 
acceleration, particles may also be accelerated by the reconnection electric field after 
they become trapp ed  by m agnetic islands. Three different types of trapped  particles 
w ith d istinct features can be identified among various particle trajectories observed 
in the sim ulations. They include 1) particles stream ing along the closed m agnetic 
field lines around m agnetic islands, 2) particles rapidly and stochastically bouncing 
inside m agnetic islands, and  3) particles reflecting between m agnetic m irrors formed 
due to m agnetic field com pression neai m agnetic islands.

It is found th a t due to the  particle acceleration by the induction  electric field, 
all of the th ree  different types of trapped  particles gain energy. However, the energy 
gain of the  first type  of trap p ed  particles, which stream  along the closed field lines 
around m agnetic islands, is less than  the o ther two types. T rapped particles tha t 
reflect between m agnetic m irrors near m agnetic islands and stochastically bounce 
w ithin m agnetic islands can gain much more energy due to m ultiple particle cross­
ings of the  central current sheet region in a  short period of tim e. Particularly, 
the  second type is found to  be capable of becom ing energetic particles due to  the 
m ultiple rapid  and chaotic particle accelerations by the reconnection electric field. 
It is suggested th a t the  stochastical particle bouncing inside m agnetic islands may 
be an im p ortan t m echanism  for the generation of energetic particles during the 
collisionless m agnetic reconnection.

A lthough m any in teresting  results have been obtained from the present sim­
ulation study  of the driven collisionless m agnetic reconnection, artificially small
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ion-to-electron mass ratio  (rrii/m e =  25) is still the major lim itation of present 
sim ulations. The present sim ulation model, which uses an explicit time integration 
scheme, becomes inadequate to sim ulate the driven collisionless magnetic recon­
nection w ith  a  large ion-to-electron mass ratio. Both hybrid particle models and 
im plicit full particle models are capable of handling particle simulations w ith large 
ion-to-electron mass ratio . However, since electron kinetic effects are im portan t in 
the collisionless m agnetic reconnection, an im plicit full particle model seems more 
suitable for the fu ture  sim ulation study of the driven collisionless magnetic recon­
nection process. Of course, an implicit full particle code is much more complicated 
than  the present explicit sim ulation code. More information on the implicit par­
ticle sim ulation models can be found in Mason [1981], Denavit [1981], Brackbill 
and Forslund [1982], Barnes et al. [1983], Birdsall and  Langdon [1985], Hewett and 
Langdon, [1987], Tanaka [1988], Cohen et al. [1989], and references therein.
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