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Abstract

Magnetic reconnection can lead to the formation of observed boundary layers at the dayside
magnetopause and in the nightside plasma sheet of the magnetosphere. In this thesis, the structure
of these reconnection layers is studied by solving the one-dimensional Riemann problem for the
evolution of a current sheet. Analytical method, resistive MHD simulations, and hybrid simulations
are used.

Based on the ideal MHD formulation, rotational discontinuities, slow shocks, slow expansion
waves, and contact discontinuity are present in the dayside reconnection layer. Fast expansion
waves are also present in the solution of the Riemann problem, but they quickly propagate out
of the reconnection layer. Our study provides a coherent picture for the transition from the
reconnection layer with two slow shocks in Petschek's model to the reconnection layer with a
rotational discontinuity and a slow expansion wave in Levy et al’s model.

In the resistive MHD simulations, the rotational discontinuities are replaced by inl\ermediutc
shocks or time-dependent intermediate shocks. In the hybrid simulations, the time-dependent
intermediate shock quickly evolves to a steady rotational discontinuity, and the contact discontinuity
does not exist.

The magnetotail reconnection layer consists of two slow shocks. Hybrid simulations of
slow shocks indicate that there exists a critical number, M., such that for siow shocks with an
intermediate Mach number M| > M., a large-amplitude rotational wavetrain is present in the
downstream region. For slow shocks with M < M., the downstream wavetrain does not exist.
Chaotic ion orbits in the downstream wave provide an efficient mechanism for ion heating and

wave damping and explain the existence of the critical number A, in slow shocks.
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Chapter 1 Introduction

The concept of magnetic reconnection was first introduced into magnetospheric physics by
Dungey [1961]. Reconnection of magnetic field lines takes place between two plasma regions with
antiparallel magnetic field components. Through magnetic reconnection, magnetic energy can be
efficiently converted into kinetic energy, leading to the ejection of high-speed plasma. Layered
structure which contains several magnetohydrodynamic (MHD) discontinuities and expansion
waves is formed in the high-speed outflow region {e.g., Petschek. 1964; Levy et al., 1964; Shi and
Lee, 1990; Lin et al., 1992]. This layered plasma structure is called the reconnection layer. In the
earth’s magnetosphere, magnetic reconnection usually takes place at the dayside magnetopause,
which is the interface between the solar wind and the magnetosphere, and in the nightside plasma
sheet. As a result, layered structures are formed at the dayside magnetopause and in the magnetotail
{e.g., Paschmann et al., 1979; Sonnerup et al., 1981; Gosling et al., 1990b, ¢; Feldman et al., 1984].

Theoretical models of magnetic reconnection have been proposed by many authors [Petschek,
1964; Levy et al., 1964; Sonnerup, 1970; Yeh and Axford, 1970; Priest and Forbes, 1986; Priest
and Lee, 1991]. In these ideal models, the reconnection layer has a simple structure with only
one or two discontinuities. However, the observed layered structures in the dayside magnetopause
boundary layer are complicated [e.g., Paschmann et al., 1979; Gosling et al., 1990b] and cannot be
explained by the above ideal models.

The purpose of this thesis is to study systematically the structure of the reconnection layer
at the dayside magnetopause and in the magnetotail. The results obtained will be compared
with satellite observations. In this thesis, an analytical method, fluid simulations, and particle
simulations are used to study the evolution of the current sheet after the onset of magnetic

reconnection. It is found that five discontinuities and expansion waves may be developed in a
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reconnection layer. These discontinuities and expansion waves include rotational discontinuities,
intermediate shocks, slow shocks, slow expansion waves, and contact discontinuity, A detailed
description of MHD discontinuities and waves will be given in Chapter 2.

In this chapter, we introduce the concept of magnetic reconnection and the reconnection

layer. The outline of the thesis is presented at the end of the chapter.

1.1 Reconnection Layer in the Magnetosphere
1.1.1 Basic Concept of Magnetic Reconnection

Magnetic reconnection usually takes place at the current sheet that separates two plasma
regions which have antiparallel magnetic field components. Figure 1.1 illustrates the basic concept
of magnetic reconnection. As shown in the figure, plasmas and magnetic field lines in Region 1
and Region 2 are initially separated by a thin current sheet denoted by the vertical dashed line.
Magnetic reconnection can be triggered by impinging plasma flows toward the initial current sheet
from the two sides. At ¢ = t; > 0, the magnetic field lines are bent toward the plasma sheet due
to the plasma inflow. Att = t; > t;, the two bent field lines contact each other at point X. As
a result of magnetic diffusion, the original field lines are cut and reconnected at ¢ = 3 to form
two new field lines. The newly reconnected field lines are highly bent and the magnetic tension
force accelerates plasma away from point X to high speed. Consequently, the magnetic energy is
converted into plasma kinetic energy and the topology of field lines is also changed. In addition,
plasmas in Region 1 and Region 2 can be transported directly through the reconnected field lines

to the outflow region.
1.1.2 Simple Models of Magnetic Reconnection

The formation of layered structure in the plasma outflow region of magnetic reconnection is

illustrated in Figure 1.2a. The initial current sheet, which separates antiparallel magnetic fields, is

T
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Flgure 1.1 A schematic sketch of the magnetic reconnection process. The
dashed lines indicates the position of initial current sheet, which separates
two plasma regions with antiparailel magnetic fields (f = 0). Att = 1;, the
two field lines approach each other. At = {5, reconnection takes place at
point X of the current sheet. Att = t3, high-speed plasma flows are present
in the outflow region.
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4

located along the z axis. After the onset of magnetic reconnection, a reconnected magnetic field
line is formed at ¢ = 0. This field line is highly bent at point X, the place where the reconnection
takes place. This field line will be convected in the -z direction by the high-speed flow. The
field line positions at ¢y and ¢, are shown in Figure 1.2a. As the field line is convected in the z
direction, the disturbance associated with highly bent field at the point X will propagate as waves
toward the two sides of the initial current sheet. In the 2 plane, two wave fronts are formed along
X C and X D, respectively, as indicated in Figure 1.2a. Therefore, the formation of reconnection
layer can be considered as a result of the evolution of initial current sheet. Note that in Figure 1.2a,
we consider for simplicity the propagation of only one wave mode toward each side of the current
sheet. In general cases, there are three wave modes propagating to each side.

The existence of layered structure in the plasma outflow region of magnetic reconnection
was first pointed out by Petschek [1964]. The conversion of energy is mainly through the MHD
discontinuities in the reconnection layer. In the following we briefly describe two basic models of
magnetic reconnection, which are proposed by Pctschek (1964] and Levy et al. [1964]. Petschek's
[1964] reconnection model is a symmetric model, and the model of Levy et al. [1964] deals with

asymmetric magnetic fields and plasma densities on the two sides of the current layer.
(A) Petschek’s [1964] Symmetric Model

Petschek’s [1964] reconnection model describes the symmetric case with equal plasma
density, equal magnetic field strength, and antiparallel magnetic fields on the two sides of the
current layer. In this model, the reconnection configuration consists of three parts: the inflow
region, the outflow region, and the small central diffusion region, as illustrated in Figure 1.3a. The
magnetic field lines in the inflow region are convected from the two sides toward the dark central
diffusion region. The outflow region has two parts; the reconnection layer in each part consists of
a pair of slow shocks emanating from the central diffusion region. Plasmas are accelerated through

slow shocks, leading to the presence of high-speed flow in the downstream region of slow shocks.
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Figure 1.2 (a) An illustration for the formation of reconnection layer in the
outflow region of magnetic reconnection in the zz plane. The reconnection
layer consists of two discontinuities X C and X D which emanate from the
point X. (b) Time evolution of magnetic field profile in the 1-D initial value
problem which corresponds to the 2-D configuration of reconnection layer.
The magnetic field line in the outflow region is convected to z; and 2z, attime
t1 and 14, respectively.
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The symmetric reconnection in Petschek’s [1964] model was recently simulated by Yan et
al., [1992]. Figure 1.3b shows the magnetic field lines and the streamlines of plasma flow obtained
in the simulation. Two pairs of slow shocks are present in the region where the streamlines are
highly bent, It is apparent from the spacing between magnetic field lines in the downstream region
that the magnetic energy is considerably reduced through the slow shocks. The reduced magnetic
field and accelerated plasma flow in the downstream regions of slow shocks indicate that the
magnetic energy is converted to the plasma kinetic energy. Symmetric reconnection models have
also been studied by other authors [Sonnerup, 1970; Yeh and Axford 1970; Priest and Forbes,
1986; Priest and Lee, 1991).

(B) Asymmetric Reconnection Model of Levy et al. [1964]

Levy et al. [1964] provided an asymmetric model for magnetic reconnection. In this model,
the magnetic field strength on one side of the current sheet is larger than that on the other side, and
the plasma mass density on the high field side is set to zero. As a result, each pair of slow shocks
in Petschek’s [1964] model are replaced by an intermediate wave (rotational discontinuity) and a
narrow slow expansion fan, as illustrated in Figure 1.4. The rotational discontinuity accomplishes
the change of magnetic field direction and also leads to the presence of high speed flow along the
current layer. Across the slow expansion wave downstream of the rotational discontinuity, the

plasma mass density decreases slowly to zero.
1.1.3 Reconnection Layers at the Dayside Magnetopause and in the Magnetotail

The earth’s magnetosphere is the cavity carved in the solar wind by the geomagnetic field.
Figure 1.5 sketches the geomagnetic field and associated plasma regions in the noon-midnight
meridian plane of the magnetosphere. As indicated by the dashed line, the magnetopause is the
interface between the magnetosphere and the solar wind. The part of solar wind surrounding the

magnetosphere is called the magnetosheath. The geomagnetic field lines are dragged by the solar
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region as shown by the dark area. A pairs of slow shocks are present in
each part of the outflow region. (b) Magnetic field lines and streamlines
of plasma flow obtained in the MHD simulation by Yan et al. [1992]. The
dashed lines are the separatrices. Slow shocks are located downstream of
the separatrices.

B S

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



Outflow
Inflow
> Diffusion
Region
Slow Expansion Fan
Rotational
Discontinuity

Outflow
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wind to form a long magnetotail. The magnetotail consists of two regions: the lobes and the plasma
sheet. The plasma sheet is located near the equatorial plane and contains a plasma population
with high density. The lobes are located between the plasma sheet and the magnetopause and
have a low plasma density. Magnetic field strength in the magnetosheath is usually smaller than
that in the magnetosphere, and the plasma density in the magnetosheath is higher than that in the
magnetosphere.

As shown in Figure 1.5, the geomagnetic field has a northward component at the dayside
magnetopause. In the presence of a southward interplanetary magnetic field (IMF), the magne-
tosheath and magnetospheric magnetic fields on the two sides of the magnetopause current sheet
have antiparallel components, and magnetic reconnection can take place at the subsolar point X of
the dayside magnetopause. As a result, high-speed flows are present in the dayside boundary layer
which is shown by the shaded area earthward of the magnetopause. The reconnected magnetic field
lines at the dayside magnetopause are convected with plasma flows toward the magnetotail. In the
distant magnetotail, the magnetic fields in the lobes are antiparallel, and magnetic reconnection
can take place at point N in the tail plasma sheet, as shown in Figure 1.5. High-speed plasma
flows are then present in the plasma sheet, as shown by the shaded area in the magnetotail, and the
magnetic field lines are convected earthward and tailward.

As aresult of the magnetic reconnections at the dayside magnetopause and in the magnetotail,

reconnection layers can be formed in the dayside boundary layer and in the tail plasma sheet.

1.2 Evolution of the Current Sheet Associated with Magnetic Reconnec-

tion — the Riemann Problem

Although attempts have been made to study the two-dimensional (2-D) configuration of the
reconnection layer by using MHD simulations [e.g., Scholer, 1989; Shi and Lee, 1990], the

discontinuities and expansion waves obtained in 2-D simulations have not been clearly identified
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and studied due to low spatial resolution and small simulation domain. Clear separation between
discontinuities usually requires a long simulation time and thus a very long simulation domain
along the z direction in Figure 1.2a. In order to identify clearly the discontinuities and expansion
waves in the reconnection layer, we can simplify the 2-D problem to a one-dimensional (1-D)
initial value problem by assuming that the = coordinate of the discontinuity fronts in Figure 1.2a is
related to the time ¢ by z = v, ¢, where 7. is a constant plasma flow speed. The physical quantities
in the 1-D initial value problem are functions of = and ¢.

Figure 1.2b illustrates the time evolution of the magnetic field profile in the 1-D initial value
problem, which corresponds to the 2-D reconnection configuration in Figure 1.2a. Initially a thin
current sheet exists at position X on the z axis. After the onset of magnetic reconnection at ¢ = 0,
the initial profile of magnetic field starts to evolve. At ¢ = ¢;, the discontinuity X C in Figure
1.2a propagates to the position indicated by C' along the z axis in Figure 1.2b. At the same
time, the discontinuity X D propagates to the position indicated by D;. At a later time ¢ = {3
which corresponds to z = z, the two discontinuities propagate to Cy and D, respectively.
Therefore the reconnection configuration in the 2z plane corresponds to the 1-D evolution of the
initial current sheet as shown in Figure 1.2b. Such an initial value problem is called the Riemann
problem, which concems the evolution of a 1-D system initially with two constant states separated
by a transition layer [e.g., Jeffrey and Taniuti, 1966].

In this thesis, we study the structure of the reconnection layer in the magnetosphere by

solving the Riemann problem for the evolution of an initial current sheet.

1.3 Previous Work on the Structure of the Reconnection Layer in the

Magnetosphere

Asmentioned earlier, Petschek’s [1964] model is a symmetric model with equal plasma densities,

equal magnetic field strengths, and exactly antiparallel magnetic fields on the two sides of the
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current layer. Two pairs of slow shocks are formed in the reconnection layer. This model can be
applied to the reconnection in the tail plasma sheet, where the current sheet in the equatorial plane
separates equal plasma densities and antiparallel magnetic fields. Similar symmetric reconnection
models have also been proposed by Sonnerup [1970], Yeh and Axford [1970}, Priest and Forbes
[1986], and Priest and Lee [1991].

On the other hand, Levy et al. [1964] provided an asymmetric reconnection model for
the dayside magnetopause, which separates the magnetosheath from the magnetosphere. They
considered only the extreme case in which the plasma density on the magnetospheric side is zero.
In the reconnection layer obtained by Levy et al. {1964], a rotational discontinuity exists at the
magnetopause, and a slow expansion fan forms the boundary layer earthward of the magnetopause.
This model was later further elaborated by Yang and Sonnerup {1977]. However, in general cases
at the dayside magnetopause, the plasma density in the magnetosphere is finite. and the structure
of reconnection layer is more complicated.

Based on the ideal (non-dissipative and non-dispersive) MHD formulation, the structure
of the reconnection layer at the dayside magnetopause was studied by solving the Riemann
problem [Heyn et al., 1988; Biernat et al., 1988]. It is found that rotational discontinuities, slow
shocks, slow expansion waves, and contact discontinuity may be present in the reconnection layer.
However, in these studies, the total pressure (magnetic pressure plus plasma thermal pressure) is
assumed constant everywhere in the reconnection layer for simplicity, and the existence of the
fast mode waves in the solution of the Riemann problem are completely ignored. Rijnbeek et al.
[1988] compared the results from Heyn et al. {1988] with satellite observations at the dayside
magnetopause. They found that the observations are different from the results of the ideal MHD
formulation in many aspects.

On the other hand, 2-D MHD simulations were also carried out to study the structure of the
reconnection layer in the magnetosphere [Sato, 1979; Ugai, 1984; Scholer, 1989; Shi and Lee,

1990]. Slow shocks were obtained in the Petschek-like symmetric reconnection layer [Sato, 1979;

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



13

Ugai 1984]. On the other hand, Shi and Lee {1990] used a 2-D resistive MHD code to study the
reconnection layer under different symmetry conditions. It is found that the intermediate shocks
may be present in the reconnection layer. The presence of intermediate shock was also found by
Scholer {1989]. However, in these simulations, the initial magnetic fields on the two sides of the

current sheet are assumed exactly antiparallel.

1.4 Observations of the Reconnection Layer in the Magnetosphere

Satellite observations of plasma and field signatures at the earth’s magnetopause and in the
magnetotail have provided a large amount of observational evidence for the existence of the
reconnection layer. Evidence for the existence of rotational discontinuity and high-speed plasma
flows at the dayside magnetopause have been reported by Paschmann et al. [1979; 1986], Sonnerup
[1979], Sonnerup et al. [1981], Berchem and Russell [1982], and Gosling et zil. [1990a, b, c].
Observations of the ion and electron distributions in the dayside boundary layer region also indicate
the presence of layered structure, which is associated with magnetic reconnection [Gosling et al.,
1990a, b; c; Smith and Rogers, 1991; Fuselier et al., 1991]. On the other hand. ISEE deep-tail
observations of plasma and the magnetic field at the lobe-plasma sheet boundaries indicated the
presence of slow mode shocks [Feldmann et al., 1984, 1985; Smith et al.. 1984; Schwartz et al.,
19871.

Observations of reconnection layer at the dayside magnetopause will be given and compared

with our simulation results in Chapter 4. Observations of slow shocks in the magnetotail will be

discussed in Chapter 5.

1.5 Objectives and Outline of the Thesis

In this thesis, we use an analytical method, fluid simulation, and particle simulation to study

the evolution of the current sheet associated with magnetic reconnection. The purposes of this
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thesis are: (1) to study systematically the structure of the reconnection layer at the dayside
magnetopause and in the magnetotail; (2) to understand the roles of intermediate shocks and
rotational discontinuities in the reconnection layer; and (3) to study the structures of individual
discontinuities (shocks and waves) in the reconnection layer.

In Chapter 2, we study the structure of the reconnection layer by analytically solving the
1-D Riemann problem associated with magnetic reconnection on the basis of the ideal MHD
formulation. Fast expansion waves, rotational discontinuities, slow shocks, slow expansion waves,
and contact discontinuities are obtained in the solution of the Riemann probiem.

In Chapter 3, the structure of the reconnection layer is studied using 1-D resistive MHD
simulations. In the presence of a finite resistivity, the steady-state rotational discontinuities cannot
exist, and steady intermediate shocks or time-dependent intermediate shocks (TDIS) are present in
the reconnection layer. The steady intermediate shocks and time-dependent intermediate shocks
play the role of rotational discontinuities in the reconnection layer.

In Chapter 4, we study the structure of reconnection layer based on 1-D hybrid simulations,
in which the ions are treated as particles and the electrons are treated as a fluid. It is found that the
structure of the reconnection layer obtained in the hybrid simulations is different from that in the
resistive MHD simulations. In particular, the time-dependent intermediate shock evolves quickly
to a steady rotational discontinuity with a constant width because of the particle kinetic effects. In
addition, the contact discontinuity does not appear in the reconnection layer. The layered structure
at the magnetopause and in the magnetotail plasma sheet obtained from the simulation will be
compared with the ISEE satellite observations.

In Chapter 5, we study the structure of slow shocks in a collisionless plasma. The structure of
slow shocks is simulated by using the 1-D hybrid code. It is also found that chaotic ion motion in
the downstream wave of slow shocks can provide a very efficient mechanism for ion heating and
for the damping of wavetrain downstream of the slow shocks. The simulation results can explain

the lack of coherent wavetrains downstream of slow shocks observed in the deep magnetotail.
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The summary and discussion of this thesis are given in Chapter 6.
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Chapter 2 Ideal MHD Solutions of the Riemann Problem As-

sociated with the Structure of Reconnection Layers

In this chapter, we study the structure of reconnection layers at the dayside magnetopause and in the
tail plasma sheet based on the ideal MHD formulation. We solve the 1-D Riemann problem for the
evolution of an initial current sheet after the onset of magnetic reconnection. In order to understand
the existence and roles of MHD discontinuities in the reconnection layers, the properties of MHD
waves and discontinuities will be brietly reviewed. The equations for solving the Riemann problem
are derived from the jump conditions of physical quantities across the MHD discontinuities and
expansion waves. The structures of reconnection layers at the dayside magnetopause and in the
magnetotail are then solved.

It should be pointed out that the term ideal MHD used in the Riemann problem has a special
meaning [e.g., Wu, 1990; Lin et al., 1992; Wu and Kennel, 1992]. The MHD discontinuities
obtained in the ideal MHD approximation are considered as a structureless, thin layer. The
effects of dissipation due to a finite resistivity or viscosity on the stability and evolution of these

discontinuities are ignored.

2.1 Magnetohydrodynamic (MHD) Discontinuities
2.1.1 Linear MHD Modes and the Related Nonlinear MHD Discontinuities

It has been known for decades that there exist four types of magnetohydrodynamic disconti-
nuities: Contact discontinuity, tangential discontinuity, rotational discontinuity, and MHD shocks
[Landau and Lifshitz, 1960]. All of these MHD discontinuities are related to small-amplitude

MHD linear modes. We begin our discussions with the MHD linear wave modes.

16
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An ideal MHD fluid is completely described by its velocity V, density p, pressure P,
specific-heat ratio 7, and magnetic field B. The behavior of the fluid is governed by the following

complete set of ideal (non-dispersive and non-dissipative) MHD fluid equations:

dp
2
5 TV (pV)=0 (2.1a)
a(pV B? BB
(p )+V.[(P+—)I+pVV—-——]=0 (2.1b)
ot 210 Ho
der pV? p _
0B
= 2.1d
T VxE (2.1d)
V-B=0 (2.1e)
with
1 2 1 1 2
= = - — 2.2
2pV +7_1p+2ﬂ03 (2.2)
and
E=-VxB (2.3)

where E and po are, respectively. the electric field and the permeability of free space. The
specific-heat ratio is chosen to be v = 5/3.

The 1-D form of equations (2.1) -- (2.3) can be expressed as

gp 4V, g 001; =0 (2.4a)

aaxz + Ve aav 5;(13 +§;§) =0 (2.4b)
9B, /0t +V, aalj’c‘ = B, 36‘; ! B, aa‘;’ (2.4d)
X vl =cy® v (24¢)

where z is the direction of wave propagation, Cs = (vP/p)!/? is the speed of sound, and the

subscript "t" represents the components transverse to the z direction. with B, = (0, By, B.) and
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V. = (0, Vy, V). Equations (2.4) consists of seven component equations in seven unknowns.
The ideal MHD equations do not provide a characteristic length or time.

Let the subscript "0" denote the homogeneous background state. Since equations (2.4) are
symmetric with respect to rotations about the = axis, B.g may be set to zero without loss of
generality. We may alse choose the upstream tangential velocity V.o = 0 since the tangential
velocity can be removed by a Galilean transformation. The small-amplitude waves can be obtained
by linearizing equations (2.4a) -- (2.4e). Assume that the physical quantities in a small-amplitude
linear wave vary as ~ e~#(kz=w!) where k is the wavenumber and w is the wave frequency. By

solving the linearized equations, we arrive at the dispersion relation for MHD waves
C(C*-CH[C* - CHCL +C2) +CECH =0 (2.5)
where C = w/k is the wave speed, the Alfven speed C4 is defined as
Ca = Bo/\/upo (2.6)
and the intermediate speed C is defined as

Ci = C,cos6 (2.

[N
-]
~

Here, @ is the wave propagation angle with respect to the background magnetic field.
Seven independent linear waves, corresponding to four distinct MHD modes, can be obtained

from the dispersion relation (2.5). These MHD modes include:
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(a) one non-propagating entropy wave with phase speed

C=0 (2.8)

(b) two fast magnetosonic waves with

C = +Cr = £{3[(C+C1) +/(C3+ CL2 - 4CEC)? (29)

(c) two intermediate waves with

C=zxC (2.10)

(d) two slow magnetosonic waves with

C=+Cs = i{é[(cg +C%) - \/(CL+Ch)2 - 4CECHY 2 (2.11)

Note that C% > C7 > C%,. The non-propagating entropy wave with C = 0 remains stationary
in the frame of the fluid. In the entropy mode structure, adjacent elements of the fluid have
different specific entropies. On the other hand, there is no change in specific entropy in all
three small-amplitude linear propagating waves. The fast mode waves and slow mode waves are
compressible, while the intermediate wave leaves the pressure and density unchanged.

Figure 2.1 shows the Friedrich diagrams for three MHD waves, in which the wave speed
is plotted as a function of the wave propagation angle relative to the background magnetic field
Bo. Cases with < 1 and 3 > 1 are shown, where J is the ratio of background plasma
pressure to magnetic pressure. As shown in the figure, the diagram is divided into four regions

by the three MHD wave speeds. Region 1 is the super-fast region, region 2 is the sub-fast and
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super-intermediate region, region 3 is the sub-intermediate and super-slow region, and region 4 is
the sub-slow region.

An MHD discontinuity is a stationary thin layer through which the magnetic field, plasma
density, pressure, and flow velocity may have a significant jump. There exist four types of MHD
discontinuities: contact discontinuity, tangential discontinuity, rotational discontinuity, and MHD
shocks. As mentioned at the beginning of this section, all the discontinuities are related to the
MHD linear wave modes. The contact discontinuity is related to the entropy wave and moves with
the fluid. The tangential discontinuity is a special case of the entropy mode discontinuity in which
the component of magnetic field normal to the discontinuity front is equal to zero. Both the contact
discontinuity and tangential discontinuity are non-propagating structures: they convect with the
plasma fluid. The rotational discontinuity is a nonlinear intermediate mode structure through
which the normal component of plasma flow velocity relative to the discontinuity is constant and
equal to the normal component of Alfven velocity, which is defined as V4 = B/ Viop.

MHD shocks are associated with the propagating MHD wave modes. The shock formation
process can be described as follows. For a nonlinear compressional wave, local wave speed
increases with the local wave amplitude. The high pressure parts in the wave propagale faster
than the low pressure parts. As a result, the fast propagating part of the wave may catch up and
overtake the slower part, leading 1o steepening of the wave. As long as this steepening process
is balanced by damping due to dissipation in the plasma, a shock with a finite width is formed.
Since a shock is steepened from compressional waves, a characteristic feature of the shock is the
increase of the plasma density downstream of the shock. Correspondingly. the normal component
of plasma flow velocity decreases. The shock can exist only if the normal plasma flow speed in
the upstream region exceeds the corresponding wave mode speed and the normal flow speed in
downstream region is less than the local wave speed. There is a dissipation process in the shock
transition layer, in which the plasma is heated. The jump relations of physical quantities have been

studied usually by assuming that there is no heat flux across the shock [e.g.. Landau and Lifshitz,
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1960; Kantrowitz and Petschek, 1966). The second law of thermodynamics requires the entropy
to increase across a shock [de Hoffman and Teller, 1950].

There exist three types of MHD shocks: {ast shock, intermediate shock, and slow shock. The
fast shock is steepened from the MHD fast mode compressional wave, intermediate shock from the
intermediate wave, and slow shock from the slow mode compressional wave. The plasma density
increases across MHD shocks, and the normal component of plasma flow velocity decreases. For
the fast shock, the shock stability condition requires that the normal component of upstream plasma
flow velocity is in Region 1 (super-fast) of Figure 2.1 and the downstream normal flow speed
is in Region 2 (sub-fast and super-intermediate). Therefore the fast shock is also called the 1-2
shock. For the slow shock, the normal component of upstream flow velocity is sub-intermediate
and super-slow (Region 3), and the downstream normal flow speed is sub-slow (Region 4). Thus
the slow shock is also called the 3-4 shock. Similarly, the intermediate shock by definition is the
shock with upstream normal flow speed super-intermediate and downstream normal flow speed
sub-intermediate. Thus the intermediate shock can be 1-3, 2-3, 14, or 2-4 shocks. However,
based on the shock evolutionary condition of the ideal MHD, Akhiezer et al. [1958] and Taniuti
[1962] argued that the MHD intermediate shocks are not structurally stable and are physically
unrealizable. On the other hand, Wu [1987, 1988, 1990] recently showed that in the dissipative

MHD formulation all the four types of intermediate shocks can be formed by the steepening of the

nonlinear transverse MHD waves.
2.1.2 Rankine-Hugoniot Jump Conditions of MHD Discontinuities

The discontinuity can be considered as a thin transition region between a pair of uniform
stationary plasma regions. The jumps of physical quantities across the MHD discontinuities can
be described by the conservation laws in the MHD formulation. Since the MHD discontinuity is
stationary (3/0t = 0) and one dimensional, we can integrate the equations in (2.1) along z and

set 3/0t = 0 10 obtain the jump conditions. The resulting jump conditions are related to the
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conservation of mass, momentum, and energy flux in the discontinuity frame, the conservation
of the normal magnetic field component B, and the conservation of the tangential electric
field component. These conservation laws, which are called the Rankine-Hugoniot (RH) jump

conditions, can be written in the discontinuity frame as

[pva] =0 (2.12a)
[P'Un\'t - BnBt/lJ'O] = 0 (21217)
(PVZ+p+ B?/2u0 — B%/uo) =0 (2.12¢)

[(pv"’/‘Z +eér+p+ Bz/uo)vn — B2v,/po — Bu(By - v¢)/po} =0 (2.12d)
[Ba] =0 (2.12¢)
[Bave — vaBi = 0 (2.12f)

where the subscripts n (along z) and ¢ denote the components normal and tangential to the
discontinuity surface, respectively, and the square brackets denote the difference between the
values on the two sides of the discontinuity, i.e., [A] = A2 — A;. The subscripts "1" and "2"
denote the quantities upstream and downstream of the discontinuity, respectively. The RH jump
conditions only relate the upstream and downstream asymptotic states and do not describe the
structure inside the discontinuity, which is determined by dissipation. From equations (2.12a) --
(2.12f), the jump relations for each MHD discontinuity can be obtained as follows {e.g.. Landau

and Lifshitz, 1960].

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



24

(1) Contact Discontinuity:
vp=0,B, #0,[B:] =0,[v¢] =0,[p] #0,[P] =0. (2.13)
(ii) Tangential Discontinuity:
vp =0,B, = 0,[By] #0,[ve] #0,[p] #0,[P + B%/2u0} = 0. (2.14)

(iii) Rotational Discontinuity:

v = B/ \iep # 0.Ivd = s[B/l//iiwp = s[Vall £ 0[] =0.[P] = 0. (2.15)

where s = sgn(v,B,). The relation [v] = s[B/,/jop] = s[V 4] is also called the Walen
relation for the rotational discontinuity.

(iv) MHD Shocks:

The jump conditions are different for different MHD shocks. The conservation of tangential
electric field in equation (2.12f) requires that MHD shocks satisfy the shock coplanarity condition,
which states that the upstream magnetic field. downstrearn magnetic field, and shock normal are
in the same plane. Therefore, the tangential magnetic fields in upstream and downstream regions
are either in the same direction or exactly antiparallel. To solve for the changes in the physical
quantities across an MHD shock, we can use a frame in which the upstream flow velocity is paraliel
(or antiparallel) to the upstream magnetic field, i.e.. the tangential component of the electric field

in the upstream region is transformed away. The tangential flow velocity in the new frame is

vi = v, +uf” . (2.16)

where uf’T is the transformation velocity which is also transverse to the shock normal. The

conservation of tangential electric field then requires that the tangential component of electric field

in the downstream region is also zero. Thus. in the new [rame, the downstream flow velocity is
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also aligned with the downstream magnetic field. This new frame is called the de Hoffmann-Teller
frame (HT frame). The nommal component of flow velocity in the HT frame is the same as that in
the old frame.

We now use the HT frame to solve the RH jump conditions for MHD shocks. For convenience,
we still use v to represent the tangential flow velocities in the HT frame. Without losing
generality of the results, we assume By = 0 and vy, = 0. Let R, = p2/p1. Ry, = Vn2/Vn1,
Rp, = By3/By, Rp = P,/ Py, and R,, = vy /vs;. We obtain from the equations in (2.12)
the following relations for MHD shocks:

asRS 4+ a2R2+ @ Ry + ap =0 (2.17a)
R,, =1/R, (2.17b)

R,(1~ ]\/12)

Rp =&~ "1/ 2.17
Bt Rp _ MI2 ( ‘C)
Bl RzB 2 tan29n81
— (Rp -1 1/R, -1 —ttan‘l,g) -~ ———— =0 (2.17d
SMTeosif,g, P ~ D+ (1/Ro =11+ sppptantlom — —55n (2.17d)
R, =Rp, /R, (2.17¢)
with

561 2

ag = —(1 + m?)/cos enBl (2.180)
2 1y, o 561 2
az = 2M[ - 3A/I[tan onBl + 44 —a + 4tan 9,,31 (21817)
2 cos28,. 8,
ay = -M} — 84‘/[? — 55 M? — §1W'})‘tan‘29,,31 (2.18¢)
2cos? b, I 9

where the upstream intermediate Mach number M; = v, /C/y. Cy) is the upstream intermediate
mode speed, §; = P/(B?/2p,) is the upstream plasma beta, and 8, g, is the upstream shock

normal angle which is defined as the angle between the upstream magnetic field and the shock
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normal direction. In general, equation (2.17a) has three independent roots, which may correspond
to the fast shock, intermediate shock, and slow shock.

Across the fast shocks with vp; > Cr1 and Cra < va2 < Cr2, the tangential magnetic

field does not change direction, and
[o] > 0,[P] > 0,[| B[] > 0, [vs] < 0. (2.19)
Across the intermediate shocks, the tangential magnetic field changes direction by 180°, and
[e] > 0,{P] > 0,[IB|] # 0, [va] < 0. (2:20)

As mentioned earlier, the intermediate shocks have four types: 1-3, 2-3, 1-4, and 2-4 shocks.
For the slow shocks with Csz; < vp1 < Crp and v,z > Cspz, the tangential magnetic

field does not change direction, and
[p] > 0,[P] > 0,[|B¢|] < 0, [vn] < 0. (2.21)

Slow shocks with a Mach number M; = 1 are called switch-off shocks, in which the downstream
tangential magnetic field in equation (2.17c¢) is "switched off" with By, = 0. For given 0,5
and [, the switch-off shock can be considered as the strongest slow shock based on the jump of

tangential magnetic field across the shock.

2.1.3 Modification of the Rankine-Hugoniot Jump Conditions in Anisotropic Plasma

In our hybrid simulations which will be presented in Chapter 4, the plasma pressure anisotropy
with P # P, is found to be present, where P|| and P, are, respectively, the components of
plasma thermal pressure parallel and perpendicular to local magnetic field. The pressure anisotropy

has also been observed by satellites in the magnetosheath and magnetosphere [e.g., Tsurutani et
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al., 1981; Sonnerup et al.. 1981]. In the presence of pressure anisotropy, the RH conditions of

discontinuities are modified and can be written as

[ova] =0 (2.22a)

lpvnve = 228t BoBeig gy (2.228)
Ho
B B
[pva + PL+ F %(ﬁn —-BL)=0 (2.22¢)
1 5 B? B? 1 B.B
(Gev* + 5P+ o %(ﬁu = B1))on — (1= 5(fy - ﬂL))TLO—t Vi
(1= 561~ ) E2o,) =0 (2.220)
[ant - vnBt] =0 (2226)

where 6” is the plasma beta parallel to the local magnetic field, 5 is the plasma beta perpendicular
to the magnetic field, and the total plasma thermal pressure P = (P + 2P )/3.
(i) Contact Discontinuity:

From equations (2.22), we obtain the jump relations for a contact discontinuity

va =0,Bn #0,[vi] = 0,[Bd] #0,[p] # 0,[P] #0. (2.23)

Thus in the presence of pressure anisotropy, the magnetic field, plasma density and pressure
may not be constant across the contact discontinuity. This is different from the situation with an
isotropic plasma pressure.

(ii) Tangential Discontinuity:

For a tangential discontinuity,

v =0,Bn = 0,[B] #0,[ve] #0,[o] #0,[PL+ B}] =0 (2.24)

(iii) Rotational Discontinuity:
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For a rotational discontinuity,

V] = (B )i - By 2o, (B) £ 0, (4] £ 0,[P) £0.  (225)

2

The other jump relations across the rotational discontinuity can be written as [e.g., Hudson, 1971]

p2/p1 = (1~ a1)/(1 ~ @2) (2.26a)
(P2 — P11) +(B? - B3)/87 =0 (2.260)
3 B? 3 B2
(P + 5P+ §71?)/p‘ =P+ 5Pz + 8—;)/'02 (2.26¢)

where § = 1 — a, with a = (f ~ $1)/2. Therefore, unlike the isotropic plasma, the magnetic
field, plasma density, pressure, and flow velocity across the rotational discontinuity may not be
constant.

(iv) MHD Shocks:

For MHD shocks, the jump relations are also modified in the presence of the pressure

anisotropy. The jump relations of MHD shocks in anisotropic plasma will be discussed in Chapter

4.

2.2 Variation of Physical Quantities Across Expansion Waves

In addition to the MHD discontinuities discussed above, MHD expansion waves may also be
present in the reconnection layer. There are two types of expansion waves: fast mode expansion
waves and slow mode expansion waves. The expansion waves are different from MHD shocks
in that the plasma density decreases through the expansion waves. The compressional waves cai
steepen to form a shock. The expansion waves do not form a stationary structure but expand with

time. For the fast (slow) expansion wave, the upstream normal flow speed is equal to or less than
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the MHD fast (slow) mode speed. The tangential component of magnetic field does not change

direction through the expansion simple wave. In particular, we have

[va] >0, ([B¢[] < 0,[p] <0,[P] <0 (

™
[}
=
A

for the fast expansion wave, and
[vn] > 0,[|B:]] > 0,[p] <0,[P] <O (2.28)

for the slow expansion wave. The expansion waves can be described as a non-lincar simple wave.
A general expansion wave solution was given by Akhiezer et al. [1975]. Heyn et al. [1988] derived
the variations of physical quantities through the slow expansion wave by assuming that the entropy
and total pressure are conserved.

On the other hand, if the expansion wave is weak and thus |{Csz; — Csr2] is less than
or equal to vy, the jump conditions across an expansion wave can be obtained by assuming
that the mass, momentum, and entropy are conserved across the expansion wave. Thus the jump
conditions across a slow or fast expansion wave can be obtained approximately by replacing the

energy equation (2.12d) with the entropy conservation equation

[Pp™7]=0

~—~

2.29)

Although an expansion wave may not strictly be a steady structure with 3/0t = 0, the usage of
equations (2.12) and (2.29) is found to be a very good approximation for weak expansion waves in

the Riemann problem. Therefore, the jumps of physical quantities across the slow or fast expansion
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wave can be obtained from the following relations

agR*® + ayR7Y? + oy RIM + ay RS + ayR2 + a) R, + ay = 0 (2.30a)
R., =1/R, (2.300)
Rp, = Ry(1 — M®)/(p - M?) (2.30c)
Rp=R] (2.30d)
R, = Rp,/R, (2.30¢)

where
ag = P1/(2M? cos*6, 1) (2.31a)
ag = —f1/cos* 6,1 (2.31b)
ay = 1M} [(2c05°0, 1) (2.31c)
ay = —1/cos*8,p1 ~ f1/(2M?c0s’ 0,51 ) + tan6,5, M? /2 (2.31d)
ay =1+ 2M? + 31 /cos?6, 51 + tan®6, 5, (2.31e)
ay = —[M] +2M} + 1 M} [(2c0s%8,, 8, ) + tan®6, 5y M? /2] (2.31f)
ap = M} (2.319)

We have checked the variations of physical quantities across the expansion waves obtained
in our numerical simulations to be presented in the next chapter and found that the above jump
conditions are well satisfied for the fast expansion waves. The slow expansion waves can also be
described by the above jump conditions if the asymmetry of physical quantities on the two sides
of the initial current sheet is not very large, i.e., ps/pm < 30. We have also used the above

jump conditions to construct an expansion wave and simulated the evolution of such structure. It
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is found that the physical quantities in the upstrcam and downstream regions remain the same as

those initially imposed.

2.3 Formulation of the Riemann Problem

After obtaining the jump relations across each discontinuity and expansion wave, we now
derive the equations for solving the 1-D Riemann problem associated with the structure of the
reconnection layer.

In our study, the initial physical quantities on the two sides of the current layer are given.
and the initial plasma flow velocities on the two sides are zero. At the dayside magnetopause, the
magnetic fields and plasma densities in the magnetosheath and the magnetosphere are different.
In general, for an MHD system of n quantities, the solution of the Riemann problem consists of
n discontinuities or waves, and the solution is unique [Jeffrey and Tanuiti, 1966). The physical
system is govemned by the MHD equations in (2.1) with seven quantities (B,. B.. p, P, V,,
Vy, V), and thus n = 7. Therefore, there exist seven discontinuities or expansion waves in the
solution of Riemann problem associated with magnetic reconnection.

As shown earlier, among the four types of MHD discontinuities, the tangential discontinuity
may only be present when B, = 0, while the contact discontinuity, rotational discontinuity, and
MHD shocks require B, # 0. Applied to the earth’s magnetosphere, the quiet-time magnetopause
is usually identified as a tangential discontinuity when the earth’s magnetic field is closed [e.g.,
Van Allen and Adnan, 1992]. On the other hand, the contact discontinuity, rotational discontinuity
and MHD shocks may be present at the magnetopause-boundary layer region with magnetic
reconnection. The rotational discontinuity may change the direction of magnetic field. The slow
shock and fast shock may change the magnitude of magnetic field, plasma density, and pressure.
The contact discontinuity links two regions with different plasma densities but conserves pressure,

magnetic field, and plasma flow velocity. The intermediate shock may not only change the
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magnitude of ficld, density and pressure but also change the direction of tangential magnetic field
by 180°. However, they do not exist in the ideal MHD formulation. In addition, the fast expansion
wave and slow expansion wave may also be present. Both expansion waves change the magnitude
of magnetic field, plasma density, pressure, and flow velocity.

Among the MHD wave modes involved, the fast mode quickly propagates away from the
initial current sheet. They are not considered as a permanent part of the reconnection layer, although
they appear in the Riemann problem. In the main reconnection layer, the rotational discontinuities
propagate fastest, and thus they bound the reconnection layer on the magnetosheath side and/or
the magnetospheric side. Following them arc the slow shocks or slow expansion waves. Since the
contact discontinuity is a non-propagating structure, it stays at the center of the reconnection layer,
separating the propagating discontinuities on the two sides. Physically speaking, the rotational
discontinuity on either side of the reconnection layer plays the role of changing the direction of
magnetic field. The slow shocks and slow expansion waves change the magnetic field strength and
plasma density, and the contact discontinuity is required at the center of the reconnection layer to
link different plasma densities on its two sides.

Assume that the total pressure (P + B?/2p0) is constant across the initial current sheet.
Our calculations indicate that the fast shock is present only if the shear flows on the two sides of
the initial current sheet is large. Thus the solutions in this section do not contain the fast shocks.
Only five different types of discontinuities need to be taken into consideration: fast expansion
waves, rotational discontinuities, slow shocks, slow expansion waves, and contact discontinuities.
Note that in the resistive MHD formulation to be presented in the next chapter, the intermediate
shocks may be present and the structure of reconnection layer obtained from the above method is
modified.

Figure 2.2 schematically shows the solution of the Riemann problem: an initial current sheet
evolves into a system of MHD discontinuities based on the ideal MHD formulation. The initial

current sheet exists at z = 0, and the profile of plasma density has a jump at the initial current
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sheet. Att > 0, seven discontinuities and expansion waves are present. Let C' D denote the
contact discontinuity. Three wave modes propagate to the left side of the discontinuity C D.
These three discontinuities and expansion waves are the fast expansion wave F, the rotational
discontinuity 2D, and the slow mode S L. The stow mode S L can be a slow shock (S S) ora slow
expansion wave (S E). There are also three discontinuities and expansion waves that propagate to
the right side of the contact discontinuity C D, including the fast expansion wave F, the rotational
discontinuity RD’, and the slow mode SL', as shown in Figure 2.2. Region 1 and Region 8
in the figure are the plasma regions on the two sides of the initial current sheet, and Regions 2
through 7 indicate other 6 uniform regions between the discontinuities. In the following, we use
the subscripts 1 through 8 to denote physical quantities in these eight regions.

We now derive the equations to obtain the seven discontinuitics or waves shown in Figure
2.2. The physical quantities in Regions 1 and 8 are given. For each of the other six plasma
regions, there are seven unknowns in the MHD formulation. In addition, the propagation speeds of
the seven discontinuities are also unknown. Therefore, the Riemann problem contains forty-nine
unknowns. On the other hand, there are seven component equations in the RH jump conditions
of each discontinuity or expansion wave, and thus there are forty-nine equations in the Riemann
problem. Therefore, the Riemann problem can be completely solved.

In the following, we first derive the jump relations for the discontinuities and expansion
waves on the left side of the contact discontinuity, and then derive those for the discontinuities and
expansion waves on the right side. Finally, the set of equations for solving the Riemann problem
are obtained from the jump relations across the contact discontinuity. As shown in the following
formulation, the forty-nine equations for the forty-nine unknowns are simplificd to a final set of
only thirteen coupled equations.

(1) Formulation at the Fast Expansion Wave F':

We now derive equations for the fast expansion wave F'. First, we transfer the flow velocity

relative to the fast wave to a HT frame with v; || B. Let M be the intermediate Mach number
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Figure2.2 Anillustration for the Riemann problem. The initial current sheet
located at z = 0 evolves into seven discontinuities and expansion waves.
The fast mode wave F', rotational discontinuity R, and slow mode wave
S L propagate to the left side of the contact discontinuity C D, while F,
RD', and S L' propagate to the righthand side.
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of the fast wave. Since V;;; = 0, the propagation speed of the fast expansion wave, V-, can be

written as

Ve =-M;rCp (2.32)
where

Cn = B:/\/1iop: (2.33)

is the intermediate mode speed in Region 1. The normal component of flow velocity in Region 1

relative to the fast wave is
VpiFp = Vo — Ve = -Vp = M;pCh (2.34)
Since Vy; = 0, the transformation velocity at the fast expansion wave is then
wfTF = v, rBy/B: = MirC11Bu /B, (2.35)
Thus in the HT frame, the flow velocity at the fast shock is
viTF =V 4 M;rC1 By /B, (2.36)

At the fast expansion wave, the jump relations are

G R + s RIF + 4 R7E + 4Ry + dyR2p + i Rop +ah =0 (2.37)
Ry.r=1/R,r (2.38)

Rb.r = Ryp(1 — M2p)/(Ryr — M?p) (2.39)

Rpp = Rlp (2.40)

Ry r = Rp,r/R,F (2.41)

where R,r, Ry, r, RB, F» Rpr,and R,, F are respectively the ratios of downstream to upstream

quantities p, vn, By, P, and v, of the fast wave, and the quantities af; through a!) are expressed
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by (2.30) with M replaced by M. The plasma density, pressure, and strength of tangential

magnetic field in Region 2 can be written as

p2 = R,pp
Py = Rpp P,
By = Rp, r By

Insert equation (2.39) into (2.44) and equation (2.40) into (2.43). We have

B2 = Ryp(1 — M}p)(B?

y

1+ 331)1/2/(R9F - -M‘f[«‘)

P» = 1R} p(BZ + Bj, + BZ,)/2

(2.42)

(2.43)

(2.44)

(2.45)

(2.46)

where {3 is the plasma beta in Region 1. According to the coplanarity of the fast expansion wave,

Bi2/Bs2 = Bi1/Bn. Itis obtained
By2 = Rp,r By
B2 = Rp,rB:,
Let vp2 F be the normal flow velocity in Region 2 relative to the fast wave. Since
Vn2F = Ry, FoniF

Ve = vnar + Vi

(2.47)

(2.48)

where V., is the z-component flow velocity in Region 2, it is then obtained with the help of

equations (2.32), (2.34), and (2.38)

Vea = MipCni(1 — /Ror)/RoF

(2.51)

In the HT frame of the fast wave F', the upstream and downstream flow velocities are parallel to
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the magnetic fields. The Region 2 tangential flow velocity in the HT frame can be written as

HTF _ HTF
Viao o =Ry Fvy (2.52)

Since the Region 2 tangential flow velocity V, is related to v TF by

Vi = vATF _ o fATF (2.53)

we obtain from equations (2.52), (2.53), and (2.35)
Vyz = (RU,F — I)A(IIFC'[lByl/BI (2.54)

Vz2 =(erF—1)MIFCIlB:1/Bz (255)

(2) Formulation at the Rotational Discontinuity R.D:

Across the rotational discontinuity RD, the plasma density, pressure, and magnetic ficld
strength are conserved, and the variation of flow velocity obeys the Walen relation of the rotational

discontinuity. Thus the physical quantities in Region 3 can be written as

pP3 = p3 (2.56)

Py=P (2.57)

B3 = B2 (2.58)

Vig = Vs (2.59)

Vys = Vy2 + (Bys — By2)/ /1tops (2.60)
Via = Vo + (B — B:2)/ \/iops (2.61)

Since By = By3sin®p; and B:3 = Byzcos® g3, where ® g3 is the azimuthal angle of the
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tangential magnetic field in Region 3, we have
By = Bysin®ps (2.62)

B.3 = Biycos®ps (2.63)

We insert equations (2.44), (2.47), (2.59), (2.56). (2.58), and (2.62) into (2.60) to obtain

Vs = (Ru,r — 1)M1pBy1/\/op1 + R, r(Busin®ps — By1)//1tep1 Rpr (2.64)

Similarly,

Vs = (Ry,r — 1)MiF B/ \/liop1 + Rp, r(Bicos®p3 — B:1)/\/prep1 Ror (2.65)

(3) Formulation at the Slow Mode SL:

The slow mode SL in Figure 2.2 can be a slow shock (S S) or a stow expansion wave (S E)
under different conditions of magnetic field and plasma quantities on the two sides of the initial

current sheet. We first derive equations for the slow shock, and then discuss the formulation for

the slow expansion wave.
At the slow shock S'S,
cos’8,3 = B2/(B? + B%) (2.66)
tan6,p; = B%/B? (2.67)
B3 = 2u0 P2 /(B2 + B, (2.68)

where 6, g3 is the upstream shock normal angle of the slow shock and 33 is the upstream plasma

beta. Note that the jump conditions across the rotational discontinuity /2D have been used to
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obtain equations (2.66) -- (2.68). The jump relations at the slow shock can be written as

a3R?>SL + azRf,sL +a1Rpsp +ap =0 (2.69)
Rv"SL = l/RpSL (270)
Rp sL = == 2.71
B.SL Ryst — Ml (2.711)
2M}sc0s*6B3 RsL, tan®6, gy

=1— _ —=t2 0.3 — ———] (2.72
RPSL ﬂ3 [(]‘/RPSL 1) + 2MI25‘L an B3 2M]2SL ] ( 7 )
Ry.sL = Rp,s./RpsL (2.73)

where M s is the upstream Mach number of the slow shock. R,,s1,, R., s1. RB, s, Rpsp.and
R,, s are respectively the jumps of plasma density, normal flow speed, magnitude of tangential
magnetic field, pressure, and magnitude of tangential flow velocity across the slow shock, and aq
through a3 are given by equation (2.18) with the help of equations (2.66) -- (2.68). The plasma

density, pressure, and magnetic field in Region 3 can be expressed as

P4 = RpSLP3 (2.74)
Py =Rps P3 (2.75)
Bz4 = RB,S[,B(:} (276)

Through some algebraic procedures, we then obtain
— 1, p2 2 2 \pY 1 Bg:M%SL
P4 - ?(B:c + Byl + BZI)R/)F{I - 'P—z[m(l - RpSL)
B Rys(1— Mfg ) B_;"g_]}
2(RpsL — Mfg, )? 2
Bu = \/ B}y + BL Ry Rpsi(1 — Mip)(1 - Misy)/[(Ror — Mip)(Rpst — Mfsy))

(2.78)

(2.77)

Since the upstream flow speed relative to the slow shock is
vnasr = MrsiCrs (2.79)

where Cr3 = B;/\/Hops is the intermediate speed in Region 3, the propagation speed of the
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slow shock, Vs, can be written as

Vsi, = Vos — Mysr Bz /\/uopr1 Ror (2.80)

Since the downstream normal flow speed relative to the slow shock can be expressed by

UnasL = Ru,sLVn3sL (2.81)
Vnast = Via — Vsy, (2.82)

we then obtain
Vea = Ro,s1Ves +(1 = Ry, s1)VsL (2.83)

With the help of equations (2.51), (2.59), (2.69), and (2.79), we have from equation (2.83)

B, Mp B:M;sy,
Ves = =——=—(1— Ror) + (1-Rysy) (2.84)
NN ? Rysi/1op1 Ror g

In HT frame at the slow shock 55, the transformation velocity can be written as
TS = 4351 By3 /By — Vg (2.85)
The tangential flow velocity upstream of the slow shock in the HT frame is
viTSL — v 3 4+ uATSL (2.86)

Downstream of the slow shock, tle tangential flow velocity in the HT frame is

vATSL — R, s vHTSL (2.87)
Since Viyy = vlITSL _ uHTSL we then obtain
Vi = Vi + (Ry,sp ~ DufTSL (2.88)

Through some algebraic procedures we then obtain
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Vy4 = (Rv:F - 1)JVIIFBy1/\/#0PI + RBzF( B§1 + B?lsi”‘I’BS - Byl )/\/ mop1 Ror
+Misi(Ry sp — 1)/ B}, + BL Rp rsin®p3/\/pop1 Rpr (2.89)
Ve = (Ry r — 1)Mip B/ \/iiopr + Rp, (1) BE, + B2 cos®p3 — B:1)/\/1opri Rpr

+MrsL(Ry,sL — 1)4 /B;l + B2, Rp,rcos®p3/\/pop1 RyF (2.90)

Note that ® g4 = @ p3 according to the coplanarity condition across the slow shock.
If the slow mode structure .S L is a slow expansion wave, the magnetic field and flow velocity

in Region 4 can still be expressed by equations (2.78), (2.84), (2.89), and (2.90), except that R, s/,

satisfies
! +3 ! pPY+2 t DY+l ! P3 ' p2 ! [
agR)sp + asR)s) + a4 RIS) +ayRogp + ayRog) + a1 Rpsp +ay =0 (2.91)

where a; -- aj are expressed by equations (2.31) for the Region 3 quantities M5y, 6, g3. and

3. The plasma pressure in Region 4 can be written as
Py = y(B] + BY, + B4 )(RyrRps)/2 (2.92)

(4) Formulation from F’, RD',and SL':

We now write down equations obtained from the jump relations across the discontinuities
and expansion waves on the right side of the contact discontinuity C D, which are shown in Figure
2.2. The procedure is similar to that for the discontinuities and expansion waves on the left side.
We only write down the simplified equations for physical quantities in Region 5 which is adjacent

to the central contact discontinuity C D.
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The strength of tangential magnetic field and ptasma pressure in Region 5 can be written as

By = \/ Bjs + B Rop Rpsp (1-M}p )(1-Mfs1)/(Rpr = Mip (Rpsr —Misy,)]

(2.93)
1 BiM?
P_-BZ B%, + B? Al — = [==ASLq .
s (B; + Bys + Biy) Ry {1~ & Rosn (1 - Rpsi)
B%LR ., (1 — MEgp)?
i Rosp( 2 ISL2) _Bay, (2.94)
2(RPSL' - A/[ISL') 2
where the quantities By7 and P; of Region 7 satisfy

By =R,p (1 - M?F,)(358 B? 1/2/ Rypr — M}5) (2.95)
P; = betag R} .(B2 + Bjs + B%)/2 (2.96)

and the density ratios at the fast expansion wave (R, r) and the slow shock R, s+ satisfy
agRIE + asRIE? + dyRIE + s R p + 4 Rop + @i Ry + 0 =0 (2.97)
a3R25~L: +(12R§SL, +alRpSL’ +a0 =0 (2.98)

where ag -- ag are a function of the upstream intermediate Mach number M at the fast wave
F' and a3 -- ao are a function of the upstream intermediate Mach number Mg+ at the slow
shock SL'.

Let ® g¢ be the azimuthal angle of tangential magnetic field in Region 6. The components

of flow velocity in Region 5 can be written as

Vis = _%(1 Ry - Rﬁf%u “Resu)  (299)

Vys = (1= Ry, p )M Bys [ /lops — R, r: (1) B3 + B? 5@ pe — Bys)/ V/ pops Ry
—~Misp(Ro, sz — \/B + B2, Rp, prsin® g //iops Bype (2.100)

Vis = (1= Ru,r)Mip Bss/ \/iops — R, (1) B2 + B%cos® s — Bus)/\/110ps Rpr
—~Mys1(Ry 51 — 1)1/ B2 + B% R, 1 cos®ps [ /1o ps Rprr (2.101)

(5) Final Equations for Solving the Riemann Problem:
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We now derive the final set of equations for solving the Riemann problem. For quantities
on the left side of C'D, we can use nine equations (2.78), (2.77), (2.84), (2.89), (2.90), (2.37),
(2.69), (2.47), and (2.48) to express twelve unknowns By, Ps, Ve, Vya, Via, @83, Po. By,
R,p, Ryosp, Mir, and Mgy, Other physical quantities can be obtained from these twelve
unknowns. Similarly for quantities on the right of the contact discontinuity C' D, we can also use
nine equations (2.93) -- (2.101) to express twelve unknowns. Therefore, at this stage, we have
eighteen equations for twenty-four unknowns.

The magnetic field and plasma quantities in Region 4 are related to those in Region 5 by
using the jump conditions at the contact discontinuity C' D. The jump relations across the contact

discontinuity C D are

Bus = Bis (2.102)
®ps = Dpe (2.103)

P =P (2.104)
Vi = Vig (2.105)
Vya = Vs (2.106)
Vet = Vs (2.107)

With the help of these six equations, we now have twenty-four equations for the twenty-four
unknowns. Through algebraic manipulations, we can further simplify these twenty-four equations
to thirteen equations which contains thirteen unknowns.

Let the physical quantities be normalized to the quantities in Region 8, with p* = p/ps,
B* = B/B.s, P* = P/(B}/uo), and V* = V/Vis.5, where Vs = B:s/\/Hops is the z
component of Alfven velocity in Region 8. Define the thirteen variables wy = Mp, wy = R,F,
w3 = By, wa = Py, ws = Rys1, we = Mysp, wr = ®p3, wg = Mipr, wg = Rypv,

wig = By, wiy = PF, wy; = R,s1v, and w13 = Mpsy+. By using equations (2.102) --
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(2.107) to relate the physical quantities in Region 4 and Region 5, which have been discussed

earlier, we obtain the following final set of equations for variables wq -- w;3

B 443 B v+2 Biwi 1 B
5 Wy T W s — W2 (- -
2w#cos?6, By c0s20,, g, 2c0s20,, 81 cos20,81 2w?cos?.p1
1
+-w?tan?6,p1)ws + (1 + 2w? + by +tan?6%0, 81 w3 — (wi + 2w+
2 c0s28,, 51
—i——wz + l11)2tcm26 1wz +w} =0 (2.108a)
2cos2f,p ' 2! " 1
w3 — wo(l —w?) /B2 4 B3 /(w2 —w?)=0 (2.108b)
we — —ﬂl wl(B2+ B2+ B2) =0 (2.108¢)
1
%ng —2wwl ™ + wawgwd ™! + (~w} - B3 - 2 >+ 5 wiwg)ws + [B2(1 + 2wp)
6

1
+2wy + wilw? — [BE2(wd + 2wk) + wyw? + Ewgwg]ws +B2uwl=0 (2.108d)

Bs v+3__ Ps v+2 Bswi 41 1 Bs
2wZcos?0,ps ° Bre”S 2005, T costlups  Swlcos’d
2c0s20,,p3 c0s26, gs c0s20,, gs cos?b,ps 2wicos?6,ps

1
+—2-w§tan29n38)wg + (1 + 2w}

Bs Bs

1
+tan®6,ps )wz — (wh +2w2 + wi +—5w§tan29n38)w9+w§ =0

0520, B8 2cos? 0,83
(2.108¢)
wio — wo(1 — w)y/BiE + B}/(we — wj) =0 (2.108f)
wyy — —ﬂgwg(Bfg + B3z + B®*)=0 (2.1089)
E%_:wl;:i —2wy 0, 2+w11wfswf;l+(—wf0—B;2 wll+;w10u13)w12+[3*2( +2wi)

* 1
+2wl]+w10]w12 [B 2(w13+2w13)+w11w13+2w10w?3]w12+B w13 —_— 0 (2.108}1)

w2w5\/_[w5w1(1 —w2)+w6\/_(1—ws)]-i--—-—-l—\/l?[wgwlg(l —U)g)

WoW12 8

+wis\/Ws(1 — wyp)] =0 (2.108:)
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1 N . ;
W[Bylwl(l - 102) + \/'LU2(1 - wf)(szan— B;% + .B:f - B;l)
— Wy 1
* * (1 _ ’U)s) :
+w6\/_ B 2 B:%(l - w%)msmwﬂ
+(w9 — )\/__. Brsws(1 — we) + we(1l — w} )(stnwr 4 /By + B — Bys)
1 . .
+wis/Jw .B}“2 (1 - ws)(TE}mz—)smw—;] =0 (2.108])
1
m[ swi(l — w2) + Vwz(1 — wi)(coswr/B3? + B2 — BY)
- Wy
1 — ws)
+we /W B*2 1—-w (————cosw-;
v ( 1)(?1’5 E) ]
+ - \/—[B~8w8 —wg) + /wg(1 — w§)(coswr |/ Byi + B — Bly)
*2 ( w12) — 9 .
+wizv/wey/ By + Bi3(1 ws)—————cosw7] 0 (2.108k)
(w12 — wi,)

Yy wzws(l ~w?)(1 - ws) / *2 «2 wowiz(1l — wi)(1 — wi;) —

8 (we — w})(wi2 — why)

(2.1081)
Bt?w ,w2,w2(1 _ w2)2 w2
B B* B*Z Y 1 — 6 1— I35 6 _Z3
p(BZ + + hwg { w4[ s (1 —ws) + 2(ws — wi)? 5 )
1 B*2w13(1_wlz)+ w%Ow%Z(l — 20%3)2 __w_%O]} —

—;88 Bf2+B*2+B*2 Y 1—— _
( =8 y8 { wu[ wio 2(’(1)12 - 1053)2

(2.108mn)
Note that (2.108m) is obtained when one assumes that the slow mode on both sides of the contact
discontinuity are slow shocks, and it will be replaced by an adequate equation if slow expansion

waves are needed in the solution. For example, if the slow mode SL is a slow expansion wave

and the slow mode S L' is a slow shock, (2.108m) should be replaced by

Bi1(B:} + By} + B?)(waws) — Bs(B3 + Bys + B3 wg {1
1 B*2w13 w10w12(1 - w§3)2 w%o
—_— 1-— + ——1} =0
w1y Wie o, G Tw2) 2(wy2 — w3y)? I

(2.109)

The physical quantities in the eight regions in Figure 2.2 can be obtained by solving equations

in (2.108) for thirteen unknowns w) through wy3. The set of final equations can be completely
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solved by using a FORTRAN subroutine in IMSL libraries, which solves the non-linear equations

by using modified Powell hybrid algorithm and a finite-difference approximation to the Jacobian.

2.4 Structure of the Reconnection Layer in Cases with B, =0

In the following we solve the Riemann problem for cases with B, = 0. The total pressure
balance condition, (P + B?/2u¢) = const, is used across the initial current sheet. For the
dayside magnetopause, we assume that an initial current sheet exists at ¢ = 0, as shown in Figure
2.2, the magnetosheath is in the region with z < 0, and the magnetosphere is in the region with
z > 0. The antiparallel magnetic field components are in the z direction. Cases with B, < B,
and ps > prm are studied. It is found that in general, rotational discontinuities, slow shocks, slow
expansion waves, and contact discontinuity may be present in the dayside reconnection layer. The
slow mode on the magnetospheric side of the resulting reconnection layer is a slow shock, and the
slow mode on the magnetosheath side may be a slow shock or a slow expansion wave. For the
nightside plasma sheet, we assume equal plasma densities and equal magnetic field strengths on
the two sides of an initial current sheet.

The structure of the reconnection layers in the magnetosphere is determined by solving
equations (2.108) and (2.109). In our calculations. B, > 0 and B.,, > 0 are used. We present
three cases with different symmetry properties as listed in Table 2.1, which also summarizes the

results obtained in this chapter.
2.4.1 Symmetric Case with B, =0

We first present a case with equal plasma densities and exactly antiparallel magnetic fields
on the two sides of the initial current sheet. In this case, py = pg, B.1 = —B.s, and

By, = By = 0. Therefore p} = p; = 1, B}; = ~B%; = —1,and By, = By = 0. We
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Table 2.1 Structure of Reconnection Layer

Symmetry By =0 By {0
Property
Symmetric © §S+SS' RD+SS+SS+RD’
Weakly , .
Asymmetric RD+SS+CD+SS RD+SS+CD+SS+RD
Highly ' [ '

Note: (1) RD: Rotational Discontinuity
SS: Slow Shock
SE: Slow Expansion Wave
CD: Contact Discontinuity

(2) In addition, two fast expansion waves are also present, but they
quickly propagate out of the reconnection layer.

Table 2.1 Structure of reconnection layer.
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have also chosen 3; = 0.2 and B} = 0.25. This symmetric case can be applied to the tail plasma
sheet.

According to equation (2.1), the resulting discontinuities are symmetric on the two sides of

the initial current sheet. Thus we have wg = wj, W9 = wy, W19 = W3, W1 = Wy, Wiz = Ws,

and wy3 = we. From (2.108j) and (2.108k), we obtain

(wz —w ) - wl) (w5 _ 2)]‘3"“”7 =0 (2.110)
Vwz(1 — wi) w —w?) (1-—ws) 0 _
| (wg — wi) + 6\/__( — w?) (ws — )] swy =0 (2.111)

Combining these two equations we have

VT D) | gy o) (o

C(wr—wl) wy — w}) (ws — w§) =0 (2.112)

Since the azimuthal angle w7 of tangential magnetic field upstream of the slow mode is not
present in other equations of (2.108), multiple solutions with various values of 27 can be obtained.
Therefore, we cannot obtain unique a solution for this special case by using equations (2.108).
The symmetric case with B, = 0 is a singular case in which the rotational discontinuity
does not exist. Since By, = 0 and Vy, = 0 and the configuration is symmetric, there are only four
discontinuities in the result. Because of the symmetry in plasma density and magnetic field, the
contact discontinuity does not exist and the components B, and V. are equal to zero at the center
of the resulting reconnection layer. The slow modes are two slow shocks. The discontinuities in
the resulting reconnection layer are (F, SS,SS5', F'). For such a symmetric configuration, we
only calculate the physical quantities for the discontinuities F' and S5 by using the conditions
B; = 0and V; = 0 at the center of the reconnection layer. The discontinuities on the righthand
side can be determined from the result on the lefthand side. Since By = 0 downstream of the
slow shock, it is obtained that Mgy, = 1 at the slow shock. Therefore the slow shocks are two

switch-off shocks.
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The result of the Riemann problem is obtained as
(p3. P5, ;3,3:3, Vi3, Viyss Vi) = (0.883,0.0864, 0, -0.877,0.134, 0,0.031)

(03, Piy Bl By, Vi, Vi, Vi) = (1.777,0.502,0,0,0,0,0.964)

The fast expansion wave is weak with a downstream to upstream density ratio ~ 0.883. At
the slow shock, 6,52 = 74.1° and §, = 0.208. The propagation speed of the slow shock is
V&, = —0.132. The left column of Figure 2.3 shows the spatial profiles of B., p, P, and V; in
the ideal MHD solution. The fast expansion waves F and F”, across which the plasma density
and magnetic field strength decrease by ~ 12%, are not shown because they quickly propagate
out of the reconnection layer. Across the slow shock, the density increases to 2.012 times of the
upstream value, the downstream to upstream ratio of plasma pressure is 5.810, and the tangential
magnetic field decreases to zero. The velocity component V. increases to the tangential Alfven
speed downstream of the slow shock. The positions of the slow shocks are plotted in the column
figure of Figure 2.3 as a function of the time ¢. In the figure, the x coordinate is normalized to a
scale length z¢, and the time ¢ is normalized to tg = zo/Va.s.

In Chapter 3, we will show that for this symmetric case with B, = 0, the result obtained

from the resistive MHD formulation is the same as the ideal MHD solution shown above.

2.4.2 Weakly Asymmetric Case with By, =0

For cases in which the guide fields By, and By, equal zero and the magnetic field and

plasma quantities in the magnetoshcath and magnetosphere are asymmetric, equations (2.108j) and
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Figure 2.3 Structure of the reconnection layer in symmelric case with
B, = 0. The left column show spatial profiles of the normalized tangential
magnetic field components (B; and B?), tangential magnetic field strength
B}, plasma density p*, pressure P*, temperature T*, and components
of tangential flow velocity (V" and V}), respectively. The right plot shows
positions of the slow shacks as a function of time ¢.
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(2.108k) become

V(1 — wi) w —w?)(1 — ws) .
\/,0—(’11)2 —102)|B al+ 6\/_—\/—‘ (ws __u{g)(w2 —'w';’)i ol

.iw_.i(_}______). B W (1 )( —‘UJ12) inwy =
’ \/E(WQ - ws)l alt 13\/—\/_—(1119 — wi)(wi2 — w13)|B zallsin 0

(2.113)
mw:lwl(l — w3) + w2 (1 — w?)(| B3 |coswr — BY))
1 1
+ws/wq(l — w])(( 1053) |BY,|coswr]
+m[3t8w8(l—ﬂm —{-\/—(1_,.08 )(|B* B2,)
8 8
+wizVwe(l — )(ﬁzw—iéi)]B:dcosw-f] =0 (2.114)

From our numerical solutions, we find w7 = 0°. Note that w7 is the rotation angle of tangential
magnetic field across the rotational discontinuity RD', and the rotational angle of tangential
magnetic field across RD is (180° — w7). Therefore in this case, the tangential magnetic
field rotates 180° across the discontinuity RD and rotates 0° across RD'. Thus the rotational
discontinuity RD' does not exist. On the dayside, the rotational discontinuity RD on the
magnetosheath side of the reconnection layer is usually identified as the magnetopause.

We now show the result of a case with 8, = 0.2, B,y = —B s, B, = 0.25B,,, and

ps = 2pm. Note that 3, = 0.2 in this case. The given quantities in Region 1 and Region 8, as

indicated in Figure 2.2, are
(pi, Py, yl,Bfl, o yl,V*)—(2 0.10625,0,-1,0,0,0)

(ps, Ps s Bys, Bls, Vis, Vi, Vig) = (1,0.106,0,1,0,0,0)

The obtained discontinuities in the layer are (F, RD,SS,C D, SS', F'). The obtained magnetic
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field and plasma quantities in Regions 2 through 6 are
(p;‘,PZ,B;Q, 2 Vi, y2, V3%) =(1.534,0.0684,0,-0.753,0.197,0,0.0477)

(b3, P, Bls, By, Vi, Vi, V25) = (1.534,0.0684,0,0.753,0.197,0, 1.264)

(b3, B3 Blay Bry, Vi, Vo, Vi) = (3.251,0.347,0,0.248,0.102, 0, 0.807)

(p%, P3, Bis, Blis, Vi, Vs, Vi) = (1.821,0.347,0,0.248,0.102, 0, 0.807)
(pas Py Bis, Brs, Vi, Vs, Vi) = (0.999,0.108, 0, 0.706, —0.000251, 0, 0.334)

At the slow shock SS, Mgy, = 0.892, and at the slow shock S.S', M5 = 0.897. The
propagation speeds of the discontinuities in resulting reconnection layer are V7 = —0.005,
Vsr, = 0.017, V& = 0.102 for the contact discontinuity, and V¢7 = 0.225. Figure 2.4 shows
the solution of this case with the same format as in Figure 2.3. At the rotational discontinuity RD,
B, component changes sign hut canserves magnitude. Across the slow shocks SS and SS’ from
upstream to downstream. the plasma density increases and magnetic field decreases. The density

ratio at the slow shock SSis R,s1 = 2.119, and that at the slow shock S5’ is R,5, = 1.826.
2.4.3 Highly Asymmetric Case with B, =0

Figure 2.5 shows a large asymmetric case for the dayside reconnection with 8, = 0.08,
B; = 0.05B.n,, B;s = —0.5B.,, and p; = 10p,,. In this case, fs = 3.32. We have

parameters on the two sides of the initial current sheet as
(pLPl,B;hBtla ;:17 yl’V-l)_(100419 0 05 000)

(P2, Psy Blgy B, Via, Vi, Vi) = (1,0.0401,0,1,0,0,0)

It is found that the slow shocks S'S in weakly asymmetric case is replaced by a slow expansion wave

SE. The resulting discontinuities for the Riemann problem are (F, RD,SE,CD,SS', F").
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Figure2.4 Same as Figure 2.3 with B, = 0, except for a case with a small
asymmetry in plasma density.
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The magnetic field and plasma quantities in the solution are
(p3, P7, B;z, B, V%, y*z, V) = (9.58,0.386, 0, -0.479,0.0131, 0,0.0004)

(p3, P, Bl Bl Vi, Vi, Vi) = (9.58,0.386,0,0.479,0.0131,0,0.310)
(0% P2 Bl Biy Vi Vi, V) = (7.070,0.233,0,0.733,0.0171,0,0.427)

(P% P2, Bls, Bls, Vi, Vi, Vi) = (2.381,0.233,0,0.733,0.0171, 0, 0.427)

z

(P4, Py, Blsy Bs, Vi, Vi, Vis) = (1.000,0.0401, 0, 0.959,0.0000, 0, 0.0000)

At the slow expansion wave SE, Mgy, = 0.703. At the slow shock SS'. Mg = 0.591.
The propagation speeds of the discontinuities are V3 = —0.003, Vg, = 0.002, V& = 0.0171,
and Vg7 = 0.03. As shown in Figure 2.5, the plasma density decreases across the slow expansion
wave SE, and the density ratio is R,s;, = 0.738. For the case with py/pm — oo, the
discontinuities SS' and C D become insignificant, and the reconnection layer consists of only the
rotational discontinuity RD and the slow expansion wave SE as predicted in Levy et al.” model

[1964].
2.4.4 Parameter Search

In order to see the variation of reconnection layer structure with the change of asymmetry in
magnetic field and plasma quantities, we calculate the density jump R, s, across the slow mode
SL and R,gys across SL' as a function of ps/pm, as shown in Figure 2.6. The parameters
used are B, = 0.1, B; = 0.1B., and By,, = By, = 0. In this calculation, we assume
(Ty/Tm) = (ps/pm)*/? for simplicity by noting that Ty, > T and p,, < ps at the dayside
magnetopause. Since the total pressure balance are used across the initial current layer, the
ratio B, /By, decreases as ps/pm increases. It is seen from Figure 2.6 at p,/pm = 1, which

corresponds to the symmetric case with By = 0, the two identical slow shocks have the same

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



55

. 1. .
m“ B RD—"SE SS
0L b e
s 20
m -1 Bz
10
QT N
o D 7
R o lLBe T
0.5 > 107
0.
-t = 1 -05 0. 0.5
LY
= 0. I \£ X/ %y
-0.5 0. 0.5

Figure2.5 Same as Figure 2.3 with B, = 0, except for a case with alarge
asymmetry in plasma density and magnetic field.
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density jumps. The ratio R ,s;, decreases as ps/pm, increases, and R,s1, < 1as ps/pm > 16.5.
The case with R,s1, > 1 corresponds to the slow shock on the magnetosheath side of the
reconnection layer, while B,s;, < 1 indicates the presence of a slow expansion wave. On the
other hand, the jump ratio 2,57 across the slow shock rema-ins relatively constant as ps/pm
increases.

Note that in Levy et al.’s [1964] model, p,/pn — oo and a slow expansion wave SE is
present in the reconnection layer. The slow shock S'S' does not exist in their model because the
magnetospheric plasma density p, = 0 is assumed. Figure 2.6 provides a transition from the

symmetric Petschek’s [1964] model to the highly asymmetric model of Levy et al. [1964].

2.5 Structure of the Reconnection Layer in Cases with B, # 0

We now study the cases with By, # 0. In these cases, two rotational discontinuities are present

in the reconnection layer. Three specific cases are presented in the following.

2.5.1 Symmetric Case with By # 0

We first study a symmetric case with 8, = B = 0.2, ps = pm, Br = 0.25B.,,
B.s = —B:.m,and By, = By = B;n. Since the plasma density and magnetic field strength
are symmetric, the contact discontinuity does not exist in this case. The soluticn contains only six

discontinuities and expansion waves ( F,, RS,SS,SS' RD' F' ), as shown in Figure 2.7. In this
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Figure 2.6 The density jump R, s/, across the slow mode SL and R,s1
across the slow expansion wave SL' as a function of ps/p., for the
case with B, = 0. The case with p,/p, = 1 comresponds to the
symmetric case. The case with R,s;, > 1 corresponds to the slow shock
on the magnetosheath side of the reconnection layer, while the case with
R,s1 < 1 corresponds to the slow expansion wave.
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case, we have

(p’{ﬁP1*7B;hB:},sV:l’L’y*lavr:*l) = (1a0‘20671’_170)030)

The magnetic field and plasma quantities in Regions 2, 3, and 4 are obtained as
(p5, Py, ;2, *2s Voo, 421 V22) = (0.96,0.19,0.96, —0.96,0.059, —0.0065, 0.0065)

(03: 3, Blisy Bly, Vi, Vi, Vi) = (0.962,0.193,1.359, 0, 0.0594, 0.399, 0.986)

(P4, Py Bl Bly, Vi, Vi, V) = (1.612,0.482,1.134,0,0,0,0.986)

The intermediate Mach number at the slow shock S5 is Mrs = 0.574. The azimuthal angle
of tangential magnetic field in Region 3, Region 4, and Region 5 is 90°, and thus the rotation
angle of tangential magnetic field across the rotational discontinuity RD is 45°. The density
ratio R,s;, = 1.676 at the slow shock. The propagation speed of the rotational discontinuity is

Vg = —0.195, and that of the slow shock is V& = ~0.087.
2.5.2 Weakly Asymmetric Case with B, # 0

We now study an asymmetric case with 3,, = 0.2, B, = 0.25B.,,, B.s = —B.n,
Bys = Bym = B:m,and p; = 2p,,. Inthis case, 3, = 0.2. The physical quantities in Region

1 and Region 8 as shown in Figure 2.2a are, respectively,
(P;, Pl*a B;l) B:Ia :la y*lavz*l) = (23 02063 1a —11 03 030)

(b3, P, Big, Bl Vi Vi, Vi) = (1,0.206,1,1,0,0,0)

The resulting discontinuities in this case are (F, RD,SS,CD,SS' RD',F'). The magnetic
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Figure 2.7 Same as Figure 2.3, except for a symmetric case with By # 0.
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field and plasma quantities in Regions 2 through 7 are
(p2: P5, By, Bl Vi, Vi, Vi) = (1.998,0.206,0.931, —0.931, 0., —0.0787, 0.0787)
(03, P35, Byy, B33, Vi, Vs, Vi) = (1.998,0.206, 1.300;0.210,0.0002,0.18‘2,0‘886)
(p3, Py, By, B2, Vi, Vg, V) = (3.08,0.44,1.12,0.18, —-0.035, —0.046, 0.85)
(p5, Ps, Bys, Bis, Vs, Vs, Vs ) = (1.53,0.44,1.12,0.18, —0.035, —0.046, 0.85)
(Ps> Ps» Byss Bls, Vig, Vis» Vie) = (0.94,0.19,1.31,0.21, -0.09, —0.37,0.76)
(b7, P7 Bz, B3, V7, Vy:, V7)) = (0.94,0.19,0.94,0.94, —0.09, 0.0099, 0.068)

The result of this case is shown in Figure 2.8. At the slow shock SS, Mg, = 0.561, and the
density ratio R,s; = 1.543. At the slow shock SS', Mgy = 0.558, and R,s1 = 1.623.
The rotation angle of tangential magnetic field across the rotational discontinuity RD is 54.168°,
and that across the rotational discontinuity RD' is 35.832°. The propagation speeds of
the discontinuities in the resulting reconnection layer are V3 = —0.177, V&, = —0.099,

V& = —0.0347, V$y, = 0.054, and Vi = 0.168.
2.5.2 Highly Asymmetric Case with B, =0

We now present a case with By # 0 and with a large asymmetry in magnetic field and
plasma density on the two sides of initial current sheet. In this case, 5, = 0.08, 3, = 3.256,
B; = 0.05B.m, B:s = —0.5B.;n, Bys = Bym = 0.05B., and p; = 10p,,. The

parameters on the two sides of the initial current sheet are
(p;’PI*’B;l’B:I’ ;1, y*l,V:l) = (10,0-415’0-05,—1,0,0,0)

(03, P&, Bis, Bls, Vs, Vi Vi) = (1,0.0402,0.05, 1,0, 0,0)

A slow expansion wave, instead of a slow shock, is present on the magnetosheath side of the result-

ing reconnection layer. The obtained discontinuities inthis caseare (F, RD, SE,CD, SS',RD', F").

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



61

3. '
ss\ |CD
SS
2.t :
RD .
RD
1.} :
0.
e . ~0.5 0. 0.5
>>. » g e : X/Xo
-0.5 0. 0.5
X/Xo

Figure 2.8 Same as Figure 2.3, except for a weakly asymmetric case with
B, #0.
y

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



62

The magnetic field and plasma quantities in Regions 2 through 7 as shown in Figure 2.2a are

obtained as

(b3, P5, By, Bty Vi, Vi, V) = (9.58,0.387,0.0477, —0.477,0.0131, 0.0, 0.0)

(p3, P3,Bia, Bly, Vi Vi, V) = (9.58,0.387,0.0372,0.480, 0.0131, —0.0034, 0.310)
(03, Ps, Big, Bia, Vi, Vi, Vi) = (7.070,0.233, 0.0566, 0.730,0.0171,0.0055, 0.425)
(p3, Ps,Bls, Bls, Vi, Vi, Vi) = (2.237,0.233,0.0566, 0.730,0.0171, 0.0055, 0.425)
(pa, Pe, Big, Bte, Vis, Vs, Vi5) = (1.0,0.040,0.074,0.96, 0.0, ~0.026,0.0017)
(03, P}, Bl Bl Vi, Vi, Vi) = (1.0,0.040,0.048,0.96, 0.0, 0.0,0.0)

The result of this case is shown in Figure 2.9. At the slow expansion wave SE, Mgy, = 0.701,
and at the slow shock SS', Mrsr = 0.590. The rotation angle of tangential magnetic fields
across the rotational discontinuity RD is 169.855°, and that across the rotational discontinuity
RD'is1.572°. The propagation speeds of the discontinuitiesare V3 = —0.003, V&, = 0.0018,
V& =0.0171, V&, = 0.0295, and V¥ = 0.05.

2.5.4 Parameter Search

Figure 2.10a shows the ratios R,gz, and R,g1/ as a function of ps/pm for cases with
Bm = 0.1, B; = 0.1B.p, Opn = 0°, ®p, = 120°, and T, /Trn = (ps/pm) /2. Mis
seen that the slow mode on the magnetosheath side of the reconnection layer is a slow shock as
ps/pm < 12.5 and is a slow expansion wave as p;/ pr, > 12.5. Figure 2.10b shows the rotation
angles of tangential magnetic fields across the rotational discontinuities at the magnetopause
(®BR) in the boundary layer (®gp:). It is seen that $ pp decreases as ps/pn, increases, and

®pr increases with p,/pm. The total angle (®pr + ®pp/) = 120°, and the two curves in

Figure 2.10b are symmetric about 60°,
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2.6 Summary

Insummary, we have shown that on the basis of ideal MHD formulation, rotational discontinuities,
slow shocks, slow expansion waves, and a contact discontinuity may be present in the reconnection
layer. In addition, two fast expansion waves are also present in the solution of Riemann problem.
But they quickly propagate out of the reconnection layer. A summary is given in Table 2.1.

(a) Cases with B, = 0: For symmetric cases with By = 0, a pair of slow shocks 5SS and
SS’ are present in the reconnection layer. For weakly asymmetric cases, there exist a rotational
discontinuity RD, slow shock S5, contact discontinuity C' D, and slow shock SS'. For highly
asymmetric cases, the slow shock S5 is replaced by a slow expansion wave SE, and we have
RD,SE,CD,and SS' in the reconnection layer.

(b) Cases with By # 0: For symmetric cases with By # 0, a pair of rotational discontinuity
RD and RD' and a pair of slow shocks S5 and SS’ are present in the reconnection layer.
For weakly asymmetric cases, there exist a rotational discontinuity RD, slow shock S5, contact
discontinuity C' D, slow shock SS’, and rotational discontinuity RD'. For highly asymmetric
cases, the slow shock S'S is replaced again by a slow expansion wave SE.

(c) The symmetric cases can be applied to the plasma sheet in the magnetotail. Two slow
shocks are expected to exist in the reconnection layer.

(d) The asymmetric cases can be applied to the dayside magnetopause-boundary layer. In the
general cases in which the magnetic fields in the magnetosheath and magnetosphere are not exactly
antiparallel, the reconnection layer consists of RD, SS, CD, SS', and RD’'. The rotational
discontinuity RD on the sunward side is usually identified as the magnetopause. When the density
ratio ps/pm is greater than ~ 10, the slow shock S'S is replaced by a slow expansion wave SE.

In the case with exactly antiparallel magnetic fields, the rotational discontinuity RD’, which is on

the inner edge of the boundary layer, will disappear.
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However, a finite resistivity will affect the stability and evolution of the discontinuities in
the reconnection layer [e.g., Wu, 1990; Lin et al., 1992; Wu and Kennel, 1992). In particular, the
rotational discontinuity becomes unstable and is disintegrated, and intermediate shocks can exist
in the dissipative MHD formulation. In the next chapter, we wiil solve the Riemann problem by

simulating the evolution of an initial current sheet based on the resistive MHD formulation.
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Chapter 3 Structure of Reconnection Layers in the Resistive

MHD Model

In this chapter, we study the structure of reconnection layers at the dayside magnetopause and
in the tail plasma sheet based on the resistive MHD formulation. We simulate the 1-D Riemann
problem for the evolution of an initial current sheet associated with magnetic reconnection. The
total pressure (plasma thermal pressure plus magnetic pressure) is assumed constant across the
initial current sheet. After magnetic reconnection takes place at the initial current sheet, a non-zero
normal component of magnetic field B is present, and the initial current sheet evolves into a
system of MHD discontinuities and expansion waves.

We will show that in the presence of a finite resistivity, the resuits obtained from the ideal
MHD formulation in Chapter 2 are modified. The steady rotational discontinuities do not exist, and
the steady intermediate shocks (IS) and time-dependent intermediate shocks (TDIS) are present in
the reconnection layer, playing the role of rotational discontinuity.

In order to understand the existence and role of intermediate shock in the resistive MHD
model, we briefly describe the properties and structure of intermediate shocks in Section 3.1. The
simulation model is given in Section 3.2, and the simulation results are presented in Section 3.3.

The summary for this chapter is given in Section 3.4.

3.1 Intermediate Shocks in the Resistive MHD Formulation

As mentioned in Chapter 2, four types of intermediate shocks can be obtained from the Rankine
Hugoniot jump conditions: the 1-3 shock, 1-4 shock. 2-3 shock, and 2-4 shock. At the 1-3

intermediate shock. the upstream normal component of flow velocity is greater than the local fast
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mode speed (super-fast) and the downstream normal flow speed is less than the local intermediate
mode speed (sub-intermediate) and greater than the local slow mode speed (super-slow). At the 1-4
intermediate shock, the upstream normal flow speed is super-fast and the downstream normal flow
speed is sub-slow. The 2-3 intermediate shock is the shock with a normal flow speed sub-fast and
super-intermediate in the upstream region and sub-intermediate and super-slow in the downstream
region, while the 2-4 intermediate shock has a normal flow speed sub-fast and super-intermediate
upstream region and sub-slow downstream.

However, based on conventional ideal MHD theories. the intermediate shocks had been
considered as unstable or nonevolutionary [Germain, 1960; Jeffrey and Taniuti, 1964; Kantrowitz
and Petschek, 1966]. One of the arguments is based on the linear stability considerations of the
n-dimensional ideal MHD equations. In order for the shock to be evolutionary, there mustbe n + 1
characteristics entering the shock and n — 1 leaving it [e.g., Landau and Lifshitz, 1960]. Note
that n = 7 for the set of MHD equations in (2.1). A fast shock or slow shock satisties the linear
stability consideration, with eight incoming characteristics and six outgoing characteristics | Jeftrey
and Taniuti, 1964]. For the 1-3, 1-4, or 2-4 intermediate shock. the number of oulgoing waves is
less than six. For the 2-3 shocks, although there are six outgoing waves. the linear perturbations
can be separated into two linearly independent subspaces, and the shock evolutionary condition is
not satisfied for each subspace. Therefore, solutions of intermediate shocks are not well posed and
the intermediate shocks are unstable. In the ideal MHD formulation, only rotational discontinuities
can facilitate the rotation of the tangential magnetic field.

However, recent simulation work based on dissipative MHD equations showed that the
intermediate shocks can be formed from continuous waves {Wu, 1987; 1990] and that the
rotational discontinuities cannot exist [Wu, 1988]. Wu also showed that there are free parameters
in the structure of intermediate shocks, and these parameters are related to the resistivity or
viscosity in shocks. If a perturbation is impinging on an intermediate shock, the perturbation could

be carried away not only by cutgoing waves but also by the change of shock structure. Assume
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that the tangential magnetic field of a steady internmediate shock is in the = direction and the
shock normal is in the z direction. The structure of a resistive intermediate shock is related to the
parameter [, = [ Bydz, where the integration is from downstream to upstream along the normal
direction z, and different values of I, are determined by different values of resistivity |Hau and
Sonnerup, 1989; Kennel et al., 1990].

Figure 3.1a sketches the hodogram of the tangential magnetic field for 1-3 and 2-3 resistive
intermediate shocks. The upstream and downstream magnetic fields for the 1-3 intermediate
shocks are marked by, respectively, circled numbers 1 and 3 on the B, axis. The upsiream and
downstream magnetic fields of the 2-3 intermediate shocks are indicated by circled numbers 2 and
3, respectively. The arrow on each curve indicates the direction from upstream to downstream.
As shown by the dashed curves in Figure 3.1a, thesc exist a family of resistive 1-3 intermediate
shocks with the same upstream and downstream states. Each 1-3 intermediate shock has a
certain value of of I, and corresponds to a certain resistivity. On the other hand. for given
upstream and downstream states, a family of 2-3 intermediate shocks have only two solutions with
Iy = 21 maz. Where Jyma. is the maximum of I, in the 1-3 shock family, as shown by the solid
curve in Figure 3.1a. The hodogram of tangential magnetic tield for the 1-2 fast shock, which has
I, = 0,is also shown in Figure 3.1a.

Wu [1988] found in a resistive MHD simulation that the rotational discontinuity is unstable
and disintegrated into several wave modes due to the diffusion of the transverse magnetic field
in the discontinuity. On the other hand, there exists a localized time-dependent structure, across
which the magnetic field is non-coplanar, the magnetic field strength is not conserved. and the
plasma density increases. The normal component of flow speed is super-intermediate upstream of
this structure and sub-intermediate downstream. Since the shock coplanarity condition is violated
in this structure, the RH conditions for steady shocks are not satisfied. The structure has becn
called the time-dependent intermediate shocks (TDIS) [e.g.. Wu, 1988, 1990], since it evolves

with time and looks like a shock in any finite time. Recently. Wu and Kennel [1992] found a
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(b)

Figure 3.1 Hodograms of tangential magnetic fields in (a) 1-3 and 2-3
resistive intermediate shocks and the 1-2 fast shock and (b) 2-4 and 2-3
resistive intermediate shocks and the 3-4 slow shock.
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quantitative description of time-dependent intermediate shocks in the small-amplitude limit: 2-3
time-dependent intermediate shocks evolve as a self-similar structure whose strength decreases as
1 / \/i and whose width increases as v/Z. Such similarity of the 2-3 time-dependent intermediate
shocks has also been discussed by Lin et al. [1992]. Since these time-dependent intermediate
shocks approach in the long-time limit the classical rotational discontinuity of ideal MHD, with
equal field strengths and plasma densities on either side, one may also call it a time-dependent
rotational discontinuity (TDRD) [Lin et ai., 1992; Lin and Lee, 1993].

We will show in this chapter that in the resistive MHD formulation, intermediate shocks
and time-dependent intermediate shocks may be present in the reconnection layer based on the

resistive MHD formulation. The similarity of the time-dependent intermediate shocks will also be

examined.

3.2 Simulation Model

In our study, the initial current sheet separates two uniform plasma regions. These two plasma
regions have antiparallel magnetic field components in the = direction and a common guide field
in the y direction. The normal to the current sheet is in the . direction. Initially. the total
pressure (P 4 Pp) is assumed constant everywhere, where P is the plasma thermal pressure and
Pg = B? /2y, is the magnetic pressure. After the onset of magnetic reconnection, a non-zero
normal component of the magnetic field, B,, = B,. is present. We simulate the evolution of the
initial current sheet in the presence of the normal magnetic field component B, and hence study

the structure of the reconnection layer.

3.2.1 Basic Equations
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The resistive MHD fluid equations used in our simulation are

AV (V) =0 (3.10)
2
V) L g 1P+ _@_)HPVV__B_] -0 (3.1b)
ot Ho
2
Oer g [(PV + L ipwilExB]=0 (3.1¢)
at y-1 Ko
B _ oy 1
V.B:O (3.1(’)
with
o=t Lopy Ly 52)
240
and

where 7 is the electrical resistivity, and p, P, V, B, E, J, and er are, respectively, the plasma
mass density, pressure, flow velocity, magnetic field, electric field, current density, and total

energy, as defined in Chapter 2. In our simulation. the resistivity 7 is chosen to be a constant.
3.2.2 Initial Conditions, Boundary Condition, and Normalization

Assume that the initial current sheet is located at = = 0. For the dayside magnetopause, the

magnetosheath is assumed to be in the region with z < 0 and the magnetosphere in the region
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withz > 0. Let the subscript "s" denote the magnetosheath quantities and "m" the magnetospheric

quantities. The initial z-component magnetic field and plasma temperature are given by

B.o(z) = é(B:m + B.,) + %(B:m ~ B.,)tanh(z/9) (3.4)
To(c) = 2(Tw +T,) + 2(T ~ T.)tanh(/6) (3.5)

where § is the half-width of the initial current sheet. The magnetic field strength is given by
1 1
By(z) = 3(‘9”‘ + Bs) + 5(Bm — B )tanh(z/6) (3.6)

and the profile of initial y component magnetic field is determined by Byo(x) = [Bo(r)* —
B.o(z)% ~ B2]'/2. Note that for some cases we assume B, () = 0 everywhere in the simulation
domain and the profile of magnetic field strength is determined by By (.} = [B.qo()? + B?]'/2.

The profile of initial plasma thermal pressure Py is determined by total pressure balance
Po(z) + Bo(z)?/2pt0 = Pm + B2 /210 (3.7)

The initial profile of plasma density is then determined by the profiles of Ty and Fy. In our
simulation, the conditions B; < B, Ty < T, and p, > pm are used for the dayside
magnetopause. The initial plasma flow velocity is assumed zero everywhere. According to
V. B =0, B; is a constant in the 1-D simulation. In our calculation, B; = 0.25B.,, is used.
In our simulation, a free boundary condition with 3/0z = 0 for each physical quantity is
used at = +L./2, where L, is the length of the simulation domain. The spatial grid size is
Az = 0.24, and the number of gird points is 2000 -- 4000. For the dayside reconnection layer, the
magnetic field is expressed in units of B,,. the plasma density in p,, . the temperature in T,,,. the
plasma thermal pressure in P, , the spatial coordinate in o, and the current density in By, /{ g0).
The velocity is expressed by the Alfven speed in the magnetosphere, Vi, = B/ \//Tpm . and

the time is expressed by t o, = 8/ V. The resistivity is expressed in units of 7, = U 4m 0/ po.
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For the tail plasma sheet, the initial profiles of physical quantities are set up in the same way
as for the dayside magnetopause, except equal plasma densities and magnetic field strengths are
used. The normalizations of physical quantities are the same as those for the dayside magnetopause,
except that the lobe quantities are used as the normalization units. In the following we express the

physical quantities in normalized forms.
3.2.3 Numerical Scheme

Write the component equations of (3.1) -- (3.3) in a conservative form

7] a
5P = 5;(;0\"1) =0 (3.8a)
0 0 9 B
5 (PVa) + %(pV, +P+<)=0 (3.8b)
—a-(V 9 V:V, - B.B,)=0 (3.8¢)
atpy)'*'ax(/’xy— By) = .
19,
at(pV)+ 0 =—(pV:V: = B:B.) = (3.8d)
8, 0 o . o . |
atB +0 (‘xBy—‘yBI_nE"By)—O (386)
0 17 0 .
O_B 61(1 “B. -V.B, —”81 =0 (3.8f)
0 3} B? . ) o 9
EGT+E:‘[(€T+P+'§‘)VI_(BJ:"’.I'*'By“‘y'*'B:‘/:)BL'_'](B:%B:'*'ByEiBy)} =0
(3.89)

Each of these component equations can be written in the form

0A OF,

where F4 is the flux associated with quantity 4.
We use an explicit two-step Lax-Wendroff scheme {Lax and Wendroff, 1960; Richtmyer.

1962; Richtmyer and Morton, 1967] to solve the resistive MHD cquation (3.8), which can be
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written in the form of (3.9). Let the value of A at the nth time interval and the jth grid point be
A;‘. The quantity A is advanced through two steps for each time interval At. For example, to

advance A at the jth grid point from the nth to the (7 + 1)th time interval, we use

2 1 n n At i n
AN R = 5T+ AT = g [(Fa)fe — (Fa]] (3.10)
At = gr - Mypymne gy (3.11)
i T8 T Ag N A2 Alj-1/2 :

This scheme time-centres the integration by defining temporary or intermediate values at the half
time step ¢**1/2, as given in equation (3.10). Numerical diffusion has been introduced into the
scheme through the term (A7 + A7, ) in equation (3.10) to stablize the computation. The
two-step Lax-Wendroff scheme is accurate to the second-order in time, and the Courant-Friedrichs-
Lewy condition

At < Az/|Vipaz] (3.12)

must be satisfied to make the scheme stable, where V4, is the maximum of the flow speed and

wave mode speeds in the simulation system.

3.3 Simulation Results

We have simulated many cases, and the results are summarized in Table 3.1, In the following, we
show the simulation results for six typical cases. In Cases 1, 2, and 3, the tangential magnetic fields
on the two sides of initial current sheet are exactly antiparallel (By = (). Case 1 is a symmetric
case, with equal plasma densities and magnetic field strengths on the two sides of the initial current
sheet. Case 2 has a small asymmetry in plasma density. Case 3 is a highly asymmetric case, in
which both plasma density and magnetic field are asymmetric. In Cases 4, 5, and 6, the guide field
By # 0 on the two sides of the initial current sheet. The symmetric cases can be applied to the tail

plasma sheet, whereas the asymmetric cases can be applied to the dayside magnetopause.
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The ideal MHD results of Cases 1, 2, 4, and 5 have been shown in Chapter 2. We will compare

the results obtained from the resistive MHD simulation and from the ideal MHD formulation for

these cases.
3.3.1 Case 1: Symmetric Case with B, = 0

Figure 3.2 shows the simulation results of Case 1, which has equal plasma density and
magnetic field strength and antiparallel magnetic fields on the two sides of the initial current sheet.
The simulation results shown are in the region from z = —2006 to z = 2006, with a total
system length of 2000 grid points. In the calculation, the resistivity is chosen as a constant in the
simulation domain with p = 0.039. It is found for the case with an initial guide field B yo{x) = 0
that as the system evolves according to equations (3.1), B,(, t) remains zero everywhere.

The left column of Figure 3.2 shows spatial profiles of the tangential magnetic field
components (B, and B:), plasma density, thermal and magnetic pressures (P and Pg) al
t = 889. As predicted by the ideat MHD formulation and found in 2-D MHD simulations
(Shi and Lee, 1990], a Petschek-like structure is formed. Two symmetric slow shocks SS and
SS' are present in the reconnection layer at + = —122 and & = 122, Let the subscripts **1"
and **2" denote the quantities upstream and downstream of a discontinuity, respectively. The
upstream shock normal angle for each slow shock is 6,5, = 74.1°. the upstream plasma beta
is f1 = 0.208, and the upstream intermediate wave speed is 0.258. The upstream normal
flow speed in the shock frame is found to be v,; = 0.258, indicating an intermediate Mach
number My = 1.0. Both shocks reach a steady state corresponding to a switch-off shock, with
R,, =0497 R, = 2012, Rg, =0, and R, = 5.82, where R,, R,,. Rp, and R are the
ratios of plasma densities, normal components of flow velocities, tangential magnetic fields and
plasma thermal pressures across the shock. It is found that the result of Case 1 is exactly the same

as that obtained from the ideal MHD formulation.
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Table 3.1 Structure of Reconnection Layer

B
Symmetry J By=0 By %0
Property
Symmetric §5+SS' TDIS+SS+SS4+TDIS'
Weakly \ ' '
Asymmetric IS+CD+SS TDIS+SS+CD+SS +TDIS
Moderatel , —
Asymmetrle | 1S+SE+CD4SS' | TDIS4SE/SS+CD+SS'+TDIS
Highly ' ' [
Asymmetric IS+SE+CD+SS TDIS+SE+CD+SS +TDIS
Note:

(1) CD: Contact Discontinuity
IS: Intermediate Shock

TDIS: Time-Dependent Intermediate Shock
SS: Slow Shock

SE: Stow Expansion Wave

SE/SS: Slow Expansion Wave in early times and Slow Shock
in later times.

(2) The width of TDIS increases as t!/2and the strength decreases as t-1/2,

(3) In addition, two fast expansion waves are also present, but they
quickly propagate out of the reconnection layer.

Table 3.1 Structure of reconnection layer in the resistive MHD model.
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The shock width can be obtained by measuring the distance between the two positions where
|dB. /dz| equals 30% of its maximum value in the transition region of the shock. It is found
that the shock width is on the order of ~ 27/(v,; — vn2). which is the same as the estimation
from the viscous Burger’s equation {Whitham, 1974]. The structure with a density variation at
z = 0, as seen in Figure 3.2, is caused by the finite width of initial current sheet. Note that the
two fast expansion waves, which propagate ahead of the two slow shocks, have moved out of the
simulation domain and are not shown in the plot.

The positions of the slow shocks are plotted as a function of time in the right plot of Figure
3.2. These positions are identified by tracking the local maximums of |0B. /0z|. The two slow

shocks are found to have a constant width and propagate with constant speed.
3.3.2 Case 2: Weakly Asymmetric Case with B, =0

Case 2 is an asymmetric case with p, = 2p,,, B., = —B.,, and By{.r) = 0. A relatively
large resistivity, 7 = 0.098, was used in this case. The simulation result is shown in Figure 3.3.
An intermediate shock IS is present on the magnetosheath side (lefthand side) of the resulting
reconnection layer. As shown in the left column of Figure 3.3, at ¢ = 740 the intermediate shock
is located at z = —119.8. On the magnetospheric side (righthand side), a slow shock S5’ is
located at = = 88.8. A contact discontinvity C D at z = 2.6 separates the two shocks 1.5 and
SS'. The intermediate shock and slow shock satisfy the coplanarity condition.

At the intermediate shock IS, 6,5, = 74.1°, 8, = 0.208, and the wave speeds for
the fast, intermediate, and slow waves are, respectively, C'; = 0.719, C'/y = 0.182 and
Csp1 = 0.0708 in the upstream region of intermediate shock, and C'ry = 0.572,Cj; = 0.134
and Csz2 = 0.131 in the downstream region. The normal tlow speeds in the shock frame
are 0.190 upstream and 0.103 downstream. Therefore, the upstream flow speed is sub-fast and
super-intermediate while the downstream flow speed is sub-slow. The tangential magnetic field

reverses sign across the intermediate shock. The jump relations across the intermediate shock
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Figure 3.2 Structure of reconnection layer in Case 1, the symmetric case
with Byo(z) = 0. The right pict shows the positions of the discontinuities
as a function of time. The left column shows, respectively, spatial profiles of
By, B.,p, P,and Pp att = 889.
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are R,, = 0.539, R, = 1.855, Rg, = —0.212, and R, = 5.609. This is a sieady 24
intermediate shock with By (z) = 0. The slow shock SS', which has an upstream intermediate
Mach number M; = 0.928, also satisfies the Rankine-Hugoniot conditions. The coplanar
intermediate shock IS and slow shock SS' in Case 2 are in a steady state with a constant
width which is ~ 27/(vn1 — vs2). The right column of Figure 3.3 shows the positions of the
intermediate shock, the contact discontinuity, and the slow shocks in the x# plane. The contact
discontinuity slowly diffuses as time goes on.

The simulation result of Case 2 is different from the result obtained from the ideal MHD
formulation. In the ideal MHD result of Case 2, which is shown in Figure 2.4 of Chapter 2. a
rotational discontinuity, instead of the intermediate shock, bounds the reconnection layer from the
magnetosheath side. Moreover, in the ideal MHD solution of Case 2 there exists a slow shock
propagating on the lefthand side of the contact discontinuity C D, across which the plasma density
increases. However, in the resistive MHD simulation, this slow shock does not exist. and it is

across the intermediate shock /.S that the plasma density increases.
3.3.3 Case 3: Highly Asymmetric Case with B, =0

Case 3 is a highly asymmetric case, in which the magnetic fields in the magnetosheath and
magnetosphere are assumed exactly antiparallel, with B,, = B,,, = 0. Other parameters in
Case 3 are given as: B.y, = —0.7B.;m. ps = 10p;,. Ty = 0.3397,,. and 4,, = 0.2. In
this case, the Alfven speed in magnetosheath, V4, is equal 10 0.228V 4,,. We assume that the
initial magnetic field strength increases smoothly from the magnetosheath to the magnetosphere
according to equation (3.6). The ptasma density (temperature) smoothly decreases (increases) from
the magnetosheath to the magnetosphere. The tangential magnetic field has a righthand rotation
from the magnetosheath to the magnetosphere, with a rotation angle ol 180°.

Figure 3.4 shows the spatial profiles of B. and p of Case 3 in a time series from ¢ = 0 to

t = 1694. In the calculation, the resistivity is chosen as 7 = 0.039. Due to the large asymmetry
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Figure 3.3 Same as Figure 3.2 with Byo(x) = 0, except for a case with a
small asymmetry in plasma density.
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in plasma density and magnetic field, a slow expansion wave appears on the magnetosheath.
As shown in Figure 3.4, an intermediate shock I.S and a slow expansion wave SE propagate
on the magnetosheath side of the reconnection layer, an Alfven wave pulse AW’ and a slow
shock S5’ on the magnetospheric side, and a contact discontinuity C'D is found at the center
of the reconnection layer. The current density is mainly concentrated at the intermediate shock
IS on the magnetosheath side. Besides, two fast expansion waves (F' and F") are observed
to propagate ahead of the intermediate shock and the Alfven wave. respectively, toward the
simulation boundary.

The simulation results at ¢ = 821 are shown in Figure 3.5. The left column of the figure
shows hodogram of the tangential magnetic field and spatial profiles of the plasma density and
magnetic ficld strength, while the right column shows spatial profiles of the tangential components
of magnetic field (B, and B.), tangential components of plasma flow velocity (V, and V.),
plasma temperature and thermal pressure.

The intermediate shock I.S bounding the reconnection layer from the magnetosheath side
ranges from ¢ = —58.1 (upstream) 10 * = —54.8 (downstream). The upstream physical
quantities of this intermediate shock are marked by a and the downstream quantities by c. It is
found that the y component of the magnetic field is zero both upstream and downstream of the
shock, while B switches sign across the shock. The upstream shock normal angle 6, 8; = 69.3°,
and the upstream plasma beta is 3; = 1.32. The wave speeds of the fast, intermediate, and slow
mode are, respectively, Cr; = 0.317, Cy; = 0.0788, and Csy; = 0.0580 in the upstream
region, and C'rz = 0.271, Cro = 0.0698, and Cszo = 0.06770 in the downstream region.
The normal component of plasma flow velocity relative to the shock is v,,; = 0.0811 in the
upstream region and v,z = 0.0637 in the downstream region. Thus at this intermediate shock,
the nomal flow speed is sub-fast and super-intermediate in the upstream region and sub-slow in
the downstream region. The intermediate shock IS is a steady 2-4 intermediate shock with an

upstream intermediate Mach number A, = 1.029.
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Flgure 3.4 Spatial profiles of B, and p obtained from the resistive MHD
simulation of Case 3 at different times. An intermediate shock (1.5), a slow
expansion wave (S E), a contact discontinuity (C' D), a slow shock (S5').
and an Aliven wave pulse (AW') are observed in the reconnection layer.
Two weak fast expansion waves (F' and £”) are also abserved.
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Figure3.5 Resistive MHD simulation result of Case 3att = 821 hodogram
of the tangential magnetic field and spatial profiles of p, B, By, B., V,, V.,
T,and P.:
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As seen from the hodogram in Figure 3.5, across this coplanar 2-4 intermediate shock from
state a to state c, the tangential magnetic field first goes along a nearly circular arc (ab) around the
origin in the B-B. plane, and then evolves to the downstream state along a nearly straight line
(be). Thisis a 2-4 intermediate shock with By, # 0 in the shock transition layer. Such a structure
is different from the 2-4 intermediate shock in Case 2, in which By(x) = 0 everywhere in the
shock transition layer. This is due to the existence of a finite B in the transition region of initial
current sheet. As time passes, this coplanar intermediate shock is found to have a constant width
and a steady structure.

The intermediate shock is followed by the slow expansion wave S E' whose upstream slate
is labeled by ¢ and downstream by d. As shown in the hodogram of 1angential magnetic field.
B, remains zero in this expansion wave, while B. is positive and increases across the wave. The
width of the expansion wave keeps increasing with time. The plasma density, temperature, and
thermal pressure decrease across the expansion wave.

On the other hand, there exists an Alfven wave pulse AW’ bounding the reconnection layer
from the magnetospheric side, as seen in the region between the states marked by j and & in Figure
3.5. The existence of this wave is due to the non-zero B, in the transition region of initial current
sheet. This wave propagates to the magnetospheric side. The magnetic field strength and plasma
density are conserved through this wave. Note that the Alfven speed in the magnetosphere is
higher than ¢hat in the magnetosheath. According to the Walen relation, which relates the plasma
flow velocity to the Alfven velocity, the amplitude of v, pulse carried by the Alfven wave is very
large compared to that carried by the intermediate shock ac on the magnetosheath side.

The slow shock S S’ exists at = 90.8; this slow shock propagates toward the magneto-
spheric side behind the Alfven wave. Across the slow shock, the plasma density and temperature
increase from the values indicated by ¢ (upstream) to those indicated by f (downstream), while
the magnetic field strength decreases. At this slow shock. M; = 0.686. 6,,5; = 75.06°, and

B1 = 0.206. The component B, remains zero through the shock, as seen from the hodogram

A ———— s - P - - . e
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in Figure 3.5. The ratio of magnetic field strength, plasma density, pressure, and normal flow
speed are, respectively, Rp = 0.724, R, = 1.938, Rp = 3.459, and R,, = 0.516. The
Rankine-Hugoniot conditions for slow shock are satisfied. This slow shock is found to have a
constant width as time passes.

Between the slow shock S5’ and the slow expansion wave S E in Figure 3.5, there exists a
contact discontinuity C D at z = 15.3, as marked by e. The contact discontinuity matches the
difference in plasma densities on the two sides, and also matches the high temperature downstream
of the slow shock on the magnetospheric side and the low temperature at the slow expansion wave

on the magnetosheath side.
3.3.4 Case 4: Symmetric Case with By # 0

In Cases 4 -- 6, the tangential magnetic fields on the two sides of initial current sheet are not
exactly antiparallel (B, # 0). In Case 4, the magnetic field and plasma density on the two sides of
the initial current sheet are symmetric. We assume a constant initial guide field Byo(z) = B:mm
in this case.

The results of Case 4 are shown in Figure 3.6. Four discontinuities (TDIS + SS+ SS' +
TDIS') can be identified. At the discontinuity TDIS. the upstream and downstream magnetic
fields of discontinuity are non-coplanar with the normal vector. The rotation angle of tangential
magnetic field across this discontinuity is 45°. However. unlike the ideal MHD result in Figure
2.7, this structure is not a rotational discontinuity. The plasma density and pressure increase and
the magnetic field strength decreases across this discontinuity. The upstream normal flow speed is
sub-fast and super-intermediate, and the downstream normal flow speed is sub-intermediate and
super-slow. This structure keeps evolving with time and is a 2-3 time-dependent intermediate
shock. The structure behind the time-dependent intermediate shock (I’DIS) is a slow shock
(55), across which the magnetic field strength decreases and the plasma density and pressure

increase. The time-dependent intermediate shock T DIS’ and slow shock SS’ on the righthand
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side of the reconnection layer are identical to TDIS and SS on the lefthand side. Positions of the
four discontinuities are shown as a function of time in the right plot of Figure 3.6.

It is found that the strength of 2-3 time-dependent intermediate shocks decreases with time
and the thickness increases. As ¢ — o0, the time-dependent intermediate shock gradually evolves
to a rotational discontinuity across which the magnetic field strength and plasma density are
conserved. As a result of the evolution of time-dependent intermediate shocks. the strength of slow
shocks behind the time-dependent intermediate shocks also varies with time. The similarity of the

time-dependent intermediate shock will be examined in Section 3 4.
3.3.5 Case 5: Weakly Asymmetric Case with B, # 0

In Case 5, we set ps = 2pm, B:y = —B:m. Byo(x) = B:m, and n = 0.039. The result
at t = 546 is shown in the left column of Figure 3.7. Five discontinuities (TDIS + SS +
CD + SS'+ TDIS'") can be identified in the spatial profiles. The discontinvity TDIS, which
bounds the reconnection layer from the magnetosheath side, is a 2-3 time-dependent intermediate
shock. At TDIS, 0,5, = 79.59°, 3; = 0.2. The fast, intermediate, and slow wave speeds
are, respectively, Cr; = 0.749, C;; = 0.125, and Csz; = 0.0478 in the upstream region
and Cpy = 0.744, C12 = 0.124, and Cs.» = 0.050 in the downstrcam region. The upstream
normal flow speed (v, = 0.126) is sub-fast and super-intermediate. and the downstream normal
flow speed (vn2 = 0.124) is sub-intermediate and super-slow. The discontinuity at &+ = —55
is a slow shock (S'S), across which the plasma density increases and magnetic field decreases.
The 2-3 time-dependent intermediate shock T"D1S’ bounds the reconnection layer from the
magnetospheric side. A slow shock 5.5’ follows TDI S’ propagating to the magnetosphere side.
A contact discontinuity is located at 2 = 1. Positions of the five discontinuities as a function of
t are shown in the right plot of Figure 3.7. The resistive MHD simulation result is difterent from
the ideal MHD result. The rotational discontinuities RD and RD' in Figure 2.8 are replaced by

the time-dependent intermediate shocks TDIS and TDIS', respectively.
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3.3.6 Moderately and Highly Asymmetric Cases with B, # 0

Case 6 is a moderately asymmetric case in which the guide fields in the magnetosheath
and magnetosphere are not zero. The initial parameters for Case 6 are: B.;, = —0.9B.,,.
By, = Bym = 0.3B;m, ps = 10pp, Ty = 0.182T,, fm = 0.2, and 7 = 0.039. In this
case, Vas = 0.289V4,,,. The angle between the tangential magnetic fields in the magnetosheath
and in the magnetosphere is 145°.

Figure 3.8 shows the evolution of B, and p of Case 6 in a time sequence from ¢t = 0 to
t = 4323. In early times, there are five discontinuities and waves in the reconnection layer: a
time-dependent intermediate shock ("D I S), a slow expansion wave (S E), a contact discontinuity
(CD), aslow shock (SS"), and a weak time-dependent intermediate shock (TDIS"). In later
times with ¢ > 1574, the time-dependent intermediate shock TDIS on the magnetosheath side
is found to split into a new time-dependent intermediate shock and a slow shock. while the
slow expansion wave S E' decays with time. The new time-dependent intermediate shock and its
neighbouring slow shock gradually separate as time passes.

Figure 3.9 shows the hodogram of tangential magnetic field and the profiles of magnetic
field and plasma quantities at ¢ = 690. As seen in the figure, T DIS (from upstream state ¢ (0
downstream state b), SE (from b to ¢), C D (around state d), SS' (from f 10 €), and TDIS’
(from ¢ to g) are formed in the resulting reconnection layer. The time-dependent intermediate
shock TDIS can be identified as the magnetopause. The wave speeds of the fast, intermediate.
and slow modes upstream of TDIS are, respectively, Cp; = 0.326, Cj; = 0.0761, and
Csr1 = 0.0399, and those in downstream region are C'rz = 0.265, Cj2 = 0.0643, and
Csr2 = 0.0549. The normal flow speeds relative to TDIS are found to be v,; = 0.0834
(upstream) and v,2 = 0.0615 (downstream). The magnetic field strength, plasma density, and
temperature are not conserved across T'DIS. Since the physical quantities downstream of TDIS

vary with time, the slow expansion wave S E behind it also evolves with time. The time-dependent
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intermediate shock T'DI S gradually evolves to a structure with a new time-dependent intermediate
shock plus a slow shock.

Figure 3.10 shows the profile of the structures b and bc at a later time, t = 4909. The
hodogram of the tangential magnetic field and the spatial profiles of By, B:, B and p are
plotted. At this stage, TDIS (ab) has evolved to a new time-dependent intermediate shock
(aa’) and a slow shock (b'b). The width of this system has increased greatly as compared
with the structure at ¢ = 690. The new time-dependent intermediate shock is found to
have Cr; = 0.326, C;; = 0.0761, Cs.; = 0.0399, Cr2 = 0.306, C;2 = 0.0722,
Csr2 = 0.0458, vn; = 0.0776, and v,2 = 0.0713. This structure with C'jy < vy < Cry
and Csrg < vy < Crpisa2-3 time-dependent intermediate shock. Furthermore, the width of
TDIS increases with time, and the strength decreases. The magnetic field strength at ¢’ increases
gradually toward that at a. Thus the time-dependent intermediate shock evolves toward a rotational
discontinuity, across which the magnetic field strength and the plasma density do not change. On
the other hand, as the slow shock downstream of the 2-3 time-dependent intermediate shock is
developed, the slow expansion wave S E' becomes weaker, and the values of physical quantities at
point b approach that at c.

The time-dependent intermediate shock T D15’ (z¢) on the magnetospheric side is also a 2-3
time-dependent intermediate shock. The rotation angle of tangential magnetic field across T D15’
is small, and the jumps in density and magnetic field strength are aiso small. Behind TDIS’
is the slow shock SS' (fe). Our simulaﬁbn indicates that at this slow shock, 6,81 = 75.62°,
B1 = 0.205, and M, = 0.670. The jump relations of physical quantities across this slow shock
are foundtobe Rp = 0.741, R, = 1.908, and Rp = 3.327. They are found to satisfy the RH
conditions.

We have also simulated several cases in which the angle ®po between the tangential

magnetic fields on the two sides of initial current sheet is set to 30°, 60°, 90°, 135°, 165°, and
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178°, respectively. It is found that the time-dependent intermediate shocks bound the dayside
reconnection layer, similar to the results in Cases 5 and 6.

For cases with a larger asymmetry in magnetic field and plasma density. we have five
discontinuities TDIS + SE + CD + SS' + TDIS' in the reconnection layer. The slow
expansion wave SE does not vanish as ¢ — oo, and the slow shock does not appear on the

magnetosheath side of the reconnection layer.

3.5 Similarity of the 2-3 Time-Dependent Intermediate Shock

We now examine the similarity of 2-3 time-dependent intermediate shocks. Figure 3.11 shows
the evolution of the time-dependent intermediate shock 7D 1S in Case 5. In the upper panel, we
present the spatial profile of B, at ¢t = 546. The leading edge. center, and trailing edge of the lelt
TDIS are indicated by «, b, and c, respectively. Let s = x — (Cy; + Vi )t. Here €y = 0.125
and Vz; = —0.028 are, respectively, the upstream intermediate wave speed and flow speed. In
the lower panel, we plot the position s as a -function of \/* for the leading edge. center, and
trailing edge of the TDIS, as indicated in the figure. The center of TDIS is determined by the
local maximum of |0B /x|, and the two edges are defined by the locations where [0B. /O]
equals to 0.01 of its maximum value at the shock. The center of the TDIS is best fit by the straight
line s = —0.00669+/Z. The two edges are plotted against \/7 as straight lines, indicating the
shock width expands as /1. We have also examined other 2-3 time-dependent intermediate shocks
obtained in our simulations and found the similarity as shown in Figure 3.11. Such similarity of
the 2-3 time-dependent intermediate shocks have also been found by Wu and Kennel [1992] in the
small-amplitude limit.

Moreover, the strength of 2-3 time-dependent intermediate shock gradually decreascs with
time. Ast — oo, the 2-3 time-dependent intermediate shock gradually evolves to a rotational

discontinuity with equal field strengths and densities on either side. This rotational discontinuity has
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an infinite width. The 2-3 time-dependent intermediate shock can also be called a time-dependent
rotational discontinuity (TDRD) [Lin et al., 1992]. However, a steady rotational discontinuity with
a finite width does not exist in finite time. It is also found that for cases with B, # 0 on the two
sides of the initial current sheet, the structure of the reconnection layer approaches the solution of

the ideal MHD formulation as ¢ — oo.

3.6 Summary

In this chapter, we have studied the structure of the reconnection layer based on a 1-D resistive
MHD model. Steady intermediate shocks, time-dependent intermediate shocks, slow shocks, slow
expansion waves, contact discontinuity. and Alfven wave may be present in the reconnection layer.
A summary of our simulation results is given in Table 3.1.

The resistive MHD results are different from the ideal MHD formulation results. In
particular, steady intermediate shocks and time-dependent intermediate shocks are found to bound
the reconnection layer. The intermediate shocks, replacing rotational discontinuities, play the role
of changing the direction of the magnetic field. The steady intermediate shock may be present in
the cases with exactly antiparallel magnetic fields (B, = 0) on the two sides of the initial current
sheet, while time-dependent intermediate shocks are present in the cases with B, # 0.

The main results are summarized below.

(a) Cases with B, = 0: For symmetric cases with B, = 0. a pair of slow shocks 5 and
SS' are present in the reconnection layer. For weakly asymmetric cases. there exist a steady
intermediate shock 1.5, a contact discontinuity C' D, and a slow shock S.S’. For highly asymmetric
cases, a slow expansion wave S F is present behind the intermediate shock IS, and we have I'S.
SE,CD,and SS' in the reconnection layer.

(b) Cases with B, # 0: For symmetric cases with B, # 0. a pair of time-dependent

intermediate shocks TDIS and TDIS' and a pair of slow shocks SS and SS' are present in
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the reconnection layer. For weakly asymmetric cases, there exist a time-dependent intermediate
shock TDIS, a slow shock SS, a contact discontinuity C D. a slow shock SS’. and a weaker
time-dependent intermediate shock 7.D1.5’. For highly asymmetric cases, the slow shock SS'is
replaced by a slow expansion wave S E.

(c) The width of the 2-3 time-dependent intermediate shock obtained from our simulations
expands self-similarly as v/Z. Asthetime t — oo, the time-dependent intermediate shock gradually
evolves to a rotational discontinuity in which the plasma density and magnetic field strength are
conserved. However, in the resistive MHD formulation, a steady rotational discontinuity with a
finite width does not exist.

(d) The symmetric cases can be applied to the plasma sheet in the magnetotail. Two slow
shocks are expected to exist in the reconnection layer. The asymmetric cases can be applied
to the dayside magnetopause-boundary layer. In the cases in which the magnetic fields in the
magnetosheath and magnetosphere are not exactly antiparallel. the reconnection layer consists
of TDIS, SS/SE,CD, SS', and TDIS'. The time-dependent intermediate shock TDIS
can be identified as the magnetopause. In the cases with exactly antiparallel magnetic fields, the
magnetopause T'D1IS is replaced by a steady intermediate shock, and the boundary layer T D15’
will disappear.

The results obtained from the resistive MHD formulation are modified if the kinetic effects
of particles are considered. We will show in the next chapter that in the particle simulations, the

time-dependent intermediate shocks can evolve quickly to a rotational discontinuity.

[ R A 1
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Chapter 4 Structure of the Dayside Reconnection Layer in Hy-
brid Model

In the previous two chapters, we have studied the structure of reconnection layer based on the
ideal MHD formulation and a resistive MHD model. However, the magnetospheric plasma is
collisionless and the kinetic effects of particles on the structure of reconnection layer must be
considered. The kinetic effects can be studied by particle simulations.

In this chapter, the structure of the reconnection layer at the dayside magnetopause is studied
on the basis of a hybrid model in which the ions are treated as individual particles and electrons
are treated as a fluid. We simulate the 1-D Riemann problem for the evolution of a magnetopause
current sheet associated with the magnetic reconnection. The structure of slow shocks in the
magnetotail reconnection layer will be studied in Chapter 5 based on hybrid simulations.

Although the rotational discontinuity does not exist in the resistive MHD simulation, the
problem whether the rotational discontinuity can have a stable structure in a kinetic model is still in
debate. Rotational discontinuities and intermediate shocks have been intensively studied by hybrid
simulations. Stable structures of rotational discontinuities are found to exist in the simulations by
Swift and Lee [1983], Lee et al. [1989a], Richter and Scholer {1989], Goodrich and Cargill { 1991],
Krauss-Varban [1993], and Vasquez and Cargill {1993]. On the other hand, Wu and Hada [1991a]
claimed that the initial given rotational discontinuity is unstable and evolves to an intermediate
shock and other waves. However, in all the simulations mentioned above, the initial profiles of the
plasma density and magnetic field were set up as a rotational discontinuity; these authors did not
study how various discontinuities are tormed as a result of the evolution of magnetopause current

sheet.
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It will be shown in this chapter that the structure of a reconnection layer obtained in hybrid
simulations is different from that in resistive MHD simulations. In particular, in hybrid simulations
the time-dependent intermediate shock quickly evolves 1o a steady rotational discontinuity with a
constant width. Across the rotational discontinuity, the plasma density and magnetic tield strength
are not conserved due to the presence of pressure anisotropy. In addition, the contact discontinuity
does not appear in the reconnection layer, and the slow shocks and expansion waves are modified
as compared with those obtained in resistive MHD simulations.

In Section 4.1, we describe the simulation model. The simulation results are given in Sections
4.2 and 4.3. In Section 4.4, we compare our hybrid simulation results with satellite observations at

the dayside magnetopause. Finally, a summary is given in Section 4.5.

4.1 Simulation Model

In our hybrid simulation, an initial current sheet which separates two uniform plasma regions
is located at x = 0. As described in Chapter 3, the two plasma regions have antiparallel magnetic
field components in the z direction and a common guide magnetic field in the y direction. The
initial profiles of the z-component magnetic field, temperature, magnetic field strength, and plasma
pressure are given by equations (3.3) -- (3.7). respectively. as in the resistive MHD simulations.
Across the initial current sheet, the magnetic field strength and temperature increases smouothly
from the magnetosheath to the magnetosphere, while the plasma density and pressure decreases
smoothly.

The hybrid code used in this study is the one described by Swift and Lee {1983]. In the hybrid
model, ions are treated as discrete particles moving in a self-consistent electromagnetic field. and
electrons are treated as a massless fluid. Charge neutrality is assumed in calculations.

Let the subscript "s" denote physical quantitics in the magnetosheath and "m" denote

quantities in the magnetosphere. In the simulation. the length per cell is 0.158A,,,. where the

s r———— e s == bt e = ———— - L
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magnetospheric ion inertial length Ay, = ¢/wpim, ¢ is the speed of light, and wpi., is the ion
plasma frequency in the magnetosphere. The system length used in our study is 4000 -- 6000
cells. Two buffer zones are set up at the two ends of the simulation domain, These boundaries are
located far from the resulting discontinuities in reconnection layer so that the main structure of the
reconnection layer is not influenced by the boundary. The simulation results in this chapter show
only the central part of the whole simulation domain.

The ion number density per cell, V. on the magnetospheric side (low plasma density side) is
N, = 25, and the number density on the magnetosheath side is Ny = 100 -- 750. The initial
current sheet, which is at the center of simulation domain, has a half-width of 2,,. The normal
component of magnetic field is 0.25 B.,,. [n the hybrid simulation, time is expressed in units
of 1, where Q,, = eB,/mc is the ion cyclotron frequency in the magnetosphere. ¢ is the
elementary charge, and m; is the ion mass. The velocity is expressed in the magnetospheric Alfven
speed Vanm, the spatial coordinate is expressed in A, the magnetic field is expressed in By, . and
the temperature is expressed in T;,,.

We have simulated many cases for the dayside reconnection layer. Two typical cases are
presented in this chapter. In Case 1, the tangential magnetic fields in the magnetosheath and in the
magnetosphere are exactly antiparatlel with B,; = B,,,, = 0. Case | corresponds to Case 3 in
the resistive MHD simulation of Chapter 3. In Case 2. the guide fields B, and B,,,, are not zero,

with Bys = By, = 0.3B.,,. Case 2 corresponds to Case 6 of Chapter 3.

4.2 Case 1 with Zero Guide Field (B, = 0)

In Case 1, the guide fields (By) in the magnetosheath and magnetosphere are set to zero.
The initial conditions of Case 1 are: B., = —0.7B.p, By, = Byn, = 0. T, = 0.339T,,,.
Ny = 10Ny, and B,, = 0.2. The initial tangential magnetic field has a righthand rotation

from the magnetosheath to the magnetosphere, with a rotation angle of 180°, The Alfven speed
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in magnetosheath, V4,, equals 0.228V4,,. The ion cyclotron frequency in the magnetosheath
is Q, = 0.724Q,,,. For the magnetospheric magnetic field with B ~ 50+, the ion cyclotron
frequency Qm ~ 4.357!. Thus t = 600Q_! corresponds to t = 140s. Att = 0, the plasma
thermal pressure is assumed isotropic everywhere. The simulations have been performed for cases
with the initial temperature ratio T, /T; = 0. 0.2, and 0.5 at t = 0, where T, and 7, are the
electron and ion temperature, respectively. Results for these cases show no qualitative difference.
Here we show results corresponding to 7, = 0. The resistive MHD simulation results for this case

have been shown in Case 3 of Chapter 3.
4.2.1 Overall Structure of the Reconnection Layer

Figure 4.1 shows the evolution of B, and N in atime sequence fromt = Otot = 6180},
The system length shown in the figure is 240),,. In this case the ion inertial length in the
magnetosheath is A, = 0.316A,,. In early times of the simulation run, two fast expansion
waves are observed to propagate away from initial current sheet along the trajectory pp’ and uu’,
respectively, as indicated in Figure 4.1. The fast expansion waves are identified by a decrease
in N and an increase in B.. Similar to the MHD simulation result shown in Figure 3.5. an
intermediate shock is found to propagate on the magnetosheath side along ¢¢' in Figure 4.1. At this
intermediate shock, the B, profile has a large ramp. N dips significantly in the shock transition
region, and plasma is accelerated. It is found that magnetosheath-like plasmas with a high flow
speed are present earthward of the intermediate shock. The electric current in the reconnection
layer is concentrated mainly at the intermediate shock. which is observationally identified as the
magnetopause. An Alfven wave is observed on the magnetospheric side as identitied by a B.
pulse, propagating along ss’.

However, unlike the MHD simulation result for this case. there appears no contact disconti-
nuity in the boundary layer because of the mixing of particles from the magnetosheath side and

from the magnetospheric side. Note that the boundary layer is defined as the region containing
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both the magnetosheath and the magnetospheric plasmas. Across the boundary layer between the
intermediate shock gq’ and the front rr' in Figure 4.1, the plasma density decreases from the
magnetosheath value to the magnetospheric value. Similar to the density profile at the expansion
wave in the MHD simulation result in Figure 3.5, the plasma density in the boundary layer
earthward of the intermediate shock decreases with a corresponding increase in the magnetic field
strength, However, the slow expansion wave behind the intermediate shock is strongly modified
as compared with that in the MHD simulation. In addition, no clear shock front can be identified

for the slow shock on the magnetosheath side.
4.2.2 Steady Intermediate Shock at the Magnetopause

We now examine the simulation result of Case 1 in detail. The result at f = 464! are
shown in Figure 4.2. The left column of the figure shows, from the top to the bottom. hodogram of
the tangential magnetic field and spatial profiles of the ion number density and tangential magnetic
field components, respectively. The right column shows spatial profiles of the ion temperatures
perpendicular and parallel to the local magnetic field (. and 7)) and tangential components of
ion flow velocity (V;, and V;.), respectively.

Across the intermediate shock the tangential magnetic field has a righthand rotation and B.
switches sign, changing from state a to state b. The magnetic fields upstream and downstream are
coplanar with the normal direction. A strong electric current is also observed in the shock. The
downstream value of magnetic field strength is found to be slightly smaller than the upstream value,
and the ion number density downstream of the shock is slightly greater than that upstream. Let the
subscripts "1" and "2" denote the physical quantities upstream and downstream of a discontinuity,
respectively. A close examination indicates Ry ~ 1.01 and Rg =~ 0.93 at this inlermediate

shock, where Ry = N3/N; = pa/py and Rp = B>/ B,;. The plasma pressure is found to
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be anisotropic in most regions of reconnection layer. With pressure anisotropy, the intermediate

mode speed can be written as

Ci=Croll = a)'/? (4.1)

where C1o = B/, /uop is the intermediate speed in an isotropic plasma, & = (3) — 31)/2isa
parameter measuring the pressure anisotropy, ﬂ" is the plasma beta parallel 10 local magnetic field,
and 3, is the perpendicular plasma beta. Our calculation indicates that at the intermediate shock.
Onp1 ~ 69.2°, B ~ 1.4,a; ~0.11, az ~ 0.04, C;; =~ 0.0798V 4;n, Cro =~ 0.0827V.4 0.
and the normal components of flow velocities in the shock frame are v,,; =~ 0.0814V4,, and
vp2 =~ 0.0810V4,,. The speed of the shock front is obtained by measuring the time variation of
the position with maximum slope of the average B. in the shock transition region. It is found
that the upstream normal flow speed is slightly greater than the local intermediate speed. while the
downstream normal flow speed is slightly smaller than the intermediate mode speed. The upstream
intermediate Mach number of the intermediate shock is M; ~ 1.02.

For By; = By, = 0 and Vyy; = V,2 = 0, the RH conditions for MHD discontinuities

(shocks) in an anisotropic plasma is given by equation (2.22) and can also be written as

[pv:] =0 (4.2a)
[v:B: —v;B.]=0 (4.2b)
[ovev: — sB”B’] =0 (4.2¢)
Ho
, 1 1. B? B!
w2 + P+ 3(E+5)—— - €=*] =0 (4.2d)
= Ho Ko
1 51 B? B.B, B?
[(3P02+;P+§(5+2)——)Uz—£ v, —€E—Zv,] =0 (4.2¢)
< < Ho Ho Ho

where £ = 1 — a, the total ion thermal pressure P = (P 4+ 2P )/3, and the square brackets

denote the difference between the upstream and downstream values ol physical quantities. It is
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found from the RH conditions (4.2) that the intermediate shock ab in the hybrid simulation of Case
1 is a 2-3 shock. For 8,5, = 69.2°, By = 1.4, a7 = 0.11, and ay = 0.04, the ratios B and
R p based on (4.2) as a function of the intermediate Mach number M, are plotted in Figure 4.3
for both 2-3 and 2-4 intermediate shocks. The dark squares in Figure 4.3 show the values of (Ry.
M7p)and (Rp, M) obtained from the hybrid simulation for the intermediate shock in Figure 4.1.
The extreme case of 2-3 intermediate shocks with My = 1 is a rotational discontinuity. The jump
relations across the rotational discontinuity are indicated by RD in Figure 4.3. It is clearly seen
that the intermediate shock obtained in the simulation satisfies the RH jump conditions for the 2-3
intermediate shock with M ~~ 1.02. On the other hand, the intermediate shock obtained from the
MHD simulation for Case 1 is a 2-4 shock as shown in Chapter 3, and the jumps in plasma density
and magnetic field strength across the 2-4 shock are relatively strong as compared with those of
the 2-3 shock in the hybrid simulation of Case 1. Note that the extreme case of 2-4 intermediate
shocks with M = 1 is a slow switch-off shock, as indicated by SO in Figure 4.3. We have also
simulated other cases with By, = By, = 0 and with various magnetosheath to magnetospheric
density and magnetic field ratios at the dayside magnetopause. Similar to Case 1, the results show
a 2-4 intermediate shock in MHD simulations and a 2-3 intermediate shock in hybrid simulations.

Moreover, it is found from Figure 4.3 that as M decreases toward M, = 1. Ry of the 2-3
intermediate shocks gradually becomes less than 1 and R g becomes greater than 1. The rotational
discontinuity at M; = 1 has Ry < 1 and Rg > 1, indicating that the plasma density and
magnetic field strength on the two sides are not equal. In an anisotropic plasma, the jump conditions
across a rotational discontinuity can be written as equation (2.26). These jump conditions are valid
for a rotational discontinuity with arbitrary directions of magnetic fields and plasma flow velocities
in the upstream and downstream regions. If B, is antiparallel to B, these jump conditions are
the same as the extreme of conditions (4.2) at M; = 1. For a steady rotational discontinuity with
a1 > g, equation (2.26a) leads 1o p2 < py. and thus Ry < 1. Onthe other hand, if ) < as,

one obtains By > 1 for rotational discontinuity. For ) = 1.4, a; = 0.11, and o = 0.04,
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Figure 4.3 The ratios Ry and Rp as a function of M based on the
Rankine-Hugoniot conditions for the 2-3 and 2-4 intermediate shocks. RD
denotes the ration corresponding to a rotational discontinuity, and SO
indicates the solutions of a switch-off shock. In the calculation, 6,51 =
69.2° and 81 = 1.4 are used, and the plasma pressure anisotropy factors
are ay = 0.11 and a = 0.04. Two dark squares show the ratio Ry and
Rp at M = 1.02 for the intermediate shock obtained from Case 1.
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the jump conditions for rotational discontinuity are Ry = 0.927 and Rpg = 1.065. as plotted in
Figure 4.3 at My = 1,

We have also examined the variation of other physical quantities for the intermediate shock
in Figure 4.2 and found that they satisfy the corresponding RH jump conditions very well. The
variation of the flow velocity from upstream to downstream nearly equals the variation of the
Alfven velocity across the discontinuity. As seen in Figure 4.2, the plasma is accelerated to high
speed through the intermediate shock. The V;, profile in Figure 4.2 shows that the plasma flow
speed behind the intermediate shock is Vi, ~ 1.7V, where Vi, is the Alfven speed in the
magnetosheath.

Figure 4.4a shows the width of the intermediate shock in Case 1 as a function of time. Since
the intermediate shock is on the magnetosheath side of reconnection layer, we use magnetosheath
quantities for normalizations in the figure. The shock width, D, is expressed in term of the ion
inertial length in the magnetosheath, A,, while the time is expressed in term of ;"!. The open
square at £ = 0 in the figure represents the width of initial current sheet, and the dark squares
indicate the shock width at different times with ¢ > 0. The shock width is obtained by measuring
the distance between the two locations where dB. /dz equals 30% of its maximum value at the
shock. It is seen that the shock width reaches a value of ~ 5.4\, in less than 309! and then
oscillates around this value in the simulation. The average shock width, D ~ 5.4, is smaller
than the width of the initial current sheet. Figure 4.4b shows the value of (%12 )/ ( {—:—Z—;—) as a
function of time for the intermediate shock obtained in Case 1. Since the intermediate shock does
not clearly separate from the following slow expansion fan in early times with ¢ < 558!, the
upstream and downstream values of physical quantities cannot be clearly identified. The data
plotted in Figure 4.4(b) correspond to ¢ > 558", 1t is seen that as time passes, the quantily

%f)/ (%-:—:’;-21) first oscillates with large amplitudes and then, as ¢ > 1700, stays around a
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constant ~ 1.1, which agrees with the RH relations for the 2-3 intermediate shock. Note that for a

rotational discontinuity, (2 )/(}=2) = 1.

1—-ao

4.2.3 Alfven Wave Pulse at the Inner Edge of Boundary Layer

As described earlier, an Alfven wave pulse is observed to bound the reconnection layer on
the magnetospheric side. The upstream and downstream states of the wave are marked by ¢ and
e in Figure 4.2, respectively. The magnetic field strength and the plasma density are constant
through the Alfven wave. Moreover, it is found that the Alfven wave structure does not diffuse
with time. As the structure propagates toward the magnetosphere, the amplitude of the B, pulse
carried by this Alfven wave does not decrease with time, and the amplitude of Vi, pulse carried

by the wave remains large as time passes.
4.2.4 Non-Existence of Contact Discontinuity

As mentioned earlier, plasmas from the magnetosheath side and from the magnetospheric
side mix in the boundary layer region, which is approximately the region between state b and state
d in Figure 4.2. The contact discontinuity which is present in the MHD simulation does not exist

in the hybrid model because of the plasma mixing.
4.2.5 Modified Slow Expansion Wave and Slow Shock

Due to the non-existence of the contact discontinuity, the slow expansion wave and slow
shock in the boundary layer are greatly modified. In Figure 4.2, the ion number density earthward
of the intermediate shock decreases and the magnetic field increases toward the magnetospheric
side. This profile appears like a slow expansion wave. However, the ion temperatures T); and T
monotonically increase in this structure, instead of decreasing in an MHD expansion wave. On
the other hand, the V., N, and B, profiles between state ¢ and state d show that the plasma is

accelerated, the ion number density gradually increases toward the magnetosheath side, and the
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magnetic field strength gradually decreases. Compared with the MHD simulation results in Figure
3.6, this structure appears like a slow shock. However. no clear shock front of the slow shock is
observed. In addition, the perpendicular temperature decreases across this structure, and the total
ion temperature, T' = (T} 4 27", )/3, is also found to decrease from d 10 c. In the boundary layer,
the magnetic field strength and total ion temperature smoothly increase from the magnetosheath
side to the magnetospheric side, and the plasma density gradually decreases. These features are

different from the results in the MHD simulation of Case 1.
4.2.6 Temperature Anisotropy and D-Shaped Ion Velocity Distribution

As seen in Figure 4.2, there exisis a peak in T} in the boundary layer region. while T
monotonically increases from the magnetosheath side 1o the magnetospheric side. Moreover,
I}y > T is observed in the boundary layer. This is caused by the inter-penetration of two
groups of ions, the accelerated plasma flow through intermediate shock and the hot ions from the
magnetospheric side. Let v;; and v;, denote the z-component and =-component ion velocity,
respectively. Figures 4.5a through 4.5f show, respectively. the velocity distributions of ions in the
Viz-Vi; phase plane at six different positions, I through 6, as indicated in the T and T, plots of
Figure 4.2. The amrow in each plot represents the direction of local magnetic field. At position
1, the magnetosheath ions are relatively cold and have not been accelerated, as shown in Figure
4.5a. Atsite 6, the magnetospheric plasma is hot and the ion velocities spread greatly in the phase
space. At position 2, the magnetosheath plasma has been accelerated by the intermediate shock
and has a high bulk velocity, as shown in Figure 4.5b. Some hot ions [rom the magnetosphere are
also present. The mixing of the accelerated magnetosheath plasma and the hot magnetospheric
plasma is more evident in Figure 4.5¢c. Note that the ions of magnetosheath origin have a D-shaped
distribution with the "D" pointing along the magnetic field, similar to those observed by satellites
{Gosling et al., 1990a, b, ¢; Smith and Rodgers, 1991; Fuselier et al.. 1991]. The mixing of plasmas

takes place mainly along the magnetic field, leading to the decrease in 7 /T)|. The mixing of
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two plasmas is also observed at position 4 and position 5. At position 5, T reaches a maximum.
Earthward of this peak, the ion velocity distribution becomes dominated by the magnetospheric
hot ions, and finally reaches the state at position 6. Note that the ions plotted in Figures 4.5a --
4.5¢ come from two cells, whereas the ions in Figures 4.5d -- 4.5f are obtained from 8 cells so that
there are enough data points to show the ion velocity distribution.

We have also run two cases in which the initial plasma density and magnetic field are the
same as those in Case 1, except that an initial temperature anisotropy with T'; ¢/ Tyo = 1.2 and
1.5 are imposed everywhere in the simulation domain, respectively. Similar to Case 1. the resulting
reconnection layer consists of an intermediate shock on the magnetosheath side, an Alfven wave
pulse on the magnetospheric side, and between them a transition region where the plasma density
(magpnetic field strength) monotonically decreases (increases). A decrease in T /T and a peak in
T are observed in the boundary layer. Moreover, it is found that the ratio T'y / T} in the boundary
layer increases with T'1 o /T}jo and that T /T > 1 in the boundary layer if T, o > Tjo > 1.5.

However, if the speed of the magnetosheath plasma flow accelerated by the intermediate
shock is much smaller than the thermal speed of the hot magnetospheric plasma, the peak in T},
may not exist in the boundary layer. For example, we have simulated a case with 3,,, = 0.2,
B.s = 0.7B;;m, and N, = 50Np,. It is found that T /T} decreases in the boundary layer,
similar to Case 1. However, the peak in T} does not exist, and that both T and T monotonically

increase from the magnetosheath side to the magnetospheric side in the boundary layer.

4.3 Case 2 with a Finite Guide Field (B, # 0)

We now study Case 2 in which the tangential magnetic fields in the magnetosheath and in the
magnetosphere are not antiparallel. The guide ficlds in the magnetosheath and magnetosphere are
not zero. The initial conditions for Case 2 are: B,; = —0.9B.p,, By, = Bym = 0.3B.,.

Ty = 01827, Ny = 10N,,, and 3,, = 0.2. In this case. Vi, = 0.289V4n,. The angle
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Figure 4.5 lon velocities in the v;z-v;, phase plane obtained from Case 1.
The plots in (a) -- (f) correspond to the results for six different positions in the
reconnection layer as indicated in Figure 4.2.
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between the tangential magnetic fields in the magnetosheath and in the magnetosphere is 145°. In
addition, we set T, = 0, Py, = Py, and Py, = Py,. Note that the resistive MHD simulation

results for this case have been shown in Case 6 of Chapter 3.
4.3.1 Overall Structure of the Reconnection Layer

Figure 4.6 plots the spatial profiles of B, and N in a time series from ¢ = 0 through
t = 644Q;'. Note that 2, = 0.914Q,, in this case. Similar to the MHD result in Figure 3.10,
two fast waves are observed to propagate away from the main reconnection layer very quickly,
along pp' and uw’, respectively. However, the main structure of the reconnection layer is quite
different from that in the resistive MHD simulation. Two rotational discontinuities. propagating
along qq' and ss’ respectively, are found to bound the reconnection layer. It is interesting to
note that at ¢ > 402Q}, a new fast wave appears upstream of the rotational discontinuity on
the magnetosheath side and propagates along ww’. In the region between these two rotational
discontinuities, particles from both sides mix, ion number density smoothly decreases from the
magnetosheath side to the magnetospheric side. Similar to the results in Case 1. there exists no

contact discontinuity in the boundary layer and no clear slow shuck front can be identilied.
4.3.2 Rotational Discontinuities Bounding the Reconnection Layer

Figure 4.7 shows the hodogram of tangential magnetic field and the profiles of magnetic
fieid and plasma quantities at ¢ = 483Q.!. As seen in the figure, a rotational discontinuity
with upstream state marked by a and downstream by b is formed on the magnetosheath side. and
another rotational discontinuity whose upstream state is labeled by ¢ and downstream by € is on
the magnetospheric side. The current density in the reconnection layer is found to be concentrated
mainly at the rotational discontinuity ab. The profile of V;. shows the presence of high-speed
plasma flow earthward from the main rotational discontinuity at the magnetopause. The plasma

flow speed is Vi, ~ 2V4,.
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Figure 4.7 Simulation result at t = 483! in Case 2. Hodogram of the

tangential magnetic field and spatial profiles of physical quantities are shown
in the figure.

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



118

In order to show that ab is indeed a rotational discontinuity, we now examine the jumps
of physical quantities across this discontinuity. The tangential magnetic field has a righthand
rotation from upstream to downstream across the discontinuity. The rotation angle of the tangential
magnetic field is less than 180°. Thus the magnetic fields upstream and downstream of the
discontinuity are not coplanar with the normal direction. With a; ~ 0.150 and a; ~ 0.195
obtained in the simulation, the intermediate mode speeds upstream and downstream of this
discontinuity are found to be, respectively, Cry ~ 0.0735V4,, and Cr2 =~ 0.0696V 4,,. The
plasma normal flow speeds are found to be v,; ~ 0.0714V4,, and v,2 =~ 0.0683V4,,. The
Jjumps in magnetic field strength and ion number density across the discontinuity in simulation are
found tobe Rp ~ 0.973 and Ry ~ 1.055.

In Figure 4.8a we plot the variation of C;/C'q as a function of a. based on equation (4.1).
The dark square in the figure corresponds to the upstream value (1. vn1 /Clo1) = (0.15. 0.896)
for the rotational discontinuity obtained from the simulation, and the open square corresponds
to the downstream value (a2, vn2/Cra0) = (0.195. 0.88). where Cro1 = B:/\/uopr and
Croz = Bz/\/liopz. It is seen that the normal flow speeds upstream and downstream of the
discontinuity are nearly the local intermediate speeds, which are the normal components of the
local Alfven velocities. On the other hand, Figures 4.8b and 4.8c show the ratios Rg and Ry for
rotational discontinuities as a function of a; based on the RH jump condition in equation (2.26).
The perpendicular plasma beta used in the calculation is 3, ; = 0.50. which is the observed value
for the discontinuity ab in Figure 4.7. The different curves in each plot correspond to the solutions
for different values of a4, as indicated in the plots. The solid curve in each plot shows the solutions
corresponding to the observed value a; = 0.195. The observed values of Rg and Ry with
ay = 0.15 for the discontinuity ab in the simulation are also shown as dark squares. [t is found

that the observed values of Rg and Ry satisfy the RH conditions for the rotational discontinuity
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with @y = 0.15 and a2 = 0.195 very well. We have also examined the jumps at this rotational
discontinuity for other physical quantities, and found they satisfy the RH conditions very well.

The width of the rotational discontinuity ab in our simulation is shown in Figure 4.9a as
a function of time. It is seen that in early times the width of the discontinuity fluctuates and
the mean width gradually decreases with time. Then in later times the width is steady around
a value of ~ 5A,. The solid line in Figure 4.9b shows the value of (%f)/ (%_‘_—%:) for this
rotational discontinuity as a function of time. It is seen that in early times (%f ) ( }:—%) is
greater than 1, as in a time-dependent intermediate shock, and fluctuates greatly. In later times,
the value of (%f—) /(%{%‘2) stays around 1, which corresponds the the value obtained from the
RH conditions for a rotational discontinuity. Thus the steady rotational discontinuity is formed
in about 300Q;! ~ 75s in this case. Note that 3, = 0.6 for this rotational discontinuity. The
dashed line in Figure 4.9 shows the value of (%f 741 ;‘T‘;:) for a rotational discontinuity formed
in the case with s = 0.2. The rotation angle of tangential magnetic field across this discontinuity
is nearly the same as that across the rotational discontinuity in Case 2. It is secn that the steady
rotational discontinuity is formed more slowly than that with 3, = 0.6.

On the magnetospheric side, there is another rotational discontinuity ge. Across this
discontinuity, the tangential magnetic field slightly changes direction, and the ion number density,
plasma temperature, and magnetic field strength are nearly constant. A large-amplitude V;, pulse
is associated with this rotational discontinuity. This rotational discontinuity also quickly reaches a
steady structure in our simulation.

We have also simulated several cases in which the angle between the tangential magnetic
fields on the two sides of initial current is set to 50°, 90°, 130°. and 170°, respectively. It is
found that rotational discontinuities bound the reconnection layer, similar to the result in Case 2.

Based onresistive MHD formulations, the rotational discontinuity does not form in finite time.

The intermediate mode discontinuities may either be an intermediate shock or a time-dependemt

intermediate shock, whose width expands with time. However, in hybrid simulations, the steady
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discontinuity on the magnetosheath side.
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rotational discontinuity can be quickly formed from a time-dependent intermediate shock, as shown
in Figure 4.9. The existence of steady structure of rotational discontinuity in hybrid simulations
has been reponied by several authors [e.g., Swift and Lee, 1983; Lee et al.,, 1989a; Richter and
Scholer, 1989; Goodrich and Cargill, 1991], In their simulations, the initial profiles of magnetic
field and plasma quantity were determined by the RH conditions for a rotational discontinuity
or an intermediate shock. As discussed by Lee et al. [1989a], trapped particles in rotational
discontinuity can prevent the discontinuity from diffusing with time, resulting in the occurrence
of steady structure of rotational discontinuity. However, the previous authors did not check the
RH jump conditions for rotational discontinuities or intermediate shocks and nor did they consider
the effect of pressure anisotropy presented in the simulations. Wu and Hada [ 1991a.b] have used
hybrid simulations to show that an intermediate shock can be formed from a simple wave, and that
an initial rotational discontinuity evolves to a 2-3 steady intermediate shock or time-dependent
intermediate shock. Their simulations were limited to low to medium ion beta and the RH jump
conditions were not checked in their paper. In the presence of pressure anisotropy, as occurred in
their simulations, a density increase may not mean a shock. On the other hand, we have shown
in this chapter that the 2-3 time-dependent intermediate shocks can quickly evolve 10 a rotational
discontinuity, as illustrated in Figure 4.9. The evolution may take a longer time if the ion beta is

low. The formation of rotational discontinuity is also observed for cases with 7™ # 0.
4.3.3 Structure between Two Rotational Discontinuities

Between the two rotational discontinuities is the region where plasma from the magnetoshcath
side mixes with that from the magnetospheric side. Similar to the result in Case 1, there exists
no contact discontinuity in this boundary layer. The magnetic field strength and perpendicular
ion temperature gradually increase from the magnetosheath side to the magnetospheric side, while
the ion number density gradually decreases. No clear slow shock can be identified. The total ion

temperature is also found to increase monotonically toward the magnetospheric side. A decrease
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inT,/ T, is also observed in the boundary layer. A D-shaped ion velocity distribution is obtained

in the boundary layer.

4.4 Comparison with Observations

4.4.1 Observations of Rotational Discontinuity and High-Speed Flow in the Dayside

Magnetopause-Boundary Layer

Layered structure associated with magnetic reconnection have been observed at the dayside
magnetopause. Satellite observations indicate that the magnetopause current layer is frequently
a rotational discontinuity, where the magnetic field changes from the magnetosheath to the
magnetosphere, and high-speed plasma flow is present in the dayside boundary layer [e.g.,
Paschmann et al., 1979; Sonnerup et al., 1981; Berchem and Russell. 1982].

Figure 4.10 shows an ISEE-1 observation of dayside magnetopause-boundary [Paschmann
et al., 1979; Sonnerup et al., 1981; Rijnbeek et al., 1988]. Figure 4.10a shows the profiles of
the magnitude of tangential magnetic field (B,), azimuthal angle of the tangential magnetic field
(ap = tan~1(Bp;/BL)), plasma pressure P (the lowest dark trace in the third panel), plasma
beta (), proton number density (N,), proton temperature (T,), magnitude of tangential flow
velocity (V;), and azimuthal angle of the flow velocity (av). The lightest trace in the third panel
shows the profile of magnetic pressure (Pg = B?/2u0), and the top line shows the profile of
total pressure (P + Ppg). Figure 4.10b shows hodograms of the magnetic field in the L- M plane
and L-N plane during the interval 0:39 UT -- 0.46 UT. where the N-direction represents the
normal to the magnetopause, and L and M point, respectively. northwards and dawnwards along

the plane of the magnetopause.
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Figure 4.10 ISEE-1 observation of the dayside magnetopause-boundary
layer on 8 September 1978. (a) Spatial profiles of physical quantities as de-
scribed in the text. The reconnection layer is located between the two vertical
dashed lines. The sateliite crossing corresponding to the magnetopause is
indicated by the right vertical dashed line. (b) Hodogram of the magnetic field
[Paschmann et al., 1979; Rijnbeek et al., 1988].
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The reconnection layer, or the magnetopause-boundary layer associated with magnetic
reconnection, can be identified using the field angle « 5. In Figure 4.10b, the value of a g changes
from 0° in the magnetosphere to ~ —145° in the magnetosheath. The edges of reconnection
layer are indicated by the two vertical dashed lines in Figure 4.10b [Rijnbeek et al., 1988], and
the crossing of the magnetopause is indicated by the right vertical dashed line where a g has a
fairly sharp gradient. A large plasma flow speed, peaking at 450km/ s, is observed throughout
the boundary layer. Across the boundary layer, the ion number density decreases from the
magnetosheath to the magnetosphere, and the plasma temperature increases monotonically from
the magnetosheath to the magnetosphere.

1t is seen from the hodograms in Figure 4.10a that the normal component of magnetic field
By is non-zero and almost remains constant during the magnetopause-boundary layer crossing.
The tangential magnetic field changes from the magnetosheath value () to the magnetospheric
value (d). The field first rotates from the magnetosheath field at point a to point b, increases the
magnitude b to ¢, and finally rotates from c to the magnetospheric field at d. The major rotations
ab is found to be associated with a rotational discontinuity at the magnetopause [Paschmann et al..

1979; Sonnerup et al., 1981].
4.4.2 Observations of Ion Distribution in the Dayside Boundary Layer

Observations of electron and ion distributions in the boundary layer region also indicate
the presence of layered structure, which is associated with the magnetic reconnection {Gosling
et al., 1990a, b, c}. Through the process of dayside magnetic reconnection, the magnetosheath
plasma penetrates across the magnetopause into the boundary layer. Measurements made during
accelerated flow events in magnetic reconnections reveal separate electron and ion edges to the
dayside boundary layer [Gosling et al., 1990b]. Moreover, a D-shaped ion distribution is observed
in the dayside boundary layer (Gosling et al., 1990a, b, ¢; Smith and Rodgers, 1991; Fuselier et
al., 1991).
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Figure 4.11 shows a series of three-second snapshots of ion velocity distribution functions
obtained by ISEE 2 during a crossing of the dayside [Gosling et al., 1990a, c¢]. The distributions
are shown as contours of constant phase-space density separated logarithmically. The sunward
direction is to the left and the duskward direction is to the bottom. The numbers on the dotted
circles indicate the velocity scale in km/s. The distribution of hot magnetospheric ions is shown
in the top plot, and that of a denser and colder magnetosheath ion population is shown in the
bottom plot. The middle plot shows the distribution of boundary layer ions, and the vector drawn
represent the direction of magnetic field on the z-y plane.

Both relatively cool ions of magnetosheath origin and hot ions of the magnelosphere were
present in the boundary layer. The dense beam of ions in the middle plot with bulk speed of
about 500km /s and with both earthward (V; < 0) and dawnward ¥, < O components is the
transmitted magnetosheath population, while the much hotter and nearly isotropic ions are those
associated with the magnetospheric plasma. The transmitted ions in the boundary layer region
has a characteristic "D" shape (with the "D" pointing along the magnetic field). Such D-shaped
distribution has been predicted by Cowley [1982] and also reporied by Smith and Rodgers [1991].
Observations of magnetospheric ions and magnetosheath ions in the boundary layer region have

also been reported by Scholer et al. [1981] and Fuselier et al. [ 1991).
4.4.3 Comparison Between Hybrid Simulations and Satellite Observations

In this chapter, we find by hybrid simulations that the discontinuity bounding reconnection
layer on the magnetosheath side is usually a rotational discontinuity. The current density in the
magnetopause-boundary layer region is mainly concentrated at the rotational discontinuity, and the
plasma is accelerated by the rotational discontinuity. The mixing of the accelerated magnetosheath
plasma and the magnetospheric plasma is observed in the boundary iayer. These features of
the reconnection layer obtained in our simulation are consistent with observations at the dayside

magnetopause. Moreover, our hybrid simulation resuits shown in Figure 4.7 look very similar to
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Figure 4.11 A series of three-second snapshots of ion velocity distribution
functions obtained by ISEE 2 during an outward crossing of the dayside
magnetopause-boundary layer on August 12, 1978. The top, middle, and bot-
tom plots show the ion velocity distributions in the magnetosphere, boundary
layer, and magnetosheath, respectively. A D-shaped distribution is observed
in the dayside boundary layer {Gosling et al., 19903, c].
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the observed structure of the dayside magnetopause-boundary layer shown in Figure 4.10. A large
magnetic field rotation is found at the magnetopause, a small magnetic field rotation is at the inner
edge of boundary layer, a high-speed plasma flow is present in the boundary layer, the ion density
decreases and the ion temperature increases from the magnetosheath to the magnetosphere.

We have found in our hybrid simulations that a mixing of hot magnetospheric plasma and
cold magnetosheath ion beam is present in the boundary layer region. ISEE | and 2 spacecraft
have obtained the mixing of the magnetosheath and magnetospheric plasmas in the boundary layer
[Gosling et al., 1990a, b, c; Smith and Rodgers, 1991; Fuselier et al., 1991). The observed ion
velocity distributions in Figure 4.11 are very similar to the distributions obtained in our hybrid
simulations in Figure 4.5. In particular, the ion velocity distribution in Figure 4.5¢ shows the
presence of a D-shaped distribution for ions of magnetosheath origin, similar to the observed

D-shaped distribution in Figure 4.11,

4.5 Summary

In this chapter, we have studied the structure of dayside reconnection layer based on hybrid
simulations. It is found that unlike resistive MHD simulations shown in Chapter 3. steady
rotational discontinuities are quickly formed from the timue-dependent intermediate shocks, the
contact discontinuity does not exist, and the slow shocks and slow expansion waves are modified.
A D-shaped ion velocity distribution is obtained in the dayside reconnection layer. The main
results are listed below.

(a) For cases in which the tangential magnetic fields on the two sides ol the dayside
magnetopause current sheet are not antiparallel (By # 0). a rotational discontinuity across which
the tangential magnetic field rotates a large angle is found to bound the reconnection layer on

the magnetosheath side. Although the rotational discontinuity appears like a time-dependent

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



129

intermediate shock in early times, a steady rotational discontinuity with a constant width is quickly
formed.

(b) In the case with antiparailel tangential magnetic fields in the magnetosheath and
magnetosphere (B, = 0), a 2-3 steady intermediate shock is found to bound the reconnection
layer on the magnetosheath side.

(c) Due to the mixing of plasmas from the magnetosheath side and from the magnetospheric
side along magnetic field lines, the contact discontinuity does not exist in the reconnection layer,
no clear slow shock front can be identified, and the slow expansion waves are strongly modified.

(d) Due to the mixing of the accelerated magnetosheath plasma and the hot magnetospheric
plasma, the ratio T' /T) is reduced in the boundary layer region.

(e) A D-shaped distribution in ion velocity space is found to be present in the boundary layer.
The D-shaped ion distributions have been observed by satellites.

(f) An Alfven wave pulse or a rotational discontinuity with a smail rotation angle ol magnetic
field is found to bound the reconnection layer on the magnetospheric side. A large-amplitude Vi,

pulse is observed in the Alfven wave pulse or the rotational discontinuity.
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Chapter 5 Structure of Slow Shocks in the Magnetotail Recon-

nection Layer in Hybrid Model

5.1 Introduction

In the magnetotail, the plasma density is symmetric with respect to the equatorial plane. and
the magnetic fields in the two lobes are approximately antiparallel to each other with B, ~
According to our studies in Chapters 2 and 3, two slow shocks are formed in the plasma sheet
boundary layer as a result of magnetic reconnection. ISEE-3 deep-tail observations showed that
the plasma and field data in the lobe-plasma sheet boundary layer are often consistent with the
structure of a slow shock [Feldman et al., 1984; Smith et al., 1984; Schwartz et al., 1987]. In this
chapter, we study the evolution and structure of slow shocks based on hybrid simulations.

Based on the two-fluid theory, which includes the Hall current associated with the ion inertia,
the resistive slow shocks with a subsonic upstream normal flow speed should present a lefthand
circularly polarized wave in the downstream region [Coroniti, 1971]. The structures of slow shocks
have also been studied by hybrid simulations for switch-off shocks which has an intermediate
Mach number M; = 1 [Swift, 1983; Winske et al., 1985]. The results show the existence of
large-amplitude rotational trailing wavetrains. However, the theoretically predicted wavetrains
have not been found in the magnetotail observations [e.g.. Feldman et al., 1984]. Coroniti et al.
[1988] further found that the anomalous resistivity associated with the observed low-frequency
waves in the magnetotail is too small to damp the wavetrain. Further simulation studies of slow

shocks have also been reported by Lee et al. [1989b] and Omidi and Winske [1989; 1990].

130
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In symmetric configurations, switch-off slow shocks are found to be formed in the I-D
Riemann problem associated with magnetic reconnection, as shown in Chapters 2 and 3. However,
the 2-D MHD simulations of magnetic reconnection in the magnetotail by Lee et al. [1989b]
suggested that slow shocks formed in most regions of the magnetotail are non-switch-off shock
with M1 < 0.98. Most slow shocks observed in the magnetotail are also non-switch-off shocks
with My < 0.98 [e.g., Schwartz, 1987]. The presence of non-switch-off shocks is probably
associated with the presence of plasmoid, which can exert a finite pressure-gradient force to slow
down the outflowing plasma in the reconnection process.

In this chapter, we study the structure and ion heating of slow shocks based on hybrid
simulations. Structures of switch-off (M; = 1) and non-switch-oft (M; < 1) slow shocks
are simulated. It will be shown that there exists a critical number M. such that for slow
shocks with an intermediate Mach number in the range 1 > M; > M. a long large-amplitude
rotational wavetrain appears in the downstream region. while for slow shocks with M; < M..
the downstream rotational wave is damped within a fraction of one wavelength. The critical
Mach number M, depends on the shock normal angle 8, g and the upstream plasma beta ;.
Furthermore, the existence of the critical intermediate Mach number M. in slow shocks is related
to chaotic ion orbits in the downstream wave field: for M; < M., the particle orbits are chaotic.
leading to a rapid heating of ions and a rapid damping of coherent waves.

In Section 5.2, we briefly describe satellite observations of slow shocks in the tail plasma
sheet. Structure of slow shocks in the two-fluid theory is discussed in Section 5.3. In Section
5.4, we present our hybrid simulation results of slow shocks. In Sections 5.5 and 5.6, we study
the particle motions in the circularly polarized electromagnetic wave with the propagation oblique
to the downstream magnetic field. Under certain conditions, particle motion in a coherent wave
field may become chaotic [Ford and Lunsford, 1970; Kamey, 1978; Smith and Kaufman, 1978;
Terasawa and Nambu, 1989; Buti, 1990]. Particles with highly chaotic orbits lead to the damping

of coherent wave in slow shocks. The summary of this chapter is given in Section 5.7.
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5.2 Satellite Observations of Slow Shocks in the Tail Plasma Sheet-

Boundary Layer

Slow shocks have been observed by ISEE-3 in the deep magnetotail (~ 200Rg) [Feldman et
al., 1984, 1985; Smith et al., 1984; Schwartz et al., 1987]. Figure 5.1 shows an ISEE-3 observation
of slow shocks in the magnetotail [Feldman et al., 1984]. Profiles of the electron density (Ve ).
plasma flow speed (V). electron temperature (T¢), heat flux (Q.). magnetic field strength (B).
azimuthal angle (®) and polar angle (Q) of magnetic field are plotted in the figure. The crossing
of plasma sheet is indicated by the hatched region, and the quantities of north and south lobes are
shown, respectively, on the lefthand side and righthand side of the plasma sheet.

Across two slow shocks, the plasma flow speed, density, temperature, and heat flux increase
from lobe values to the plasma sheet value, while the magnetic field strength decreases. The plasma
flow speed in the plasma sheet, which is downstream of the slow shocks. is ~ 600 -- 900km/s.
The lobe magnetic field energy is converted into plasma thermal and flow energy in the plasma
sheet. The azimuthal angle of magnetic field varies from ~ 0° in the north lobe to ~ 180° in
the south lobe, indicating the the guide field B, ~ 0. The Rankine-Hugoniot conditions of slow
shock are found to be satisfied.

However, one feature that is not observed is the large-amplitude rotational wavetrains in
downstream region which are expected to exist based on the two-fluid theory [Coroniti. 1971].
The small variation of magnetic azimuthal angle € shown in Figure 5.1 indicates the absence of a
large rotational wavetrain in downstream regions of slow shocks.

Coroniti et al. [1988] examined electric and magnetic wave spectra for three magnetotail slow
shocks observed by ISEE-3 to determine if the ion-acoustic or lower-hybrid waves are sufficient

to damp the slow shock wavetrains. They found that the observed wave amplitudes are too smail

to damp the wavetrains.
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Flgure 5.1 ISEE-3 observation of slow shocks in a crossing of fail plasma
sheet-boundary layer on 23 March 1983. The electron density [V, tailward
component of the bulk speed V., temperature T, and heat flux @, along
with the polar coordinates (in the GSE frame) of the magnetic field vector
(B,©,®) are shown. The crossing of plasma sheet is indicated by the
hatched region, and the two slow shocks are located at the plasma sheet
boundaries. Large-amplitude rotational trailing wavetrains predicted by two-
fluid theory are not observed [Feldman et al., 1984).
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5.3 Wavetrains in Slow Shocks: Two-Fluid Formulation

In the ideal MHD formulation, the slow shock is a thin layer without a structure. In the resistive
MHD formulation, the width of slow shock transition is determined by the resistivity. In the
two-fluid formulation, which includes the ion inertia effect or Hall effect, slow shocks can exhibit
a dispersive structure.

For the slow wave with a wavelength on the order of the ion gyroradius, or with a wave
frequency w ~ Q;cosf, where ; is the ion cyclotron frequency and 6 is the wave propagation
angle, the wave is lefthand (ion sense) polarized, and the wave speed decreases with an increasing
wave number & due to the ion inertia. On the other hand. the fast wave is righthand (electron
sense) polarized and the wave speed increases as the wave number increases. Figure 5.2 sketches
the dispersion relations for (a) a slow mode wave and (b) a fast mode wave based on the two-fluid
formulation. It is seen that due to the ion inertia effect, the slow wave speed at high wave number
is smaller than its MHD characteristic speed, which corresponds to the speed at & = (. whereas
the fast mode wave at high wave number has a speed greater than the MHD speed. As a result. the
lefthand polarized wave may stand in the downstream region of a slow shock. and the righthand
whistier wave may propagate in the upstream region of a fast shock [e.g., Tidman and Krali, 1971}.
Two-fluid theory has been used to study the dispersive structure of shocks. Indeed. Coroniti [ 1971]
found, based on a two-fluid theory including the ion inertia and resistivity, that slow shocks have a
trailing wavetrain in downstream region. and the trailing waves are lefthand circularly polarized.

We have simulated the dispersive structure of slow shocks based on the two-fluid equations.
Figure 5.3a shows the simulation results for a non-switch-off slow shock with 8,5 = 75°,
My =0.96, 81 = 0.1, and (¢/wpi)/Ar = 50, where wp; is the upstream ion plasma frequency,
c/wp,- is the upstream ion inertial length, A, = 7 / woC is the resistive length, and 7 is resistivity.
The hodogram of tangential magnetic field and the spatial profiles of tungential magnetic field

components and plasma density are presented. In the figure, = is in the shock normal direction.
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Flgure 52 Sketches of two-fluid dispersion relations for (a) a slow wave
and (b) a fast wave.
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The normal component of magnetic field, B:, is negative. It is seen that the slow shock has
a lefthand circularly polarized trailing wavetrain in the downstream region. The wavetrain is
gradually damped by the resistivity. The wavelength right behind the shock front is on the order of
2m times of downstream ion Lamour radius, which is approximately 10.5¢/w,;. The simulation
results for a fast shock with 8,5 = 45°, My = 2, #; = 0.1, and (¢/wpi)/Ar = 10 are shown
in Figure 5.3b for comparison. It is seen that the fast shock has a leading wavetrain in the upstream
region.

Although the two-fluid theory can describe the shock structures with dispersive waves, it
cannot provide the dissipation in collisionless plasma. In order to understand the dissipation
mechanism in a collisionless shock, it is imporant to carry out the study based on kinetic

formulation. In the next section, we present the simulation results of slow shocks by using a hybrid

code.

5.4 Hybrid Simulations of Slow Shocks

In this section, we use hybrid simulations to study the structure and the dissipation mechanism
of collisionless slow shocks. In order to understand the physics of the downstream waves, we have
carried out a systematic parameter search for slow shocks. The initial profile in our simulation
includes a finite transition region linking two uniform regions determined by the Rankinc-Hugoniot
conditions of slow shocks. The parameter ranges used in our simulations arc : 30° < 6,5 < 75°,
M <1,0< By <2,and 0 < Ty /Tiy < 3.5, where T}, and 7., are the upstream ion
temperature and electron temperature, respectively. Note that T, /T;; < 1.0 and 3, < lin the
magnetotail [e.g., Schwartz et al., 1987].

We show two typical cases of slow shocks. Case 1 is a switch-off shock with M; = 1, and

Case 2 is a non-switch-off shock with M; = 0.96

5.4.1 Case 1: Switch-Off Shock (M; =1)
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Figure 5.3 Two fluid solutions of MHD shocks. The hodogram of tangential
magnetic field and the spatial profiles of the tangential magnetic field compo-
nents (B, and B) and plasma density (p) are presented. (a) A slow shock
with 0,5 = 75°, M; = 0.96, B = 0.1, and (c/wpi)/ A = 50. (b) A
fast shock with 6, g = 45°, My = 2, 8; = 0.1, and (¢/wpi)/ A = 10.
Quantities B and p; are the upstream magnetic field strength and upstream
plasma density, respectively.
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The upstream plasma beta of the slow switch-off shock in Case 1 is 3; = 0.1, the shock
normal angle is 8,51 = 75°, and the electron to ion temperature ratio is T, /7, = 0. The
intermediate Mach number of the switch-off shock is M; = 1. The normal magnetc field
component B, = B, is chosen to be negative and remains constant in the simulation.

Figure 5.4 shows the hodogram of tangential magnetic field, and the spatial profiles of
tangential magnetic field components (B and B,), ion number density V. and perpendicular
temperature T' for the switch-off shock at t = 575§, ! Here. €, is the upstream ion cyclotron
frequency. It is seen from B, and B, profiles that a large-amplitude coherent wavetrain is present
in the downstream region (2wp; /¢ < 84) of the slow shock. The tangential magnetic field in
the downstream wave exhibits several 360° rotations, as shown in the hodogram, indicating the
presence of rotational wavetrain. The perpendicular temperature 7' gradually increases across the
rotational wavetrain to the downstream value. The gradual increase of Ty may be related to the
ion cyclotron damping [Swift, 1983).

The shock evolution processes in the simulation can be briefly described as follows. The
lefthand circularly polarized wave first appears and grows from the downstream end of the shock
transition region, and the wave amplitude B,, increases with time, finally reaching the value
Bywo = By — By, Here By and B, are, respectively, the magnitudes of upstream and
downstream tangential magnetic field components. The wave length A is approximately 27 R 5,
where R, is the downstream ion Lamour radius. The simulation results show that the rotational

wave is nearly phase standing in the shock frame.
5.4.2 Case 2: Non-Switch-Off Shock with M; = 0.96

We now study the structure of slow shock in Case 2 with M; = 0.96. 6,5, = 75°.
/1 = 0.1, and T, /T; = 0. The simulation results are shown in Figure 5.5. The tangential
magnetic field does not show a 360° rotation. as seen in the magnetic field hodogram. Comparing

with the switch-off shock in Case 1, it is clear that the downstream circularly-polarized wavetrain
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Figure 5.4 Hybrid simulation of the slow switch-off shock with 8, = 75°,
B1 = 0.1, and M; = 1. The hodogram of tangential magnetic field, and
the spatial profiles of tangential magnetic field components (B and By), ion
number density IV, and perpendicular temperature T} att = 575§ are
shown.
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is damped within 1/4 wavelength, and the perpendicular temperature T, has a sudden increase at
2 =~ 84¢/wpi. We have changed the temperature ratio to Ty /T;; = 0.5, 1.0, and 1.5, and found
no qualitative difference from the case with T, /T; = 0.

In the very early time of the simulation for Case 2, a rotational wave with amplitude much
less than B,,,o and with one or less than one rotation is found to appear in the downstream region.
This rotational wave is then destroyed to become non-coherent when the wave amplitude exceeds
a certain value. The destruction of the coherent wave usually occurs within one wave rotation. In

the final quasi-steady state, the downstream wave makes only 1/4 of a rotation. as shown in Figure

5.5.
5.4.3 Existence of the Critical Intermediate Mach Number

Our systematic parameter search of slow shocks indicates that switch-off shocks always
exhibit a long large-amplitude rotational wavetrain. However, for given 6, g and f,, there exists
a critical number M, such that slow shocks with an intermediate Mach number M; < M.,
have a long large-amplitude rotational wavetrain and slow shocks with M; < A, do not have
such a wavetrain. For example, for a magnetotail slow shock with 8,5 = 75°, 5, = 0.1,
and T, /T;; = 0, the critical number M, ~ 0.975. The simulation results are consistent with
observations in the magnetotail, where most stow shocks are found to be non-switch-off shocks
with M1 < 0.98 and 7.1 /T;; < 1 [Schwartz et al., 1987].

According to our simulation results, the disappearance of large-amplitude rotational wavetrain
is accompanied by a rapid increase of the downstream plasma temperature. as shown in Figure
5.5. Therefore, the lack of such waves is directly related to the ion heating process of slow shocks.
The purpose of the next two sections is to study the ion heating process in slow shocks based on

calculations of ion orbits in the downstream wave field.
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Flgure 5.5 Same as Figure 5.4, except for the non-switch-oft shack with
My = 0.96.
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5.5 Onset of Chaos: Resonance Overlapping Theory

To investigate the ion heating mechanism of slow shocks, we first assume that a circularly-
polarized downstream wave exists, as obtained from the two-fluid theory. Then we study the
interaction between particles, which are originally injected from upstream, and the downstream
wave. Consider a left-hand polarized electromagnetic wave, which propagates at an angle ¢/ 10
the averaged local magnetic field By in the downstream side, and has a perturbed magnetic field
B,, in the plane transverse to the wave vector k. In the calculation of ion orbits, we let By be in
the z-direction, k in the yz plane, and @ = 180° — ', for convenience. Note that the coordinate
system used here is different from that has been used in the hybrid simulations of slow shocks in
Section 5.4. In such a coordinate system, a = (° corresponds to a switch-off shock. According to

our simulation results, the wave field may be written in the form
B, = —e,Bysinéd + (e; X e )By,cos¢ (5.1)

where e, and e are, respectively, the unit vectors in the z direction and the k direction, ¢ = k-r,
and r is the position in the de Hoffmann-Teller (HT) frame. Our simulations indicate that the
electric field is very small. For simplicity, we neglect the electric field in the following discussions.
Our study shows that the inclusion of a convection electric field does not significantly modify the

results. The equation of motion for a single particle in such a wave field is

m%:qvx(Bo+Bw) (5.2)

In this section, we take a look at the particle behavior analytically. In the electromagnetic field,
the most elementary interaction process between wave and particle is the cyclotron resonances.
The nonlinear effect may be related to these resonances. For a particle in the linear small-amplitude

wave, the resonance condition is
~k.v./Qo +n = O(e) (5.3)

where 2y = ¢Bg/mc, nis an integer, and € << 1.
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The particle resonant orbits can be obtained by assuming the wave amplitude is small. For
a nonresonant particle, the particle orbit can be solved by integrating the equations of motion
along the unperturbed trajectory. The first-order correction terms oscillate rapidly in time. For a
resonant particle, the zero-order orbit varies slowly in time, and there is a more rapid oscillatory
motion superposed on the zero-order orbit. By using the secularity-free perturbation theory with
an accuracy o the first order in wave amplitude, a constant of motion at the nth resonance can be

obtained as [Palmadesso, 1972];

Wa = =m(t: — nQo/k.)? + Aycosd, (5.4)

ol =

where An, = ~(q/k:)0 1 By[(nQo/k1 01 )Tn(@ 1) + cosaJ} (i1 )]. Here tilde stands for the
quantities varying on the slow time scale, ¢, and ¢ are, respectively, the components of average
velocity parallel and perpendicular to the magnetic field Bo, and J, is the nth order Bessel
function with the argument % ; = k, 0, /. The prime denotes the derivative, J}, = dJ,/da .
Finally, ®,, = (k.9; —nQ)t + ¥n. where ¥, = & +n(3+7/2) — u L gcostfr. the phase-angle
% is defined as tan~'(vy /v, ), and u 1 o and g stand for the values at t = 0.

The slowly changing or average ion motion as described by equation (5.4) can be illustrated
in the <~IJ-1”): plane, where ® is used 10 represent <i),, with various number of 1. Some contours
are schematically sketched in Figure 5.6, where a trapped particle orbit, an untrapped orbit, and a
separatrix are illustrated for the contours of the n:th resonance. Note that the trapping width. which
is defined as the maximum deviation of k.9, /€ on separatrix from the line k- & /Sy = n for
the nth resonance, may be different for different values of n. The onset of stochasticity may be
caused by the overlapping of particle resonance orbits (Smith and Kaufman, 1978}. The condition

for resonance overlapping is estimated as
2|Dn|'/? + [Daga|'?)? > 1 (5.5)

where D, = 2CincotaJ,(iL) + 2C cosa(k v, /S)J! (&) and the normalized wave
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amplitude C; = B,,/B,. Thus given a and the initial particle velocity, one can find from
equation (5.5) a critical number C) . such that the particle orbits may overlap if C; > C|..

The criterion (5.5) provides only an approximate estimate for the condition of chaos. The
consideration of the secondary resonances and even the width of the separatrix in particle resonant
orbits may lead the critical number C;. to a much smaller value [Lichtenberg and Lieberman,
1983).

We now use the criterion given by equation (5.5) to estimate the condition for the occurrence
of chaotic particle motion in the downstream wave of a slow shock. The particle velocities are
chosen as those of the incident particle from the upstream side in the HT frame plus the thermal
velocities of the upstream plasma. Because the thermal velocil)" has the components parallel and
perpendicular to the upstream magnetic field, the calculations should be carried oul for each case,
and the result should be the average of all these possible cases. We have calculated the critical
number C . with the particle incident speed v given as kvy/Qg ~ 1.5, which corresponds to
slow shocks with 8, g = 75° and §; = 0.1. It can be shown that D, = 0 for a = 0°, and hence
the switch-off shocks (&« = 0°) cannot have the overlapping resonances.

We have calculated the results forn = 0, —1, and 1, respectively. Because kuy/€2g =~ 1.5
for the slow shocks considered, there is no need to calculate the overlapping conditions forn < —1
orn > 1. The results forn = —1 are shown by the dashed curve in Figure 5.7. The abscissa of the
figure is a, and the corresponding values of M for slow shocks with 8,5 = 75° and /3, = 0.1.
In obtaining the relation between o and M, we assume By = B, where B, is the downstream
magnetic field of each slow shock obtained by the Rankine-Hugoniot conditions. Furthermore, the
resultant critical numbers with n = 0 are very close to those of n = —1, whereas forn = 1, ('},
is higher.

Note that there are analytical solutions for particle motions in the wave field witha = 0°. Let

the normalized velocity of a particle be v* = |k.|v/Q (= kv/Qq for a = 0°), the normalized
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Figure 5.6 A sketch of particle trajectories on the fim'), plane in a small-
amplitude wave.
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Figure 5.7 The highly chaotic region in which the particle motions become
stochastic within ane wavelength is shown by the shaded area. The quantity
C) = By/By is the normalized wave amplitude. The area above the

dashed line is the chaotic region as predicted by the resonance overlapping
theory.
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time be t* = (¢. From the Lagrangian formulation, the following constants of motion can be

obtained
viP 4ol +er’ = a (5.6a)
vy, — Cicosd — 2™ = @y (5.60)
vy + Cising + y* = a3 (5.6¢)
1 *2 C * ¢ * * __ 5.6d
3Ur 1(vzsing — vycosg) —v; = a4 (5.6d)

where a;, a2, a3, and a4 are constants. One can then obtain the following equation for v, *

% = ap (5.7)
where f(v?) = £[3vr* — 02 + (1 — C% — ag)vr? + 2407 + as]'/?. and a5 and g are
constants. For given wave amplitude and propagation angle, the six constants, ¢, through ag, are
determined by the initial position and velocity of the particle. The integral in equation (5.7) is an
elliptic integral, whose solution can be expressed in terms of elliptic functions [e.g.. Goldstein.
1951]. With v solved by (5.7), the quantity ¢ = kz can be obtained by the time integration of
v%, and other quantities are solved from (5.6a) -- (5.6d). By this procedure the analytical solution
for & = 07 is obtained is found to be periodic.

It is seen from Figure 5.7 that the particle resonant orbits may overlap even for M; = (.99.
However, we notice that the condition (5.5) gives only the lower bound but not the upper bound
(see next section) of chaotic region for a cerntain «. The particle orbits in a large-amplitude wave

cannot be fully estimated by the linear analysis approach. If the wave amplitude is large enough,

the particle motion will be dominantly determined by periodic wave, and the particle may resume
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the regular motion. For example, let us consider an extreme case with C) — oc. The particle

motion in phase space is found to be on the curve
1 2 [ I ]
a(kvz/Qw) —a)'sin(¢ — as') = a3 (5.8)
with
a1’ = (k/Qw)[Q% /k* + v2 + vgo +2(Q/ k) (v508indg — vyocosdo)]/?  (5.9a)

—1Yy0 — (Qw/k)cos¢0
Vo + (Qw/k)SinQSO

azl = tan

(5.95)

where Q,, = ¢B,,/mc, a3’ is a constant, and the subscript **0" denotes the values at t = 0.
Thus the motion is periodic and not chaotic. Furthermore, the condition (5.5) cannot give us the
criterion under which the orbits of a group of particles spread chaotically within one wavelength,

which corresponds to the simulation results of slow shocks with M; < M,.

5.6 Particle Orbits Obtained by Numerical Integration

In this section, we use the numerical integration approach to solve the particle orbits and search
for the condition for the occurrence of chaotic particle motion. For a particle in regular motion,
its trajectory in phase space is periodic or quasi-periodic. whereas the orbit of a particle in chaotic
motion present random patterns. In general, a particle in regular motion will be on smooth curves
when mapped into the Poincare surface of section in the phase space. On the other hand. if the
mapping is scattered, the system is chaotic. Another way o distinguish the chaos from the regular
motion is that a chaotic system is very sensitive to the initial conditions. For chaotic motions, two

orbits initially very close in the phase space may separate exponentially with time [e.g., Ford and

Lunsford, 1970].
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Equation (5.2) can be written in component forms as

d *
dzf = v(1 + Cisinacosg) — Cyv]cosacosg (5.10a)
dv? i .
dtf = —Cyv:sing — v}(1 + Csinacose) (5.10b)
dv? . .- .
dt; = Cyv;cospcosa + Crvysing (5.10¢)
dp _ . .
prrialk M v, tana (5.10d)

For given C}, a, initial value of ¢, and initial velocity, one can integrate equations (5.10) to obtain
particle trajectories. The integration scheme utilizes the 6-order Runge-Kutta-Vemer method. A
typical integration time step is At = 0.05Q; ! The Hamiltonian has been used to examine lhé
accuracy of the integration, which is accurate to 10 at t = 5000A¢.

According to the discussion in Section 5.5, for a particle in resonant motion, the variation
of velocity v} (= |k:|v./S) should be on a cenain resonant orbit and be periodic in time.
If the resonance overlapping condition is satisfied, the particle motion is chaotic and v} jump
stochastically in a certain range as time passes. In order 1o see the chaotic particle motion as
a result of the overlapping of particle resonance orbits. we show in Figure 5.8 our calculation
results for a case with @ = 30° and kv /2y = 2.6, where vy is the initial speed of the particle.
The variation of v} as a function of ¢* is plotted for C; = 0.095 and C, = 0.12, respectively.
in the figure. Initially, the particle is incident into to the wave field with a velocity antiparaliel
to the total local magnetic field, B = By + B,,. at the position ¢ = 0. It is seen that for
Ci = 0.095, the particle motion shows a periodic pattern. with a high-frequency oscillatory
motion superposed on an average orbit. However, for C| = 0.12. v randomly jumps in the range

between |k.

U:/Qo ~ —1 and

k.|v./Qq ~ +2. indicating a stochastic motion resulting from

the overlapping of particle resonant orbits. Through this process, the particles in a plasma can be
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greatly heated. It is interesting to note that the critical number C'; . in this case estimated from the
the criterion (5.5) is Cyc ~ 0.12.

As mentioned earlier, the qualitative difference between particles in regular motion and in
chaotic motion can also be shown by calculating the separation of two particles in phase space.
Let the particle incident speed vy satisfies kv /g =~ 1.5, which is associated with slow shocks
with 8,5 = 75° and #; = 0.1. The three solid curves in Figure 5.9 show the separation in
the 4-dimensional phase space, D, of two particles as a function of time ¢ for three cases with

a = 0°, 14° and 20°, where D =|| S; — S,

| 8i = (¢:, v}, vy, v3;). and i=1 and 2 stand
for the two particles. At ¢ = 0, the pair of particles are started from ¢ = 0 and with velocities
approximately antiparaliel to the total local magnetic field B = B, + B,,. as in the simutation of
slow shocks, except a minute difference in the incident direction. We choose the initial separation
D = Do = 10~3. We see that D is a linear function of time for « = 0° (M, = 1), indicating
a regular particle motion. On the other hand, the exponential divergence of D in the case with
a = 20° (M1 = 0.97) demonstrates a very rapid '*forgetting” of initial conditions in the typical
chaotic motion, while the exponential curve (dashed) corresponds to D = Dgexp(o§lpt) with
o = 0.2. The exponential fit is calculated for a time duration longer than 50€t. The last case
with o = 14° and o = 0.12 is associated with M; = 0.98.

OQur calculations further indicate that each particle may have several chaotic bands in C for
a fixed a. Taking a = 20°, we draw in Figure 5.10 the chaotic bands of two particles. which
initially have the same speed (kvo = 1.5) and same same pitch-angle (20°), but have phase-angles
differing by 90°. The calculations have been carried out until p¢ > 250. Our results indicate
that there are three chaotic bands for particle 1: 0.06 < C, < 0.17; 0.19 < C, < 0.55; and
0.65 < Cy < 0.76. Thus the particle resumes regular motion several times as €'y increases. On
the other hand, our phase space plots indicates that it Cy > 0.76, the particie motion is regular

and dominated by the external periodic wave field.
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C; = 0.095
3.

v B 7
0.F i
3.

0. 200.
t*
C, =0.12
3.
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-3.
0 200.
t*

Figure 5.8 Variation of v} as a function of t* for Cy, = 0.095 and
C\ = 0.12, respectively. The wave propagation angle is 30°, and the initial
particle speed is given by kvg /o = 2.6.
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Filgure 5.8 The solid lines represent the separation of two particles in the
4-dimensional phase space, D, as a function of time ¢ for three cases with

a = 0° 14° and 20°. The dashed lines represent the best fit by an
exponential function.
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particle 1
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Figure 5.10 Chaotic bands of two particles in the case with a = 20°.
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Several examples of phase plane plots for particle 1 are shown in Figure 5.11. Initially the
particle is at ¢ = 0 with v} = 0. Figure 5.11(a) shows the surface-of-section plots of the particle
velocity for C; = 0.03, 0.1 and 0.6, respectively. The velocity points are plotied on the ¢}-v?
phase plane whenever ¢ is a multiple of 2. It is seen that the particle motion is periodic and
on a closed curve in phase space for C; = 0.03 and 0.6, whereas the particle velocity spreads
randomly in the phase space for the case with C; = 0.1. The results of particle 1 in the wave
field with Cy = 0.181, 0.25 and 0.66 are shown in Figure 5.11(b) in a different format. Here,
the particle trajectory is drawn continuously on the v}-v} phase plane. A periodic motion is seen
for the case with C, = 0.181, whereas the other two cases. with C; = 0.25 and ', = 0.66.
respectively, exhibit chaotic particle motions.

Particle 2 also has several chaotic bands, as shown in Figure 5.11, and the particle motion is
not chaotic if C; > 0.79. Similar phenomena are observed for particles with other different initial
phase-angle. In general, there exists a lower bound and an upper bound in C' such that incident
particles in this group are generally chaotic when C' is between these two values.

We now search for the behavior of a group of 200 incident panicles initially with 0 = 0.
These particles have the same initial speed vy with kg /€y = 1.5 and the same pitch-angle
(20°), and their phase angles around the magnetic field line are uniformly distributed from 0° to
360°. Our purpose is to find under which conditions the particle trajectories are stochastic within
one wavelength after incident in the rotational wave.

Figure 5.12 shows the phase projection of the 200 particles on the v -v? plane for two cases:
case (1) C; = 0.5 and a = 10° and case (2) C; = 0.5 and & = 20°, Initially. the 200 points
in phase space are on a closed curve as shown in the plots at ¢ = 0. When cut at ¢ = 2m,
the velocities of the group of particles are found on a smooth curve for the case with a = 10°,
whereas the particle orbits spread stochastically in the case with a = 20°. The particles move
chaotically within one wavelength in the latter case. In a plasma, a proper distribution of particles

is required to provide the current associated with the circularly polarized coherent wave. For

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



o~
byt
S
=l
D .
) : X
I L e
o 5
a
. n 1 )
b
~N
Lt
L
el 0 .
p—t .\
N XX
< - L 'S
i Y
— A
Q [
¥
o™ - =) v~ o~
an ' '
)
~
et
[~
[5r]
< 1
i~ ! S N
! i ©®
Q -
|
W N - S -~ o
s’ oUt ' )

Reproduced with permission of the copyright owner.

155

SR e
y- \M\&,ﬂ‘vﬂvAWﬂA\“V’v ~
RN ‘w
) s3
w '/d\.uAv:\._.v/. ‘ﬁ\\sl.v\ w @
A () _.0&..@._.@!,,.\ s S
IR .Q\”,//,..M&.,ﬂw&,..%z/%, 3
.a/:r/ \vV\ A\ WA /P pid
s NG 5!
BN g0
= .S =N 8
&N

-V

1.41
*
T

)

Cl = 0.250

(i
‘\.\_./,/_' é&
Wi
Rt

NI Y /M
il /.,As ‘,,o
y \\\\,M ‘

Motions of particle 1 on the

-1.41

.U-o ..ﬂﬂ

0.6 whenever ¢ is a multiple of 2. (b) Particle trajectories in the

1.29
Figure 5.11
section plots for the cases with, respectively, C;

G,

cases with, respeclively, C; = 0.181, C, = 0.25, and C}

C, = 0.181

-1.29

(b)

0.35

Further reproduction prohibited without permission.

=0.6.



156

particles originally with a proper distribution in a coherent wave field. the onset of chaos causes
the occurrence of random particle motions, which changes the current distribution in the system.
As a result, the coherent wave cannot be maintained.

The shaded area in Figure 5.7 is the region where this highly chaotic motion condition is
satisfied in the a-C plane. We now look for the critical intermediate Mach number of slow
shocks with 8,5 = 75° and 3; = 0.1. As shown in Figure 5.7, for o < 10° (M, > 0.985).
there is no highly chaotic motion which is required for the strong damping of downstream waves
of slow shocks. For 10° < a < 16° (0.985 > M; > 0.975). the chaotic region is narrow
in Cy. Our simulation of a slow shock with Ay ~ 0.98 shows that the growth of the wave is
fast enough to have the wave amplitude increase h»yond the upper bound of chaotic region. In
this case, the development of chaos is not strong and fast enough to suppress the development of
large-amplitude wave before it grows beyond the upper bound. When ¢ > 16°, the chaotic region
is wide in C}, indicating a high probability that the rotational waves can be damped before the
waves grow to the upper bound of chaotic region in Figure 5.7. Thus we expect that the critical
intermediate Mach number for the damping of wavetrain is M. ~ 0.975. which is consistent with
the simulation result. Such a good agreement between simulation and test particle calculation is
also observed for other subsonic slow shocks with different 6,, g a.nd dy.

We now examine the ion heating process associated with the non-switch-off shock in Figure
5.5. At z =~ 84c/wp;, the strength of the tangential magnetic field in the slow shock with
M = 0.96 undergoes a sudden decrease, and the temperature, 7}, has a rapid increase. We
notice that although the large-amplitude rotation around B, no longer exists in a slow shock
with My < M., the magnetic field hodogram in this case shows a tendency of rotation around
an effective background magnetic field and that this rotational wave is terminated within 1/4
wavelength. As shown in Figure 5.5, the effective background magnetic field hus 4 magnitude
of 1.9B,, and aesy ~ 60°. The normalized wave amplitude is C'y, gy =~ 0.9. From Figure

5.7, we find that ion orbits are chaotic and ions can be thermalized within one wavelength afier
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Figure 5.12 Phase projections of 200 particles on the v}-v? plane for two
cases case (1) C; = 0.5 and o = 10° and case (2) C; = 0.5 and
a=20°.:
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incidence in this wave field. Furthermore. we found that the region for panticles o become chaotic
within 1/4 wavelength is only slightly smaller than the shaded region in Figure 5.7. The chaotic
ion heating can occur within 1/4 of one wave rotation, as shown in the case with M; = 0.96 in
Figure 5.5. Besides, there are small-amplitude waves in downstream region. They also contribute
to the ion heating of slow shocks. On the other hand, our simulation as shown in the M; = 1 case
of Figure 5.5 indicates that the growth of ion temperature in shock transition region is very slow

since there is no chaotic heating of particles.

5.7 Summary

In this chapter, we have studied the structure of slow shocks in the magnetotail reconnection
layer based on hybrid simulations. We then demonstrated that the chaotic particle orbits in the
downstream wave field can provide an efficient mechanism for the ion heating in slow shocks.

The two-fluid model shows that the slow shocks have a lefthand circularly-polarized wavetrain
standing in the downstream region. However, the hybrid simulations indicate that there exists
a critical number, M, such that for slow shocks with M; > M., a large-amplitude rotational
wavetrain is present, while for slow shocks with M; < M., the downstream rotational wave
is damped within a fraction of one wavelength. The results can be used to explain the lack of
large-amplitude coherent wave trains downstream of the slow shocks observed in the magnetotail.
The obtained value of the critical intermediate Mach number M, in our simulations is consistent
with satellite observations in the magnetotail.

In the hybrid simulations, the lack of coherent wavetrain is related to a rapid ion heating in
slow shocks. Both analytical and numerical integration methods are used to study the particle orbits
in the downstream wave field associated with slow shocks. The occurrence of chaotic particle
orbits in a rotational wave field can lead to a sudden increase of ion temperature in a slow shock.

The criterion for the occurrence of highly chaotic ion motions is also obtained. This criterion can
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be used to explain the existence of the critical intermediate Mach number (M) vbserved in the

hybrid simulations.
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Chapter 6 Discussion and Summary

In the earth’s magnetosphere, magnetic reconnection usually takes place at the dayside magne-
topause and in the nightside plasma sheet. Through magnetic reconnection, the magnetic energy
can be efficiently converted into kinetic energy, leading to the ejection of high-speed plasma. A
layered structure which contains several magnetohydrodynamic (MHD) discontinuities and expan-
sion waves is formed in the high-speed outflow region. This layered plasma structure is called the
reconnection layer. The existence of reconnection layers in the dayside magnetopause-boundary
layer and the tail plasma sheet have been observed by satellites.

In this thesis, we have systematically studied the structure of reconnection layers at the
dayside magnetopause and in the magnetotail. The I-D ideal MHD model, resistive MHD model,
and hybrid model are used to solve the Riemann problem for the evolution of an initial current
sheet after the onset of magnetic reconnection.

In the ideal and resistive MHD models, plasma is considered as a continuous fluid and the
kinetic effects of individual particles are neglected. The advantage of the ideal MHD model is that
exact solutions of the Riemann problem can be obtained. The advantage of the resistive MHD
model is that simulations with a high spatial resolution and a low noise level can be carried out
as compared to the hybrid model. However, the resistivity used in the resistive MHD model may
not be realistic in the collisionless magnetospheric plasma. In the hybrid model, the kinetic effects
of ions in collisionless plasma are included. The disadvantage of the hybrid model is that the
resolution is lower than that in the resistive MHD model and the noise is higher.

The global structure of reconnection layers in the magnetosphere can be obtained by
performing global MHD simulations. However, in order 1o clearly identify the obtained MHD

discontinuities and expansion waves, a very high spatial resolution is required in the global

160
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simulation. So far the global structure of reconnection layers with high resolution has not been
obtained. For example, in previous global MHD simulations of magnetosphere by Lyon et al.
[1981] and Ogino et al. [1986], the grid size at the magnetopause is ~ 1Rg. In the global
simulations of dayside magnetopause by Shi et al. [1990], the grid size is ~ 0.1 Rg. The typical
width of the reconnection layer at the magnetopause is less than 1 R g, and hence the discontinuities
and expansion waves cannot be clearly identified in previous global simulations. On the other
hand, in our 1-D MHD simulations, 2000-4000 grid points are used across the reconnection layer.
and the MHD discontinuities can be clearly separated and identified.

Our study indicates that five discontinuities and expansion waves may be developed in a
reconnection layer. These discontinuities and expansion waves include rotational discontinuities,
intermediate shocks, slow shocks, slow expansion waves, and a contact discontinuity. The
rotational discontinuities and intermediate shocks change the direction of magnetic tield. the slow
shocks and slow expansion waves change the magnitude of magnetic ticid and plasma density, and
the central contact discontinuity matches different plasma densities on the two sides. In addition,
two fast expansion waves are also present in the solution of Riemann problem, but they quickly

propagate out of the reconnection layer. The main results are summarized as follows.
(A) Reconnection Layer in the Ideal MHD Formulation

In Chapter 2, we studied the structure of reconnection layers at the dayside magnetopause
and in the tail plasma sheet based on the ideal MHD formulation. [t is found that rotational
discontinuities, slow shocks, slow expansion waves, and contact discontinuity may be present in
the reconnection layer. Symmetric cases in our study correspond to the magnetotail reconnection
layer, and asymmetric cases can be applied to the dayside magnetopause-boundary layer.

In the cases with a zero guide field (By = (), our study provides an understanding for the
transition from Petschek’s [1964] model to Levy et al.’s [1964) model. as illustrated in Figure

6.1. In Petschek’s symmetric model, two slow shocks are formed in the reconnection layer. The
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structure of the reconnection layer changes qualitatively as the density ratio pn, /o, decreases. In
the weakly asymmetric cases with 1 > pp,/ps > R, ~ 10 and B, > B,, the discontinuities in
the reconnection layer are (RD + SS + C D + SS'"). Here, the prime indicates the discontinuity
propagating toward the magnetospheric (low-density) side of the reconnection layer. In the
highly asymmetric cases with p,, /ps < R, the structure becomes (RD + SE + CD + SS').
As pm/ps — 0, the slow shock SS’ and the contact discontinuity C'D disappear, and the
reconnection layer contains only RD and SE as in Levy et al.’s model.

For symmetric cases with B, # 0, a pair of rotational discontinuities (RD and RD')
and a pair of slow shocks (SS and SS") are present in the reconnection layer. For weakly
asymmetric cases with By, # 0, there exist a rotational discontinuity RD. slow shock S S. contact
discontinuity C' D, slow shock S$.5’, and rotational discontinuity RD’. For highly asymmetric

cases, the slow shock S.S is replaced again by a slow expansion wave SE.

(B) Reconnection Layer in Resistive MHD Model and the Role of Intermediate
Shocks

In Chapter 3, the structure of the reconnection layer in the magnetosphere was studied ¢n the
basis of resistive MHD simulations. We have shown that in the presence of a finite resistivity. the
results obtained from the ideal MHD formulation are modified. The steady rotational discontinuitics
do not exist, and the steady intermediate shocks and time-dependent intermediate shocks are found
to bound the reconnection layer, playing the role of a rotational discontinuity. Figure 6.2 provides
a summary of the role of the rotational discontinuity, intermediate shock. and time-dependent
intermediate shock in the ideal MHD formulation, resistive MHD model. and hybrid model.

For symmetric cases with B, = 0, a pair of slow shocks SS and S5’ are present in the
reconnection layer, similar to the ideal MHD case. For asymmetric cases with B, # 0. the
rotational discontinuity RD in the ideal MHD. model is replaced by a steady 2-4 intermediate

shock 75, as shown in Figure 6.2. For cases with B, # 0, the rotational discontinuities RD
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Transition from Petschek's Model to Levy et al.'s Model

Ps=Pm SS +SS
Bg =By
Petschek's Model

'

1> Pm/Ps>Rc~ 10"
Boy>By RD +SS + CD +SS
Pm/Ps<R
'gmjgsc RD+SE-_|-CD+SS

'

Pm—>0 RD + SE
Bm>By Levy et al.'s Model

Figure 6.1 Structure of reconnection layer in the ideal MHD formulation with
By = 0. As the density ratio pm / ps decreases, the structure evolves from

the symmetric case in the Petschek model to the highly asymmetric Levy et
al. model.
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Figure 6.2 Relations among the rotational discontinuity (RD), steady inter-
mediate shock (IS), and time-dependent intermediate shock (TDIS) in the
ideal MHD model, resistive MHD mode!, and hybrid mode!.
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and RD' in the ideal MHD model are replaced by two 2-3 time-dependent intermediate shocks
TDIS and TDIS', respectively.

The width of the 2-3 time-dependent intermediate shock obtained from our simulations
expands self-similarly as /7. As time t — oo, the time-dependent intermediate shock gradually
evolves to a rotational discontinuity in which the plasma density and magnetic field strength are
conserved. However, in the resistive MHD formulation, a steady rotational discontinuity with a

finite width does not exist.
(C) Structure of the Dayside Reconnection Layer in Hybrid Model

In Chapter 4, we studied the reconnection layer at the dayside magnetopause based on hybrid
simulations. In the hybrid model, ions are considered as individual particles and electrons as fluid.

It is found that the structure of the reconnection layer obtained in hybrid simulations is
different from that in the resistive MHD simulations. As illustrated in Figure 6.2(A). the 2-4 steady
intermediate shock in the resistive MHD model is replaced by the 2-3 intermediate shock in the
hybrid simulation. The time-dependent intermediate shock quickly evolves to a steady rotational
discontinuity because of the particle kinetic effect. as illustrated in Figure 6.2(B). In addition, duc to
the mixing of plasmas from the magnetosheath side and from the magnetospheric side. the contaci
discontinuity does not exist, and the slow shocks and expansion waves are strongly modified in
the reconnection layer. As a result, the ion temperature (number density) monotonically increases
(decreases) in the boundary layer region from the magnetosheath to the magnetosphere.

Due to the mixing of the accelerated magnetosheath plasma and the hot magnetospheric
plasma, the ratio T /T is reduced in the boundary layer region. A D-shaped distribution in ion
velocity space, which is associated with the transmitted magnetosheath ions, is found to be present

in the boundary layer.

(D) Comparison of MHD and Hybrid Simulation Results with Observations
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Rotational Discontinuity and High-Speed Plasma Flow: The presence of high-speed
plasma flow in the reconnection layer has been obtained in our hybrid model and MHD models.
The resistive MHD model predicts that a steady rotational discontinuity cannot exist. However,
our hybrid simulations show that in the general cases rotational discontinuities should be present
in the dayside reconnection layer. The rotational discontinuity and high-speed plasma flow have
been observed by many satellites in the dayside magnetopause-boundary layer.

Contact Discontinuity: A contact discontinuity is obtained from the ideal MHD formu-
lation and resistive MHD simulations for the dayside reconnection layer. However, our hybrid
simulations indicate that the contact discontinuity does not exist in collisionless plasma. As a resuli,
the slow shock and slow expansion wave are modified, and the plasma temperature in the dayside
boundary layer increases monotonically from the magnetosheath to the magnetosphere. Satellite
observations in the dayside boundary layer also indicate the absence of contact discontinuity and
the monotonic increase of plasma temperature.

Temperature Anisotropy and D-Shaped Ion Velocity Distribution: A temperature
anisotropy (T, # 7)) and a D-shaped ion velocity distribution in the reconnection layer have
been obtained in our hybrid simulations. These phenomena have been observed in the dayside
boundary layer. On the other hand, the temperature anisotropy and ion distributions cannot be

obtained from the MHD models.
(E) Slow Shocks in the Magnetotail Reconnection Layer

The magnetotail reconnection layer consists of two slow shocks. In Chapter 5. we studied
the structure and ion heating of slow shocks in the magnetotail plasma sheet based on two-fluid
simulation and hybrid simulation. The results of our study are summarized in Figure 6.3.

In the ideal MHD formulation, a slow shock is a thin layer without a structure. In the
two-fluid formulation, a large-amplitude rotational wavetrain is present in the downstream region

of the slow shock.
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Figure 6.3 Structure of slow shocks in the ideal MHD formulation, two-fluid

model, and hybrid model.
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In hybrid simulation, it is found that there exists a critical number M. such that for slow
shocks with an intermediate Mach number in the range 1 > M; > M, a long large-amplitude
rotational wavetrain appears in the downstream region, while for slow shocks with M; < M.,
the downstream rotational wave is damped within a fraction of one wavelength. The results can be
used to explain the lack of large-amplitude coherent wave trains downstream of the slow shocks
observed in the magnetotail.

The lack of coherent wavetrain is related to a rapid ion heating in slow shocks. As illustrated
in Figure 6.3, the existence of the critical intermediate Mach number M, in slow shocks is related
to chaotic ion orbits in the downstream wave field. For M; < M., the particle orbits are chaotic.
leading to the rapid heating of ions and the rapid damping of coherent waves. For M; > M, the
ions have regular orbits in downstream wave field.

The ion heating mechanism and the width of collisionless slow shocks cannot be obtained
from MHD models. In the resistive MHD model, the width D of a slow shock is related to the
resistivity 7 by D ~ 2n/(vp1 — vn2), Where v, and vp2 are the upstream and downstream
plasma normal flow speeds, respectively. However, the resistivity in collisionless plasma cannot
be determined from the MHD formulation. The ion heating and shock width can be obtained in our
hybrid simulations. For slow shocks with M| < M, the chaotic ion heating occurs and the shock
width D ~ R,, where R, is the downstream ion gyroradius. For stow shocks with M, > M.,
the shock transition region is long (~ 10--50R2) due to the presence of the rotational wavetrain.

In summary, we have systematically studied the structure of reconnection layers at the
dayside magnetopause and in the magnetotail. The results can explain the presence of rotational
discontinuities, high-speed plasma flow, and layered structure observed in the dayside boundary

layer and the structure of slow shocks observed in the magnetotail plasma sheet.
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