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Abstract

Magnetic reconnection and the Kelvin-Helmholtz (KH) instability regulate the
transport of magnetic lux, plasma, momentum and energy from the solar wind into
the magnetosphere. In this thesis, I use two-dimensional and three-dimensional
MHD simulations to investigate the KH instability, magnetic reconnection, and
their relationship. The major emphasis of this thesis is on the interaction pro-
cesses in the presence of magnetic shear and flow shear, the mechanism of vortex-
induced reconnection, the interaction of the tearing and KH instabilities, and the
KH-related magnetopause processes. Two basic flow and magnetic field configura-
tions are distinguished at the Earth’s magnetopause: (1) configurations where the
difference in plasma velocity between the two sides of the boundary Av (veloc-
ity shear) is parallel to the difference of the magnetic field Ab (magnetic shear),
and (2) configurations where the velocity shear is perpendicular to the magnetic
shear. For configuration (1), either magnetic reconnection is modified by the shear
flow, or the KH instability is modified by the magnetic shear and resistivity. The
evolution of the basic configuration (2) requires three dimensions. In this case,
both processes can operate simultaneously in different planes. If the KH instabil-
ity grows faster initially, it can wrap up the current layer and thereby initiate a
very fast and turbulent reconnection process. The resulting magnetic turbulence
can provide the first explanation of often very turbulent structures of the magne-
topause current layer. For the first time, it is quantitatively confirmed that the

KH instability operates at the magnetospheric boundary at low latitudes.

iii
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Chapter 1

Introduction

The transport of plasma, momentum, and energy across the magnetopause is of
central importance for the dynamics of the entire magnetosphere. The solar wind
interaction with the magnetosphere controls the intrinsic, microscopic structure
of the magnetospheric boundary, and regulates the motion and energy dissipation
of magnetosheath plasma during the process of its entry into the magnetosphere
proper. According to the magnetic field, flow field, and plasma structure, the
Earth’s magnetopause is made up of the magnetopause current layer, the low-
latitude boundary layer (LLBL), the entry layer, the cusp, the mantle, and the
magnetotail boundary layer, sketched in Figure 1.1 [Kennel et al., 1979].

The magnetopause current layer can be defined as the region where the currents
flow that cause a more or less abrupt change in the magnetic field and plasma con-
figuration, separating magnetosheath from magnetosphere [ Willis, 1975; Sonnerup,
1976]. The low latitude boundary layer forms a broad belt from the subsolar re-

gion past the flanks toward the magnetotail. The observed LLBL flow has a strong
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Figure 1.1 Sketch of the Earth’s magnetopause [Kennel et al., 1979].
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cross-field component [Akasofu et al., 1973|. The entry layer is thought to be a
consequence of the entry of magnetosheath plasma through the dayside magne-
topause [Paschmann et al., 1976]. The field lines in this layer seem to be closed.
The entry layer consists of field-aligned streaming of plasma of density and tem-
perature nearly the same as in the magnetosheath, but with reduced flow speed
[Sckopke et al., 1976]. The cusp or cleft is a longitudinally elongated region of
intense low-energy charged particle fluxes with field-aligned streaming, composed
of entry layer plasma that is approaching the earth’s ionosphere [Heikkila et al.,
1971]. The plasma mantle is a persistent layer of field-aligned tailward flow of
magnetosheath-like plasma inside and adjacent to the magnetopause, tailward of
the cusp. The flow speed in the mantle is less than the concurrent flow speed in
the magnetosheath. The particle density, temperature and bulk speed decrease
gradually with depth from the magnetopause to the inner boundary of the mantle
[Rosenbauer et al., 1975].

A study of these boundary layers is of particular importance because it involves
dynamical phenomena that are unique to plasma flow interfaces and do not occur
in the more uniform portions of the solar wind flow and inside the magnetosphere.
A study of the transport and of the main processes of this transport at the mag-
netopause is central to the state and dynamics of the entire magnetopause which
is controlled by the magnetopause boundary layer processes.

There are various instabilities that occur at the magnetopause. The two most
prominent models for macroscopic transport at the magnetopause are viscous in-
teraction and magnetic reconnection. Sources of free energy for the corresponding

instabilities at the magnetopause are the different magnetic fields, the different
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velocities, or the different densities of the solar wind and magnetospheric plasma.
The free energies can cause a variety of instabilities. The most important insta-
bilities on macroscopic scales are the tearing mode instability, which can operate
in the presence of a magnetic shear, and the Kelvin-Helmholtz (KH) instability,
which is an interchange instability driven by the presence of a velocity shear. Al-
though the individual instabilities are well understood in two dimensions, the three
dimensional nonlinear dynamics, the interaction of the two instabilities and appli-
cations to the magnetopause are pocrly understood. These are the topics of this

thesis.

1.1 The Tearing Mode and Kelvin-Helmholtz In-
stabilities

Before I introduce the physical processes at the magnetopause related to the two

instabilities, it is worthwhile to review the basic properties of the two instabilities.

1.1.1 The Tearing Mode Instability

The resistive tearing mode instability takes place on a characteristic time scale that
is much larger than the Alfvén transit time and is much smaller than the diffusion
time. It develops in a limited region where k - b is 0 ( k is the wave vector and
b is the magnetic field), and where finite resistivity plays an important role. The
free energy of the instability is magnetic energy. The basic theory of the tearing

mode is included in the fundamental paper of Furth et al. [1963]. Analytical and
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numerical studies of the linear tearing mode instability have been used in many
different fields [e.g., Coppi et al., 1966; Killeen and Shestakov, 1978; Steinolfson
and Van Hoven, 1983; Terasawa, 1983; Chen and Morrison, 1990; Otto and Birk,
1992].

The sketch in Figure 1.2 presents the required magnetic geometry and the evo-
lution of the tearing instability. The tearing mode requires an initial configuration
with antiparallel magnetic field components b; and bz separated by a current
sheet (Figure 1.2a). The tearing mode leads to the formation of magnetic islands
which grow during the linear phase with an exponential growth rate (Figure 1.2b).
For a hyperbolic magnetic field profile b, = Bjtanh(z/L), the relation between
the growth rate g and the wavenumber k under certain 7 is written as [Otto, 1990}

[(2tL)

\L2
Q= : Jg+3
[(2e%)

=—(1- A5)(1 - A%

(1.1)

where @ = qn~ 2, A = kn~Y%, n=1/S, and \g = 9%/1 Here S is the Magnetic
Renlods number, k£ is the wave vector normalized to the inverse current sheet
half width L, and ¢ is the growth rate measured in units of the inverse Alfvén
transit time 74 = L/V, with Vy = By/\/l10p and p being the plasma density. The
growth rate g is mainly dependent on normalized resistivity 7 and wave number
k. Two branches of tearing modes have been identified: the constant-i¢ tearing

=2/5 and a wave number close to 1, and

mode, whose growth rate scales as 73/°k
the nonconstant-i tearing mode, whose growth rate scales as 7'/3k?/® and wave
number close to 0. Constant and nonconstant-v refer to the r dependence of the

eigenmode in the vicinity of z = 0. The maximum growth rate scales as n*/2.
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Figure 1.2 The development of the tearing mode instability.
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1.1.2 The Kelvin-Helmholtz Instability

Figure 1.3 shows a sketch of the process of the Kelvin-Helmholtz (KH) instabil-
ity. The presence of a velocity shear makes an unmaguetized fluid susceptible to
the KH instability without a velocity threshold. The free energy source of the
KH instability lies in the kinetic energy of the differential motion across a plane
boundary. The growth rate of the KH mode for a basic case with uniform density
and a discontinuous velocity with v, = { i z>0 is ¢ = kVp, where k is the
- <0

wavenumber of the KH mode.

The KH instability is stabilized by magnetic fields with a direction aligned with
the shear flow [Chandrasekhar, 1961]. Consider two uniform magnetized fluids of
plasma density p; and p, separated by a plane boundary, where the velocities and

magnetic fields of the two incompressible fluids are v,, v, and b,, b, respectively.

The dispersion relation for the KH mode is [Chandrasekhar, 1961]:

p1VL + pava 2 2 P1p2
w=——="""k+ ,/p1(Va, - kK)*+p2(Va, k) — —=—[(vy — v2) - k]2
LI ket (Viay R+ 02(Viag ) = Sy~ va)
where w is the frequency and V 4; = by /(0p1)"/?, V.2 = ba/(pop2) /%

The development of the KH instability means w has an imaginary part. The

wave is growing in a frame moving with the velocity &‘;ﬂ{;m and yields a growth
rate of
P1P2

= [~p1(Va, k) = pa(Va, - k)’ + vy — V) - k|2 1.2

0= [ AVay 10— Va1 + P - (12)
provided that

1
poo[AvV - k]? > (ot p2)[(br -k)? + (bz - k)?] (1.3)
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Kelvin-Helmoholtz Instability

Figure 1.3 The KH instability.

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



Here the velocity shear Av equals v| — v,, and |Av| = 2V,. In the thesis, p, =
p2 = p are used most of time. If b; = bga, the onset condition of the KH instability

is very simple:
o>V (1.4)

In a compressible plasma for a configuration as shown in Figure 1.4, Miura et al.
[1982] found that for the sheared velocity perpendicular to the uniform magnetic
field by ( along the z direction) when

kZ + k?

(Va/Vi) < 2 (1)

the KH instability operates, where Vy = /V2 + V2[1+ _—:VV-;;Y‘V%C‘;;—-—] Vs, Vs, and
V4 are respectively the fast mode speed, sound speed, and Alfvén speed, and 6 is
the angle between the magnetic field and the wave vector. If the sheared velocity

(along the y direction) is parallel to the uniform magnetic field by when

k2 + k2

(Vo/V2)? < Sk < (Vo/Va)? (1.6)

y
the KH instability operates, where V;, and V,, are sound speed and Alfvén speed.
k, and k., are the y and z components of the wave vector.

In addition, the KH instability also has two other properties: (1) A finite
thickness of the shear layer stabilizes the KH mode for large wavenumbers [Ong
and Roderick, 1972]. (2) Both compressibility and a magnetic field component

parallel to the flow stabilize KH modes [Miura and Pritchett, 1982].
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Figure 1.4 The coordinate system used in Miura's simulations.
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1.2 Magnetopause Processes

The two basic processes for transport at the magnetopause are magnetic recon-
nection and viscous interaction [Azford and Hines, 1961]. The magnetospheric
plasma convection is mainly controlled by a north-south component of the inter-
planetary magnetic field lines. This is assumed to be caused by an interconnection
of interplanetary magnetic field lines to terrestrial magnetic field lines by day-
side reconnection process. An important and quite interesting the observation
of the plasma convection is observed residual plasma convection caused by some
viscous-like interaction between the flowing magnetosheath plasma and the sta-
tionary magnetospheric plasma. Although such a viscous-like contribution to the
magnetospheric convection appears to be small, it is important for complete un-

derstanding of the solar wind-magnetosphere interaction.

1.2.1 Magnetic Reconnection

The state of the terrestrial magnetosphere is firmly linked to conditions in the solar
wind. The magnetopause is almost constantly moving because the magnetopause
location is determined both by the solar wind dynamic pressure or momentum flux
and also by the southward component of the IMF. A southward IMF orientation
leads to a greater energy input into the magnetosphere and increased geomagnetic
activity than a northward IMF orientation. Dungey [1961] suggested magnetic
reconnection, which is favorable for southward IMF's, to explain this observation.
Plasma and magnetic field observations from ISEE 1 and 2, launched in 1977 |

Paschmann et al., 1979; Sonnerup et al., 1981], demonstrated strong evidence for
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magnetic reconnection.

Russell and Elphic [1978] noted isolated disturbances in the magnetic field
and plasma and particle environment of the low-latitude magnetosheath. They
appeared to be encounters with reconnected flux tubes (FTEs). In addition to
magnetosheath FTEs, magnetospheric FTEs have also been observed [Daly and
Keppler, 1982]. The magnetosheath FTEs and magnetospheric FTEs are part of
the same physical phenomenon at the magnetopause [Rijinbeek et al., 1984]. The
major character of FTEs is a bipolar signature in the magnetic By component
in the nominal plane of the magnetopause. Paschmann et al. [1982] also noted
the tendency for accelerated flow in the magnetosheath. Berchem and Russell
[1984] and Rijinbeek et al. [1984] both found that FTE occurrence is greatest
for southward IMF orientations. Magnetic field strength typically is enhanced
during FTEs. For large FTEs, the area of the flux tube cross-section is typically
1 R? and elongated in the L-direction of a boundary normal coordinate system
[Papamastorakis et al., 1989]. Twisted magnetic field lines are observed [Goertz et
al., 1985; McHenry and Clauer, 1987; Wei and Lee, 1990).

To explain the intermittent nature of the dayside magnetic reconnection process
associated with FTEs, a number of theoretical models have been proposed. These
include: (1) the elbow-shaped flux tube model [Russell and Elphic, 1978, 1979], (2)
the multiple X line reconnection model (MXR) [Lee and Fu, 1985], (3) the bursty
single X line reconnection model [Scholer, 1988; Southwood et al., 1988], (4) the
random turbulent reconnection model [Kan, 1988; Nishida 1989], (5) the vortex-
induced tearing model [Hu and Liu, 1986], (6) the three-dimensional generation

of bursty single X line model [Otto, 1990, 1991], and (7) the three-dimensional
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linkage reconnection model [Otto, 1995].

The elbow-shaped flux tube model proposes that the relaxation of the bent,
elbow-shaped flux tubes intermittently formed during the patchy reconnection at
the dayside magnetopause results in the observed features of FTEs. The MXR
model indicates that the interplanetary magnetic fields reconnect with the geo-
magnetic fields along several reconnection lines (X lines). The FTE signatures
are generated by the convection of the magnetic flux tubes that are intermittently
formed during the MXR process. The bursty single X reconnection model presents
that the FTE signatures are due to an enhancement and a subsequent reduction of
the reconnection rate at the reconnection region. A magnetic bulge formed at the
low-latitude region propagating to high-latitude region produces magnetic pertur-
bations and energetic particle features similar to that of FTEs. Model (5) relates
the KH instability to the tearing mode instability to explain FTEs, but it confines
its explanation to an incomplete two-dimensional picture. I will show it should be
a fundamental process in three dimensions. Chapters 3, 4, 5, and 6 will discuss

this in detail.

1.2.2 Viscous Transport Due to the Kelvin-Helmholtz In-
stability

The viscous interaction model was originally proposed by Azford and Hines [1961].

The viscous interaction between the solar wind and the Earth’s magnetosphere can

allow the momentum and energy of solar wind to diffuse or penetrate into closed

magnetospheric magnetic field lines. A classic viscosity by ion-ion Coulomb colli-
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sion is negligibly small to explain the tangential stress necessary for the observed
residual plasma convection. Therefore the viscosity at the magnetopause boundary
must be essentially anomalous. Anomalous transport may be caused by micro-
turbulence like lower hybrid waves [Huba et al.,1980; Tsurutani and Stone, 1985].
It also can be caused by macro-turbulence like the Kelvin-Helmholtz instability
[e.g., Southwood, 1968; Scopke et al., 1981; Lee et al., 1981; Miura, 1984; Pu and
Kivelson, 1983; Wu, 1986] . The KH instability can account for the momentum
transport.

Surface waves have long been observed at the magnetopause as multiple bound-
ary crossings with oscillatory variations in the boundary normal which are char-
acteristic of a tailward moving surface perturbation [Fairfield, 1979]. The KH
instability is a candidate for generating the waves, because the plasma bulk flow in
both the magnetosheath and boundary is tailward and forms a shear layer capable
of driving the instability. The growth of KH modes along the flow direction is
most easily excited by shear flow perpendicular to the magnetic field, a condition
which can be met at both the magnetopause and especially at the inner edge of
the boundary layer where the magnetic field is northward at low latitudes.

If the KH instability is excited at the magnetopause, solar wind flow energy
is converted into vortex motion and magnetic tension which lead to a viscous
interaction at the magnetospheric boundary. Chen et al. [1993] found that an
extended interval of quasi-periodic plasma and magnetic field variations (periods 5
min) at the pre-dawn flank of the magnetopause lasted for about four hours from
the event occurred from 1400 to 1800 UT on February 15, 1978 when ISEE 1 and

2 hovered near apogee on the dawn flank of the magnetotail. The fluctuations in
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the magnetic field appeared consistent with magnetopause crossings indicating a
motion of the magnetospheric boundary. They compiled several reported surface
wave observations at various locations at the magnetospheric boundary, which
suggest a characteristic wave period for surface waves at the magnetopause of the
order of 5 minutes.

Several studies have been done involving computer simulations of the KH insta-
bility at the magnetopause [MHD simulation: Miura, 1982, 1984, 1985, 1987, 1990,
1992; Wang and Robertson, 1984; Wu, 1986; La Belle-Hamer et al., 1988; Belmont
and Chanteur, 1989; Manuel and Samson, 1993. Hall MHD simulations: Huba,
1994: Hybrid MHD simulations: Thomas and Winske, 1991, 1993; Terasawa et
al., 1992; Fujimoto and Terasawa, 1994|. Their prime objective has been to under-
stand the nonlinear evolution of the KH instability at the magnetopause and the
nature of the transport of momentum and energy ( and mass when the frozen-in
condition is violated) into the magnetosphere by the instability. The direct evi-
dence of the transport of momentum, energy, and mass across the magnetopause
is the presence on the magnetospheric side of the magnetopause of the low latitude
boundary layer (LLBL) [Eastman et al., 1976]. In the LLBL a magnetosheath-like
plasma. is present and the plasma is flowing tailward.

Miura [1995] found that the observed rotation of the unperturbed magnetic
field across the magnetopause leads to significant dependence of the magnetopause
KH instability on the orientation of the magnetosheath magnetic field.

The above evidence shows that the KH instability is a very important process

at the magnetopause and magnetotail boundary layer.
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1.3 Motivation of the Thesis

The Earth’s magnetopause, a boundary between the magnetosheath and the mag-
netosphere, is neither quiescent nor impenetrable, and this accounts for the inter-
est in understanding its properties. The entire dynamics depends on the transport
through the magnetopause. There are four basic macroscopic processes at the
magnetopause: (1) magnetic reconnection, (2) Kelvin-Helmholtz instability, (3)
pressure pulses, and (4) impulsive penetration. They are believed to relate to
several very important magnetopause events: FTE’s, boundary motion, local ac-
celerated plasma flow [Otto et al., 1995]. For about 20 years, those process were
discussed as individual separate processes. However, they may not be mutually
exclusive at the magnetopause. In particular, the KH instability was studied only
in two dimensions. Such studies appear incomplete in order to understand the
magnetopause structure and dynamics. Observations strongly indicates the ex-
isting of magnetic reconnection and the KH instability at the magnetopause. [t
is to be expected that under certain conditions (to be determined) the processes
interact with each other.

I choose to focus on the relation between magnetic reconnection and the KH
instability as the two most important processes for the magnetospheric bound-
ary. Hu and Liu [1986] presented a theory of vortex-induced reconnection, which
suggested the developed flow vortices may induce magnetic field lines to recon-
nect. This assumes a coupling of the two instabilities, but the mechanism and
dynamics of the physical processes are still debatable. They argued that above

and below the subsolar point the flow is not perpendicular but rather parallel to
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the magnetopause so that the concept of driven reconnection does not apply. In
these regions the magnetopause should be susceptible to the KH instability. The
resulting large-scale vortices twist the magnetic field. In the case of antiparallel
magnetic field reconnection sets in above and below the fluid vortices, leading to
magnetic field islands. But around the subsolar point, the shear flow is very weak.
It is unlikely that the KH instability, which is expected to cause wave growth
with increasing distance from the subsolar point, operates at the subsolar mag-
netopause. There are possibly other regions where vortex induced reconnection
might operate. However, it requires to be investigated.

At the magnetopause or LLBL there are many regions where velocity flow shear
Av (see section 1.1.2) and magnetic shear Ab (see section 1.1.1) co-exist, which
implies that magnetic reconnection and the KH instability can operate simulta-
neously and play equally important roles at the magnetopause. This is a strong
motivation to study the relation between magnetic reconnection and the KH insta-
bility. Figure 1.5 a sketch of the magnetopause in relation to magnetosheath flow
v and confined magnetic field direction . There are two very important configura-
tions: (1) configurations where the velocity shear is parallel to the magnetic shear
(Av||Ab) and (2) configurations where the velocity shear is perpendicular to the
magnetic shear ( Av.LAb). For configuration (1), the role of the tearing and KH
instabilities and the relation between magnetic reconnection and the KH instabil-
ity need to be identified and resolved. For configuration (2), if both instabilities
operate, the question of the identity of the corresponding process arises. This
configuration poses a 3-D problem which can not be resolved in two dimensions.

In addition, the KH instability itself is a very powerful process at the magne-
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Figure 1.5 Magnetic field and flow field configuration at the dayside magnetopause [Kennel et al.,
1979).
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topause and the magnetotail boundary layer. The KH instability and the interac-

tion of the tearing and KH modes have not been studied in the literature.

1.4 Outline of the Thesis

In this thesis, I use two-dimensional and three-dimensional MHD simulations to
investigate the KH instability, magnetic reconnection, and their relationship. The
major emphasis of this thesis is on the interaction processes in the presence of
magnetic shear and flow shear, the mechanism of vortex-induced reconnection, the
interaction of the tearing and KH instabilities, and the KH-related magnetopause
processes. Some of the results are compared with the observations at the magne-
topause or lower latitude boundary layer.

Chapter 2 introduces basic numerical methods for this work.

In Chapter 3, I reconsider the interaction between reversed magnetic fields and
shear flows antiparallel to the magnetic fields. This interaction is studied in the
framework of two-dimensional compressible simulations. The influence of shear
flow on the tearing mode is investigated using different shear velocities. I also
look at the KH instability in the presence of different resistivities and discuss the
possibility of vortex induced reconnection.

In Chapter 4, I investigate the linear properties of the tearing and KH insta-
bilities. This study requires 2-D and 3-D compressible simulations and analytical
theory. The possible tearing and KH modes at the magnetopause are also analyzed.

In Chapter 5, I extend this study to the nonlinear interaction between reversed

magnetic fields and shear flows perpendicular to the magnetic fields. This nonlinear
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interaction is investigated in three-dimensional, compressible simulations. The
thinning of current sheets by the nonlinear KH vortices, the formation of multiple
current layers, and induced multiple current layer reconnection are analyzed. The
interaction of the KH and tearing instabilities is also investigated.
In Chapter 6, [ compare two-dimensional simulations with observations at the
tailward magnetospheric boundary and investigate structures of the magnetopause.
In the last chapter, I briefly summarize the results and suggest possible topics

for future studies.
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Chapter 2

Numerical methodology

Numerical simulation is a very powerful tool to solve nonlinear dynamic problems.

To study the KH instability, magnetic reconnection, and their mutual interaction

at the magnetospheric boundary, 2-D and 3-D numerical simulations are used to

solve the nonlinear MHD equations.

2.0.1 Basic Equations

In this thesis, I solve the full set of resistive MHD equations [e.g., Otto et al., 1990].

% = —-V.pv

dpv 1 9
% = Vx(vxb-1nVxb)
%L 9 () + T niorg
ot gl

(2.1)
(2.2)
(2.3)

(2.4)

with h = (p/2)"/7 and j = V X b. Here p is the plasma mass density, v is the

plasma. velocity, p is the plasma pressure, b is the magnetic field, j is the current
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density, 7 is the resistivity, I is the unit tensor, and v is the ratio of specific heats
(y = 1.667). Here all quantities are normalized to characteristic values for the
system, that is, length scales [ to a typical length a, density p to pg = nomy with
the number density ng and the ion mass mg, magnetic field b to By, velocity v
to the typical Alfvén velocity V4 = Bo(uopo) Y2, pressure to Py = B2/(2u0), and
time t to a characteristic Alfvén transit time ¢y = a/V,. The growth rate g, the
reconnection rate R, the reconnected flux ®, and the current density j are measured
in units of ¢3', V4By, aBo, and By/(poa), respectively. The normalized resistivity
is n = Hy/(pnoaVy) with Hy being the resistivity in MKS units. For a constant
resistivity, S = n~! is the magnetic Reynolds number for the current sheet in the

initial configuration.

2.0.2 Boundary Conditions and Numerical Method

The numerical method I used is a leapfrog scheme [Potter, 1973]. Free boundary
conditions are applied to the two boundaries in the z direction. Periodic boundary
conditions are used at the two boundaries along the y and z directions. The
Courant Freidrichs Levy condition is satisfied in all of the 2-D and 3-D simulations.

The grid is chosen to be uniform along the y and z directions and nonuni-
form along the z direction with a minimum grid separation of €, in the center of
the system to resolve the evolution of thin current layers during the dynamical
evolution. The number of grid points and the maximum resolution is varied for
different simulations. This very high resolution is necessary to resolve the non-

linear KH mode for a sufficiently long time during the simulation. Without this
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resolution the nonlinear evolution would be dominated by numerical dissipation
(the numerical roundoff error is O(Az?, At?)).

In addition to the growth rate I evaluate the reconnected magnetic flux and
reconnection rate. These parameters are important to distinguish ideal instabilities

from the resistive tearing mode. In two dimensions,
b=VAXxe, (2.5)

where A is the z component of the vector potential. The reconnected flux is the

magnetic flux between the X line and the O line:

Yz
= )
® /y b.dy (2.6)

and the electrical field along z direction is given by

dA
E.= T

From equation 2.5 [ can get A; — A, = [;7b.dy. So ® = A, — A,, and the
reconnection rate is R = E,;_ — E, . As a consistency test the reconnected flux can

be calculated also from
t t
@ = [(B. - E.dt= [ nojs - nojodt (2.8)
0

In my particular cases the X and the O lines are static points.

In three dimensions, I do 2-D and 3-D comparisons for the same configurations.

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



Chapter 3

The interaction of parallel flow

shear and magnetic shear

This chapter has been published in the Jounal of Geophysics Research, 102,

151, 1997.

3.1 Introduction

The Kelvin-Helmholtz (KH) instability and the tearing instability are two impor-
tant instabilities in magnetospheric physics. Both of them are believed to play
crucial roles for many phenomena at the magnetopause.

The basic properties of the tearing and KH modes are summarized in Table
3.1. The development of the KH instability is affected by the presence of magnetic
fields. The KH instability is stabilized by magnetic fields with a direction aligned
with the shear low [Chandrasekhar, 1961]. Miura and Pritchett [1982] found the

24
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Table 3.1 Properties of the Tearing and KH modes.

item tearing mode KH mode

free energy  magnetic shear shear velocity
stabilization shear flow magnetic field

KH mode completely stabilized for a velocity jump 2V, < 2VA(I} . 50) / (I:: - 7g) in
a plasma with a uniform magnetic field, where bo and @, are the unit vectors of
magnetic field and velocity, respectively, and V4 is Alfvén velocity. Only modes
with kA < 2 are unstable, and the fastest growing modes occur for kA ~ 0.5—1.0.
where A is the width of the shear flow layer. Both compressibility and a magnetic
field component parallel to the flow stabilize KH modes. Wu [1986] compared the
convective KH instability with the periodic KH instability. In the linear stage
there was no difference.

The resistive tearing mode instability takes place on a characteristic timescale
that is much larger than the Alfvén transit time and is much smaller than the
diffusion time. The basic theory of the tearing mode is included in the fundamental
paper of Furth, et al. [1963]. Analytical and numerical studies of the linear tearing
mode instability have been used in many different fields [e.g., Coppi et al., 1966;
Killeen and Shestakov, 1978; Steinolfson and Van Hoven, 1983; Terasawa, 1983:
Chen and Morrison, 1990; Otto and Birk, 1992].

At the Earth’s magnetopause both velocity and magnetic shear coexist. Hu
and Liu [1986] suggested that the development of the KH instability near the

magnetopause may twist the magnetic field lines and lead to the formation of
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magnetic islands. They called this type of reconnection vortex-induced magnetic
reconnection (VIR). Einaudi and Rubini [1986] first investigated the modification
of the tearing mode by shear flows parallel to the magnetic field. For fast velocity
shear (Vy > V) they found a transition to the ideal KH mode, provided the flow
profile has a maximum in the current sheet.

Subsequently, many studies have focused on the modulation of the tearing mode
by velocity shear and on magnetic reconnection caused by the formation of flow
vortices. For various flow and magnetic field orientations, La Belle-Hamer et al.
[1988] found a coupling of tearing and KH modes which can enhance the tearing
mode growth rate. Pu et al. {1990a] found an enhanced tearing growth rate for
flow velocities larger than 0.4V, with a steep increase for Vj = V4 which they
described as a vortex-induced tearing mode. This mode has been suggested to ex-
plain magnetic flux transfer events at the dayside magnetopause [Pu et al., 1990b).
When shear flow is parallel to a reversed magnetic field, Pu et al. concluded that
the Alfvén Mach number (the ratio of shear velocity to local Alfvén speed) plays
an essential role in determining the evolution of the coupled instability. Recently.
Fu et al. [1995] claimed a transition to VIR for Alfvén mach numbers above 0.3
to 0.6. These studies [e.g., Pu et al., 1990a, b; Fu et al., 1995| on VIR assume an
incompressible plasma and relatively low magnetic Reynolds numbers.

In contrast to these results, various analytic and computational studies have
found a stabilization of the tearing mode by velocity shear. FEinaudi and Rubin:
[1986] demonstrated a total stabilization of the tearing mode for super-Alfvénic
flows with a tanh profile. Chen and Morrison [1990] and Ofman et al. [1991]

found the fastest growing nonconstant-¢ solutions stabilized by shear flow. MHD
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simulations with constant resistivity by Ofman et al. [1993] demonstrated a sta-
bilization and an earlier saturation of the tearing mode due to shear flow. All of
these studies were carried out in the limit of incompressible MHD. In the frame-
work of compressible MHD, La Belle-Hamer et al. [1995] found that nonlinear
magnetic reconnection is switched off when the plasma velocity relative to the X
line is super-Alfvénic. These results seem to contradict a coupling of tearing and
KH modes with an enhanced growth of the tearing mode for sub-Alfvénic shear
flow.

In this chapter I attempt to resolve the problem of the interaction of tearing
and KH for a basic two-dimensional configuration using the nonlinear compressible
MHD equations. A particularly important aspect appears to be the choice of a
sufficiently small resistivity. This condition applies for the following reasons. First,
the evolution of the tearing mode requires a large magnetic Reynolds number S
or small resistivity such that the diffusion timescale and the growth time are well
separated. Otherwise, the lack of an approximate equilibrium or steady state in-
validates the concept of an instability. Second, fast diffusion caused by a large
resistivity reduces the magnetic tension force and may lower the threshold velocity
for the onset of KH. Third, the magnetopause is a rather thin magnetic boundary
layer [Berchem and Russell, 1982] which cannot exist in the presence of too much
resistive diffusion. Thus an application to the magnetopause requires a natural
limit to the diffusion. In this respect the assumption of a current dependent resis-
tivity is attractive because it can switch off resistive diffusion if the current layer
becomes too wide. In this study I will use both a constant and a current dependent

resistivity to clarify influences of the dissipation on the instability processes.
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The chapter is organized as follows. Section 2 presents initial and boundary
conditions, Section 3 shows my simulation results. In section 4 I discuss and

summarize my results.

3.2 Equilibrium and Initial Perturbation

I consider the idealized interaction between reversed magnetic fields and shear flows
antiparalle] to the magnetic fields. For all simulations I consider a one-dimensional
initial equilibrium configuration which separates two regions of different magnetic
field orientation as illustrated in Figure 3.1. Here z is the direction normal to
the current layer, and y is along the direction with maximum antiparallel fields.
The k vector of the considered instability is along the y direction. The simulation
domain is a rectangular box with |z| < L; and |y| < L,. For all simulations,
L. is chosen to be 15 (to minimize the influence of the boundary conditions) in
units of the equilibrium shear width, and L, is listed in Table 3.2 for the cases
considered. As illustrated in Figure 3.1, the initial magnetic field and the plasma
flow are along the y direction. The plasma is initially uniform in total pressure

(including dynamical and magnetic pressure). The equilibrium is determined by

bzo(z) = 0 (3.1)
byo(z) = tanhz (3.2)
vzo(z) = 0 (3.3)
vyo(z) = —Vptanhz (3.4)
po(z) = fBo+coshz (3.5)
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Table 3.2 Summary of Cases.

Case L, mo o j& Vo P Type
1 15 0.001 0 0 0.0 T
2 15 0.001 0 0 0.1 T
3 15 0.001 0 0 0.3 T
4 15 0.001 0 0 0.5 T
5 10 0.001 0 0 0.0 T
6 10 0.001 0 0 0.1 T
7 10 0.001 0 0 0.3 T
8 10 0.001 0 0 0.5 T
9 15 0 0.005 0.8 0.0 T
10 15 0 0.005 0.8 0.1 T
11 15 0 0.005 0.8 0.3 T
12 15 0 0.005 0.8 0.5 T
13 5 0.001 0 0 1.5 KH
14 5 0.005 0 0 1.5 KH
15 5 0.010 0 0 1.5 KH
16 5 0 0.001 095 1.5 KH
17 5 0 0.01 095 1.5 KH
18 5 0 0.01 09 1.5 KH
po(z) = 1 (3.6)

where fy is the ratio of dynamical to magnetic pressure at the boundaries |z| =
L.. For all cases, () is chosen to be 4 which is consistent with typical values
in the magnetosheath and in the dayside low-latitude boundary layer [ Phan and
Paschmann, 1996].

A small amplitude perturbation is given in terms of the velocity profile:

v.(z,y) = vwo(z) + 67, (3.7)
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Figure 3.1 Sketch of the initial configuration of magnetic field and shear flow, where the shaded region
is the current sheet. Arrows labeled v and b indicate the directions of the velocity and the magnetic
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o(zy) = vale)+ 8, (3.8)

For the tearing mode related problem the following tearing-like perturbation is

given:
6v, = wvz(r/L,)cos(yr/L,)cosh™ z (3.9)
dvy, = —vycosh™ 2z
[1 - 2z sin(yn/L,) tanh z| (3.10)

where v, = 0.001. For the KH mode related problem the following vortex-like

perturbation is given:

vi(w/L,)sin(ry/L,) cosh? ¢ (3.11)

]

oV,

6v, = —2vcos(ry/L,)tanhzcosh™z (3.12)

where v; = 0.0001. These perturbations have the same symmetry as the related
eigenmodes, and they are chosen such that V-v =0.
In this study I consider cases with constant resistivity and current dependent
resistivity where the current dependent resistivity is determined by
a(jz - jcz) ] Z jc
n="mn + _ _ (3.13)
0 J<Je
where j = |j| and j. is a critical current density. This form can be interpreted
as the result of current-driven enhanced resistivity. For the considered cases the
current dependent resistivity serves two purposes. First, it clarifies the influence
of different resistivity models on the dynamics, in particular, of the KH instability.
Second, a current dependent resistivity appears more realistic for applications to

the magnetopause, (1) because it implies a negligible resistivity almost everywhere
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in the system, as expected for a highly collisionless plasma, and (2) because it pro-
hibits the evolution of singular current sheets with an arbitrarily small thickness.
A current dependent resistivity can be expected as a result of microturbulence
[e.g., Papadopoulos, 1980, Brackbill et al., 1984].

In the simulations addressing the tearing mode I use 63 x 43 grid points with a
resolution of €, = 0.05 and ¢, = 0.75. In the simulations related to the development
of the KH mode I use 203 x 83 grid points with a resolution of ¢, = 0.008 and

e, = 0.125.

3.3 Simulation Results

A summary of the cases discussed in this section is provided in Table 3.2. Here
the first two columns present the case number and the half wavelength of the
discussed modes. The next three columns identify the properties of the resistivity
model. The sixth column presents the magnitude of the shear flow, and the last
column shows perturbation type. I have used in addition other perturbations
to verify the results. Typically, the tearing mode is also obtained with the KH
type perturbation; however, the evolution takes longer because the corresponding
normal mode has a smaller amplitude in the spectrum of the perturbation.

Cases 1 to 8 use a constant resistivity and sub-Alfvénic shear velocity to study
the influence of shear flow on the tearing mode. Here cases 1 to 4 consider long
wavelengths and cases 5 to 8 consider short wavelengths. Cases 9 to 12 study
the tearing mode for current dependent resistivity and sub-Alfvénic shear velocity.

The instability of the shear velocity layer for super-Alfvénic plasma flow (KH type)

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



33

is studied with cases 13 to 18. These also consider various resistivity models.

3.3.1 Sub-Alfvénic Shear Flow: The Tearing Mode

The influence of shear flow on the tearing mode is investigated using different shear
velocities but otherwise the same parameters. An evaluation of the growth rates
of the tearing mode and reconnection rates is used to identify the influence of the
shear flow. Note that a proper evaluation can not only rely on the growth rate of
the modes because the coupling of the tearing mode with another instability can
result in significant growth rates but may show a decrease in the reconnection rate.
For instance, the transition of the tearing mode to the radiative tearing instability
yields large growth rates even for n = 0, but in the limit of vanishing resistivity
the reconnection rate also tends to zero [e.g., Birk and Otto, 1991].

Figure 3.2 shows the magnetic field lines and velocity vectors of three cases
with the same constant resistivity n = 0.001 and different shear flow velocities
at t = 600. Magnetic field lines are plotted with a uniform spacing in magnetic
flux. The plot in Figure 3.2 shows only a subdomain of the entire simulation to
enhance the relevant features. The biggest magnetic island appears in case 1 in
which there is no shear flow. Shear flow has an obvious tendency to reduce the
size of the magnetic island. This earlier saturation of the tearing mode is consis-
tent with an investigation by Ofman et al. [1993] for the case of incompressible
dynamics and smaller wavelengths. Note that the results shown in Figure 3.2 also
include the effects of diffusion which are important on the considered timescales.

Consistent with theoretical expectations [Chen and Morrison, 1990|, the results
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do not indicate any coupling to a KH instability.

Figure 3.3a shows growth rates of the instability [Furth et al., 1963] for different
shear velocity as a function of the wavenumber. Growth rates are obtained from
8b;|z=0 = O and are corrected for effects from diffusion. The solid line is the
dispersion relation for the tearing mode without shear flow in an incompressible
plasma. In my compressible simulations the growth rates of case 1 and case 5 are
still close to the theoretical case without shear flow. For the same wavenumbers,
the growth rate decreases when the shear velocity Vj increases from 0 to 0.5. This
indicates that shear flow stabilizes the tearing instability. Figure 3.3b shows the
reconnection rate as a function of time for the different cases. It shows a significant
decrease of the reconnection rate with increasing shear velocity. Close to ¢t = 600
the reconnection rate levels off indicating the start of the saturation of the cases
with V5 = 0.0 and V4 = 0.1 shown in Figure 3.2, while larger shear velocity cases
saturate earlier.

Often, current dependent resistivity models are used to simulate physical prob-
lems at the magnetopause. In the following I consider cases (9 to 12) with the
same parameters as in cases 1 to 4, however, with the current dependent resistiv-
ity model.

From left to right, Figure 3.4 presents magnetic field lines and velocity vectors
of three cases with the same resistivity model parameters, 70 = 0, a = 0.005,
and j? = 0.8, but different shear flow velocities Vy = 0, V; = 0.3, and V5 = 0.5,
respectively. All plots show the same time, ¢ = 200. Similar to the constant
resistivity cases the largest magnetic island appears for case 9, in which there is

no shear low. Again, increasing shear flow has the obvious tendency to reduce the
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Figure 3.2 Magnetic field lines (solid lines) and velocity vectors of cases 1, 3, and 4 (constant resistivity)
are shown at time ¢t = 600, with a shear velocity of Vg =0, Vo = 0.3, and V5 = 0.5 (from left to right).
Note velocities are i n units of the Alfvén speed, time is measured in Alfvén transit times, and length is
measured in units of the half width of the initial current sheet.
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Figure 3.3 (a) Linear growth rate g of the tearing mode as a function of the wavenumber k, where the
solid line is the dispersion relation for a resistivit y of 7 = 0.001 [Otto et al., 1990] and symbols represent
simulation results for cases 1 to 8. (b) The variation of the reconnection rate R as a function of time for
different shear flow cases.
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width of the resulting magnetic islands. I remark that for these current dependent
resistivity cases I did not find well saturated final configurations. During the later
evolution the cases with V5 = 0, V; = 0.1, and V; = 0.3 exhibit more complex
configurations which include a splitting of the X line. The final island width
before it decays into more complex structures appears to be only slightly reduced
by the shear flow up to V5 = 0.3. The case with Vj; = 0.5 saturates much earlier.
Consistent with theoretical expectations, Figure 3.4 shows no indication of a KH
instability.

For the cases with current dependent resistivity the dispersion relation of the
tearing mode can be obtained by using an effective resistivity. The maximum
growth rate of the tearing mode without shear flow scales as ,/7ex [ Otto, 1991].

This effective resistivity is obtained from the linearized form of (17):

dn .
el = Th=0+ 20
J
a(j%y — jo°) + 2ajo®  Jo > Jje
- (3.14)
0 jO < jc

where j, indicates the equilibrium current density. Note that the resistivity n,.-¢
for the model parameters is 0.001, that is, the same as for the constant resistivity
cases such that diffusion is rather slow. However, the effective resistivity, which
determines the growth rate of the tearing mode, is 7. = 0.011 for the equilibrium
which implies much faster growth for the cases considered here.

Figure 3.5a shows the comparison of growth rates between theoretical and sim-
ulation values. Without shear flow the solid line and the dashed line theoretically
present the growth rate as a function of wavenumber for the effective resistivity

Neg = 0.011 and the zero-order resistivity m:=¢ = 0.001, respectively. The other
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Figure 3.4 From left to right, magnetic field lines and velocity vectors for cases 5, 7, and 8 at the time
t = 200, with shear velocities of Vo = 0, Vo = 0.3, and V5 = 0.5, respectively.
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lines marked with different labels are from simulation results of cases 9 through
12. Because of magnetic field diffusion, the current sheet width increases from 1
to 1.5 in the simulation for all four cases, and thus the wavenumber shifts from 0.2
to about 0.3 (there are only very limited shifts in the cases with constant small
resistivity). The growth rate for small shear flow is close to the solid line and for
all cases is above the dashed line. For the same wavenumbers the growth rate
decreases with increasing shear velocity. This indicates that shear flow stabilizes
the tearing instability in a manner similar to the constant resistivity cases. Figure
3.5b shows the variation of the reconnection rate as a function of time in different
shear velocity cases. The reconnection rate also shows a decrease with increasing
shear velocity.

For shear flow with 0.5 < V3 < 1.0 and small resistivity, strong fluctuations
made it difficult to identify the growth rate of the tearing mode for either constant
or current dependent resistivity models. However, the overall growth rate is smaller
than that in the cases with V5 < 0.5, and there is also no indication of a KH

instability.

3.3.2 Super-Alfvénic Velocity Shear Effects on the Kelvin-

Helmholtz Mode

For super-Alfvénic shear flows (for example, I set Vj = 1.5) the primary instability
is expected to be the KH. There are various unresolved basic problems: Is there a
coupling of the tearing and the KH instabilities? Does the choice of the resistivity

have an influence on the KH instability? What is the relation between the KH
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Figure 3.5 For a current sheet with current dependent resistivity (a) the linear growth rate g of the
tearing mode is presented as a function of the wavenumber k, where the solid line is for the effective
resistivity 7 = 0.011, the dotted line is for constant resistivity n = 0.001, and other straight lines with
different symbols are from simulation results of cases 9 to 12, and (b) the evolution of the reconnection
rate for different shear flow cases is shown.
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instability and magnetic reconnection?

First, I present some results for constant resistivity cases. Figure 3.6 shows
magnetic field lines and velocity vectors of cases 13 to 15 at the time t = 100,
where the values of resistivity are n = 0.001, n = 0.005, and n = 0.01, respectively.
Velocity vectors indicate the evolution of the KH instability. In addition, I see
different size magnetic islands which demonstrates that magnetic reconnection is
operating. The largest magnetic island and flow vortex is formed at n = 0.01, and
the smallest is formed at n = 0.001. However, does this imply a tearing instability
or a mode coupling of KH and tearing modes?

Figure 3.7a shows In(max(v.)-min(v;)) along the y axis as a function of time
for three different cases with n = 0.001, n = 0.005, and 7 = 0.01. Here the regions
of approximately constant slope measure the growth rate. Figure 3.7a shows a
very rapid increase of the perturbation around ¢ = 10. I will come back to this
feature a little later. The large-scale KH mode dominates the growth between
t = 65 and t = 90. The slope during this interval and the growth time appear to
be very similar for the three cases. For the wavelength of A = 10 these slopes give
a growth rate of ¢ = 0.11 such that the growth of the KH mode does not appear
to be affected much by the choice of the resistivity.

In Figures 3.7b and 3.7¢, the maximum absolute current density and the re-
connection rate, respectively, are presented as a function of time. From ¢ = 65 to
t = 90 the values of both the reconnection rate and the maximum current density
magnitude clearly increase for different cases. The increase of the maximum cur-
rent density is a result of the pinching of the current layer by the KH instability.

In the resistive system the increase of the current density generates an increase in
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Figure 3.6 From left to right, magnetic field lines and velocity vectors for cases 13 to 15 at time ¢ = 100,
where the values of the resistivity are n = 0.001, n = 0.005, and n = 0.01, respectively.

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



43

oL —___  S=1000 V,=1.5 a
~ F S=200 B
S T :
€ 2+ ~
E ]
Z af s
x - 4
[ ] . 4
g | B
€ 6 B

-8[ -

llllllllll

llll

1

{ .

maxlj|
(@] N BN ()] oo O
T | LEBLABL l T 1T l TTT ‘ UL ' TTT

A ____ C]
: /’-/ ERaaY - \\:
- j T
6 J
@ C ]
£ gL
5 -\
-10 - :
L / v

P | n 2 L

b N

20 40 60 80 100

o
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the electric field and thus forces magnetic reconnection.

The separation of linear and nonlinear evolution is not straightforward. At
about ¢ = 70 the current density for the case S = 1000 has doubled which is
clearly a nonlinear perturbation. At this time the amplitude of the KH mode has
reached dv, = 0.1. Nevertheless, the growth of the KH mode continues largely
unaffected until about ¢ = 90 where it saturates with an amplitude of v, = 0.3
to 0.4. Despite the larger fluctuations at earlier times, Figure 3.7c indicates an
increase of the reconnection rate with approximately the same slope as the growth
rate of the KH instability. Before ¢ = 60 the reconnection rate is less than 0.001
and not significant for the total reconnected flux.

Although resistivity has some influence on the reconnection rate, I was not able
to identify a resistive mode in the current sheet, partially because the system is
evolving rapidly after about ¢ = 60. Note also that the growth rate of a tearing
mode in the current layer would be far too small to affect the system in any
significant way. Attempting a scaling of the reconnection rate of the form R
S~Té, where 6 is some typical perturbation, indicates a value of 7 < 0.5, that is, a
relatively weak dependence on the magnetic Reynolds number.

In summary, these results indicate that the reconnection process is very much
driven by the formation of the KH vortices rather than being a result of nonlinear
mode coupling. In the later case one would expect a stronger feedback to the
KH instability which would be observable, for instance, in a modification of the
growth rate and stronger dependences of the overall structure on the value of the
resistivity. Locally, I do not observe fast reconnection flows. This may indicate

that the reconnection process in the current layer is a rather diffusive process which
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is consistent with the strong increase in the current density for S = 1000.

Before t = 20, Figure 3.7 shows a very rapid growth of the perturbation with a
growth rate of ¢ = 3. The rapid growth indicates an ideal instability with rather
small wavelengths. This is confirmed by a strong magnification of the central
shear flow layer which demonstrates the evolution of very small KH vortices in
this layer. Figure 3.8a shows the very small KH vortex at t = 19 for case 13 in
a tiny subdomain of the entire system. The wavelength of the vortex is 0.5, and
the shear layer width is 6 = 0.08. I remark that this result can be predicted from
g = kVp. On these small scales the growth rates for the small wavelength KH
modes are much larger and the magnetic Reynolds number is much smaller: that
is, the plasma is not as well frozen to the magnetic field. Note that although the
initial perturbation has a wavelength of A = 10, this is not an exact normal mode
such that perturbations with other (smaller) wavelength are also contained in the
spectrum of the initial perturbation.

Figure 3.8b shows the velocity component v, and the magnetic field component
by, at z = O for different times. Obviously, the velocity shows the form which one
would expect from the small-scale KH turbulence. For the particular equilibrium,
by actually provides a somewhat better measure of the growth of the large-scale
mode because it increases with distance from the neutral sheet and thus amplifies
larger displacements. Note that the small-scale velocity perturbations indicate
that modes with varying wavelengths are present in the system. It is only after
the amplitude of the larger-scale KH mode surpasses those of the already saturated
small-scale KH vortices that the larger-scale mode becomes visible in the plot in

Figure 3.7a. Although the small-scale modes are saturated early, the larger mode
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Figure 3.8 (a) A plot of the magnetic field lines and and velocity vectors in a small subdomain of the

system at ¢t = 19, and (b) b, and v along a cut at z = 0 for times t = 19,¢t = 39, and t = 59 to illustrate
the mode structure for case 13.
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appears to grow independent of this turbulence with the growth rate which is
expected theoretically until about ¢ = 80 or ¢ = 90 when the large-scale mode
starts to saturate.

Finally, it is interesting to look at the KH instability in the presence of a current
dependent resistivity. For cases 16 to 18, Figure 3.9 shows magnetic field lines and
velocity vectors at the same time £ = 80. The evolution of the KH vortices is quite
evident for all cases, as is the magnetic reconnection which generates the magnetic
islands. The parameters of the models are such that lowest initial resistivity occurs
for case 16 with 7,9 = 0.00005 and the largest for case 18 with 7= = 0.001. The
islands for all cases again demonstrate magnetic reconnection. The island in case
18 appears to contain slightly more magnetic flux than the others.

Figure 3.10a shows the evolution of the perturbation In(max(v;)-min(v.)) along
the y axis as a function of time. It is evident that these cases again show very
similar growth for the large-scale KH mode as the constant resistivity cases shown
in Figure 3.7a. This confirms that the resistivity and resistive modes have a rather
minor influence on the growth even in the nonlinear stage. Figures 3.10b and 3.10c
show the maximum current density and the reconnection rate, respectively, again.
Here the larger current density (i.e., smaller current sheet width) and the slightly
smaller reconnection rate for case 18 are remarkable. Resistive processes in the
system require a significant increase in the current density. Since the threshold
current density is very similar for the three cases, this increase depends very much
on the coefficient o in (17). This coefficient is a factor of 10 smaller for case 16
(e = 0.001) than for cases 17 and 18. Obviously, this implies less diffusion at the

same current density in case 16. In other words, the current sheet needs to be
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Figure 3.9 From left to right, magnetic field lines and velocity vectors for cases 16 to 18 for current
dependent resistivity at time ¢ = 80.
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more pinched in this case in order to develop the same diffusion as in the other
cases. This explains the larger current density and the slightly smaller reconnection
rate. The reconnection rate is somewhat higher in these cases as compared to the

constant resistivity cases.

3.4 Summary and Discussion

Our results on the dynamics of shear-flow and magnetic-shear layers indicate two
different regimes, that is, a tearing-mode-dominated regime for sub-Alfvénic flows
and the KH-unstable regime for significantly super-Alfvénic flows. Such regimes
had been identified previously by Miura and Pritchett [1982] for the KH instability
and in a linear analysis by Finaud:i and Rubini [1986].

1. For sub-Alfvénic flow the reconnection rate decreases with increasing
velocity shear. I was unable to identify a KH unstable behavior for shear flow with
less than the Alfvén velocity unless 7 is very large. This conclusion is opposite to
what the models and simulations on VIR predict [e.g., Pu et al., 1990a, b; Fu et
al., 1995]. The question is, why do I obtain a different result for this parameter
regime?

As mentioned in the introduction, a sufficiently small resistivity is required
to study reconnection and is more realistic for applications to the Earth’s magne-
topause. In my simulations I have used typically a value of n = 0.001 for the initial
resistivity (except cases 14 and 15). This implies that the frozen-in condition is
not strongly violated. Typically, numerical studies on VIR use a rather large resis-

tivity. A large resistivity generates immediately a strong diffusion process which
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widens the current sheet and thus reduces the magnetic tension which stabilizes
the KH instability. In addition, the violation of the frozen-in condition allows
plasma transport across the magnetic field and should also lower the threshold for
the onset of a KH instability.

I have tested this hypothesis with a resistivity n = 0.3 and a shear flow velocity
Vo = 0.5. Figure 3.11a shows magnetic field lines and velocity vectors at ¢ =
100. The velocity vectors clearly present the typical vortex for the KH instability.
During its evolution the magnetic field is very gently pinched giving rise to the
magnetic island which is seen in the magnetic field plot. Note that the magnetic
field strength is strongly reduced compared to the initial field.

To demonstrate the mechanism for the KH instability, Figure 3.11b shows the
evolution of the profile of the velocity v,, and the magnetic field b, which is approx-
imately the Alfvén speed. As long as the gradient in b, is larger than the gradient
in v, the KH mode is stabilized. However, at about t = 24 the diffusion has
widened the current sheet so much that it becomes KH unstable. At t = 49 there
is a large region of the current layer which is now KH unstable. Thus modes with
a very small wavelength start to grow initially, and relatively soon a large-scale
KH mode can develop. Thus VIR requires a large resistivity or a super-Alfvénic
shear velocity to destabilize a configuration which has been initially KH stable.

Within the accuracy of my results there is no difference between short wave-
length modes and long wavelength modes. In an analytical study, Chen and Mor-
rison [1990] observed a slight destabilization of the constant-y tearing mode for
rather small shear flow.

2. If the shear flow is super Alfvénic, I could not identify a tearing mode.

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



22

=0
t=24
t=49

t

\
B — e~~~ 4 s
\‘.\ l-,l'
=== =
i e ——j — /’ . — ]
= e e e e e e e 5
e s s e e o

(s 0} o 0

A

(b)

—~~~

o

N

“

(]

I

&=

L

]

Ny

A~

>

Pl

A

8

(™)

] .

20 &

Im -

a

t -3

S v

==
|
<
o

Figure 3.11 (a) Magnetic field lines and plasma velocity vectors
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The KH instability evolves largely independently of a sufficiently small resistivity,
even if this model is changed to a current dependent form which can generate a
locally enhanced resistivity.

In its nonlinear evolution the KH instability leads to a significant pinching of
the current sheet. The increase in the current density generates a corresponding
increase in the resistive electric field. This mechanism generates magnetic recon-
nection and magnetic islands of the size of the KH vortices. The corresponding
reconnection process is obviously strongly driven by the pinching of the current
layer. The reconnection process is expected to occur also if the system is initially
fully collisionless because the KH vortices would generate arbitrarily thin current
sheets if no dissipation is available and thus force the generation of a dissipation
process.

The evolution of the KH mode even with large nonlinear amplitudes appears
largely unaffected by the reconnection process. Because of the fast pinching of
the current sheet, I could not identify a tearing mode structure or tearing mode
growth during the later times of the KH evolution. Thus the question whether
the local (compared to the large-scale KH mode) reconnection process is caused
by a resistive tearing mode or just a process driven by the current sheet pinching
remains unresolved. A more accurate evaluation of the local reconnection processes
in the long current layer requires further studies which are beyond the scope of this
study. The plasma outflow occurs in regions which are created by the KH vortices
and do not show the typical reconnection layer structure.

3. The current dependent resistivity model generates larger reconnection rates

than the constant resistivity model. Remarkably, the current dependent resistivity
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can be very small for an initial system with a current density close to or below the
threshold. However, the growth and reconnection rate can be very large depending
on the particular choices for the model. A current dependent resistivity appears to
be a more realistic choice, particularly for many magnetospheric processes, because
the dissipation is negligible almost everywhere and is strongly localized only where
the current sheet is driven very thin either by external forces or by the internal
dynamics of an instability process.

4. Kelvin-Helmholtz vortices can induce magnetic reconnection which is a vi-
able process at the Earth’s magnetopause. However, the location for the occurrence
of these structures is disputable. First, the formation requires a magnetosheath
flow velocity which is larger than the threshold velocity of the KH instability. This
condition largely excludes the subsolar magnetopause if the flow is strongly aligned
with the field (which is necessary to obtain a significant reconnection process). Sec-
ond, the vortices should be almost fully developed otherwise the reconnected flux is
small. During their formation the flow vortices move downstream at a speed close
to the magnetosheath plasma velocity. The actual growth time ¢, is much longer
than the KH growth time in an unmagnetized plasma, that is, t; = nA/(Tvmsh),
where v, is the magnetosheath plasma velocity and = is typically a factor be-
tween 5 and 10 (I obtained n = 8). Thus the vortex moves a distance of [ = 1.5\
to [ = 3\ during one growth time. For a wavelength of 2 Rg (which yields a vortex
size of about 1 Rg consistent with typical flux transfer event observations) this
implies a motion of about 3 to 6 Rg during one growth time. Since the formation
requires a time of at least several times the KH growth time, a vortex has at least

moved 6 Rr and probably more than twice this value. This excludes the major
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portion of the dayside magnetopause as a possible location to observe the resulting
structures.

I finally remark that this study has like almost all other studies considered fairly
specific magnetic field and flow configurations and is subject to the constraint
of two dimensionality. An extension, in particular, into the three-dimensional
dynamics of magnetic and velocity shear processes may yield important further

insight.
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Chapter 4

Linear properties of the
Kelvin-Helmholtz and tearing

instabilities in three dimensions

4.1 Introduction

Understanding the linear dynamics of the tearing and KH instabilities will provide
important insights into the dynamics and properties of the nonlinear evolution
and interaction of the two instabilities. In particular, the linear analysis yields the
onset condition and the growth rates of the two instabilities. It thus also provides
the conditions for which a nonlinear interaction of the two instabilities can be
expected and under which for given plasma and magnetic fluid conditions only one

of the instabilities may operate.
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Many studies have analyzed only the tearing or the KH mode [Fu et al., 1986;
Scholer et al., 1988; Fu et al., 1990; Otto et al., 1990; Miura et al., 1982, 1984,
1987; La Belle-Hamer et al., 1988, etc]. Studies which consider both modes have
focused mostly on two-dimensional dynamics. Studies which consider three spatial
dimensions have investigated either the tearing or the KH mode, but not both.
Those studies are incomplete for a full understanding of magnetopause processes.
In this section, I will review some of these results and consider both tearing and
KH modes in one simulation domain.

The KH and tearing instabilities at the magnetopause are mainly dependent on
the velocity shear Av and magnetic shear Ab on the two sides of the magnetopause
respectively. The two basic configurations in this study are: (1) Av||Ab and
(2) AvLADb. In Chapter 3, I discussed the development of the tearing mode or
the KH mode in a configuration with shear flow parallel to the magnetic shear
(configuration (1)). Here I focus on the linear properties of configuration (2).

Major background results are mainly from two dimensional simulations, which
are very helpful to my study. Miura and Pritchett [1982] found, for Av.Lby,
that the KH mode is destabilized only if the velocity difference is smaller than
twice the fast magnetosonic mode speed. The growth rate for the incompressible
case reaches a maximum for wave vector k£ = 0.45 and then decreases to zero for
k = 1. For an increasing Alfvén Mach number (the ratio of the velocity difference
to difference in Alfvén speed), the growth rate is reduced considerably and the
wavenumber of the fast growing mode is shifted toward smaller values. La Belle-
Hamer et al. [1988] investigated configuration (2) in an incompressible plasma.

They found that the KH and tearing instabilities are decoupled in the linear stage
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if the wave vector moves in a plane from the direction of the shear flow to that
of the magnetic field. La Belle-Ha:ner [1994] found that flow perpendicular to
the magnetic field will generate a magnetic field component along the direction of
shear flow when the tearing instability operates. The magnitude of the component
is proportional to the shear flow velocity. Even though they consider shear flow
and magnetic shear in their study, there is not a true interaction of modes because
of the limitation of 2-D approximation. Both of their simulations are simple mode
cases, i.e., a tearing mode modified by velocity shear or KH mode modified by
magnetic shear. 2-D analysis always assumes the third direction extends infinitely.
In other words, there is no variation of physical parameters in this direction. At
the magnetopause boundary layer, the tearing and KH modes are always confined
to planes perpendicular to the magnetopause or lower latitude boundary layer
(LLBL), and can only propagate in the plane defined by the boundary normal and
the mode wave vector.

Those difficulties in 2-D simulations and analysis are resolved in 3-D simulations
At the magnetopause or LLBL the geometry configuration is such that shear flow
and magnetic shear intersect at a nonzero angle. Figure 4.1 shows a sketch to
present the configuration (2). The tearing mode and the KH mode are respectively
related to the region where magnetic shear exists and where flow velocity exists,
and their wave vectors are perpendicular to each other. If both instabilities operate,
only 3-D simulations can be carried out to solve the problem.

This chapter will contribute to understanding linear properties of the KH and
tearing instabilities in three dimensions. Configuration (2) in a 3-D simulation

domain is my most important target. Section 4.2 introduces the equilibrium, initial
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Figure 4.1 Sketch of the tearing and KH modes in configuration (2).
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perturbation, and simulation setup. Section 4.3 presents 2-D and 3-D simulation
results. The 2-D analysis deals with the linear properties of each single instability.
which will be compared with related analytical results. In my 3-D simulations, the
linear superposed effects of two modes are presented to deal with the relation of

the tearing mode and the KH mode. Section 4.4 summarizes the results.

4.2 Equilibrium, Initial Perturbation, and Sim-
ulation Setup

In the simulation, the magnetic current sheet and the flow shear layer initially
coincide. The normal component of the current sheet is along the z direction,
and flow shear is along the y direction. The magnetic field is assumed in the z

direction. Throughout this and other later chapters, I use this coordinate system.

Figure 4.2 shows a sketch of the equilibrium magnetic field and the flow field.
Generally, there is some background b, component in addition to the antiparallel
magnetic field component in the z direction. The magnetic field component by,
which is the westward magnetic field component, is often observed to be enhanced
in the current layer of the dayside magnetopause and the nightside magnetotail. In
that way, the magnetic field has some shear angle between the magnetospheric field
and the interplanetary magnetic field. For convenience, I use an angle o to present

the magnetic shear angle across the current layer. Thus the initial equilibrium is
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Figure 4.2 Sketch of equilibrium magnetic field and flow field.
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given by
beo(z) = 0 (41)
byo(z) = /b2 + Kb? cosh™2z (4.2)
bio(z) = —batanhz (4.3)
vzo(z) = 0 (4.4)
vy(z) = —Vytanhz (4.5)
veo(z) = 0 (4.6)
po(z) = Bo+ (1 — k)b cosh™2z (4.7)
po(z) = 1 (4.8)

where Gy is the ratio of thermal pressure to magnetic pressure by = sin(a/2),
byc = cos(a/2), and k is a parameter which determines the variation of b, across the
initial current sheet. A sketch of the hodogram for the b, and b, components, which
presents a trajectory through the current layer, is presented in Figure 4.3. £ =0
implies that initial state has a constant y component of the magnetic field across
the current layer (see (a)), and k = 1 represents a force-free initial configuration
(see (b)).

For the 3-D simulations, small amplitude perturbations are given in terms of

the velocity profile:

v2(Z,y) = vgo(2) + Sver + bvzkH (4.9)
uy(z,y) = vy(z) + Svykn (4.10)
v:(T,y) = vxo(z) + dv.r (4.11)

where T and KH denote tearing and KH type perturbation. In the 2-D simulations,
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Figure 4.3 A sketch of the hodogram for the b, and b. components for a trajectory through the current
layer.
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I use either the KH or the tearing type, so that I can easily compare 2-D cases
with 3-D cases where both modes are present. Note that 2-D KH simulations are
carried out in the zy plane, and 2-D tearing simulations are carried out in the zz
plane.

The dv perturbation is given:

bver = vnaz(m/L.)cos(yw/L.)cosh™2z (4.12)
Sveknw = vyi(m/Ly)sin(my/L,)cosh 2z (4.13)
Svyky = —Uy cosh™%z

[1 — 2zsin(yw/L,) tanh z] (4.14)

év.r = —2v, cos(rz/L,)tanhzcosh™?z (4.15)

where v;; and vy, are respectively the initial magnitudes of tearing and KH type
perturbation. The perturbation is chosen such that the wave vector of the tearing
mode is perpendicular to that of the KH mode. The tearing perturbation is chosen
in the cuts along the zz plane, and that of KH perturbation is chosen in the cuts
along the zy plane. Note that it is straight forward to rotate the perturbation in
the yz plane to excite an additional mode.

The perturbations are not true eigen modes, but they have the same symmetry
as the related eigen modes, and they are chosen such that V - v = 0. Thus they
are very suited to excite the corresponding eigen mode.

A current dependent resistivity is used in the simulation, which is of the form

{a(ljl —Je) il 2 7
n =10+ (4.16)
0 il < e

The time evolution of the magnetic field and plasma parameters is calculated
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by solving the 2-D and 3-D normalized MHD equations as described in Chapter
2. Again, the numerical method I used is a leapfrog scheme [Potter, 1973]. Free
boundary conditions are applied to the two boundaries in the = direction. Periodic
boundary conditions are used at the two boundaries along the y and z directions.

The volume of the three dimensional simulation box is defined as |z| < 20.
lyl < 10, and |z] < 15. The angle of magnetospheric field and interplanetary
magnetic field is 179°%. That will introduce a very small magnitude b, component,
which has a negligible influence on the dynamics, but is very useful for illustrative
and diagnostic purposes. The grid is chosen to be uniform along the y and :z
directions and nonuniform along the z direction with a minimum grid separation
of ¢, in the center of the system to resolve the evolution of thin current layers
during the dynamical evolution. The number of grid points and the maximum
resolution is varied for different simulations. In the simulations I use 63 x 43 x 43

grid points with a resolution of €; = 0.05, ¢, = 0.5, and €, = 0.75 .

4.3 Simulation Results

The interaction of the two instabilities obviously requires an excellent understand-
ing of each individual instability. Some of the basic 2-D properties have been
studied by various authors. Here I will first review and complement the properties
of the instabilities, and then I will discuss the full 3-D system. It should be noted
that each linear instability with a single wave vector k is two-dimensional by defini-
tion. For several k vectors the resulting linear modes can simply be superimposed.

Thus the linear phase of the 3-D KH /reconnection system is a superposition of 2-D
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modes. For this reason, and also to test the three-dimensional results, I will dis-
cuss the growth of the tearing mode and the KH modes separately in the following

subsections before I discuss the 3-D results.

4.3.1 Properties of the Tearing Instability

The dispersion relation of the tearing mode depends mostly on the resistivity and
wavelength [Otto and Birk, 1992]. Figure 4.4a shows a typical tearing mode, where
the solid lines and the arrows respectively represent the magnetic field lines and
velocity vectors. For § = 3.0 and & = 0.2, I evaluate the tearing mode growth
rate as a function of the resistivity in a 2-D simulation in the zz plane (Note that
the resistivity is the effective resistivity in this case. See Chapter 3). Figure 4.4b
shows the tearing mode growth rate as a function of resistivity. The solid line is
corrected for effects from diffusion. The dashed line is from analytical results, which

are calculated for wavelength A = 30. The dotted line is from d@"(m"(bﬁ—mi"(b’))).

Analytically, ¢ is proportional to 17'%. There is little difference between the solid
line and the dashed line, but some difference between the dashed line and the dotted
line. In the simulation, the current sheet width increases because of the resistive
diffusion, which increases the characteristic time (which is based on the current
sheet width) and leads to a slower growth of the mode. To make the simulation

result comparable to the analytical result, it is necessary to correct the diffusion

effects. From Figure 4.4b, the growth rate obtained from d('"(m”(bz)t"mi"(b’))) is

smaller than that of the analytical result, but the corrected growth rate is very

close to the analytical result. This result serves as a test for the simulation method.
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From the figure, it is evident that the growth rate of tearing instability increases
with resistivity. The linear growth rate of the tearing mode is not affected by
flow shear Ab (note that Av is perpendicular to Ab), by the value of b,, and by
compressibility. However, for nonlinear results, magnetic islands saturate earlier
as the shear velocity increases.

The magnetic field component b, which is parallel to the shear flow stabilizes the
KH instability. Even though the growth rate of the tearing mode is not affected by
shear flow perpendicular to the simulation plane, some magnetic field component
along the y direction will be generated by shear flow if there is no b, component
initially [La Belle-Hamer et al., 1994]. From my analytical analysis, the generated
b, by the shear flow is proportional to the shear flow gradient and b,. It will grow

at the tearing growth rate. It can be deduced from the formula:

%:vx(vxb)-&-nvzb

In the linear stage, diffusion is a very slow process and the diffusion term can be

eliminated from the above equation. For the ¥ component,

0by _ O(vzby — bsvy) + A(vyb, — byv,)

vy Ovy  Ougb, Obyv.
5 oz 3z * * -

o | ° 0z oz Oz

= —b,

Note that, in equilibrium, v; = b, = v, = by = 0. With perturbation analysis in

by, just first-order terms are kept in the equation:

Oby1 _ b dvyo(z)
ot = dr

where 0 and 1 denote zero and first order magnitudes. Because b;; = b, (z)e?+*v,

= —6by(z)ett Y duyo(z) (z)

dz

Bb,,
Bt
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Figure 4.4 (a) A typical tearing mode, (b) tearing growth rate as a function of resistivity (k = 0.2).

The solid line is from the normalized unit current width, the dashed line is from analytical results, and

the dotted line is from the d’"“""“;:"“‘"“"”.
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Consistent with La Belle-Hamer’s results, the growth of b, occurs only in the
reconnection region. If initially there is some b, component, it will be modified. In
the nonlinear stage, the shear layer itself will also be modified, and it will become

wider near the magnetic neutral point and thinner near the reconnection region.

4.3.2 Properties of the Kelvin-Helmholtz Instability

The KH instability is affected by the magnitude of shear flow (V;), and by the
wavelength of the KH mode (see Chapter 1). In a magnetized plasma, the KH
instability is also affected by the magnetic field component parallel to the shear
flow (b,) and the ratio of thermal pressure to magnetic pressure (3) (see Miura,
1982). Here 2-D simulations are carried out to evaluate the KH growth rate as

functions of by, 8 (the ratio of dynamical pressure to magnetic pressure), and Vg

in the zy plane. The growth rate is calculated from d(ll(m“("‘d%""i"("‘))). From
equation 4.2, initial b, is dependent on background value b,. and the force-free
coefficient x. There is also another factor, the finite shear layer width, which
affects the growth rate of the KH mode. This factor and compressibility make it
very difficult to analytically calculate the growth rate of the KH mode. The results
from this section are mainly based on the simulations.

Figure 4.5a shows a typical KH mode, where the solid and dashed lines represent
the magnetic field lines and the arrows represents the velocity vectors. Figure 4.5b
shows that the growth rate decreases with the increased by at both cases ( £ = 0.31
and kK = 0. V, = 1.2, 8 = 3 for the dotted line; V4 = 0.3, 8 = 0.8 for the solid

line). Figure 4.5c shows that the growth rate decreases with the increased « at
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both cases (k = 0.31 and b, = 0. V5 = 0.6, 3 = 3 for the dotted line; V4 = 0.3,
B = 0.8 for the solid line). The KH instability is stabilized by b,, as can also be
seen from the analytical dispersion relation of the KH mode. The magnetic field
component aligned to the shear flow stabilizes the KH instability. Thus the results
of Figure 4.5 confirm and quantify the stabilizing influence of the magnetic field
component parallel to the flow shear Av.

Figure 4.6a shows the growth rate as a function of shear flow V4. When shear
flow increases, the growth rate first increases then decreases until a cutoff shear
velocity (b, = 0, 8 = 3). The cutoff velocity occurs at the limits of fast mode
speed. Figure 4.6b shows the growth rate as a function of 5. When # < 0.2, the
variation is very large. After g is larger than 0.5, the growth rate changes very
little (Vo = 0.3, by=0). The growth rate of the KH mode increases with the shear
velocity and the ratio of thermal pressure to magnetic pressure.

In summary, the growth rate of the KH mode increases then decreases with
the shear flow until a cutoff shear velocity. The KH instability is stabilized by
compressibility and the magnetic field component parallel to the shear flow. In
the nonlinear stage, the shear flow will change the profile of the magnetic shear,

which will be discussed in Chapter 5.

4.3.3 Simultaneous Growth of the Kelvin-Helmholtz and
Tearing Modes

Now I turn to the interesting case where both the tearing mode and the KH mode

operate in one 3-D frame. As outlined above, a clear understanding of the linear
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Figure 4.5 (a) A typical KH mode, and the KH growth rate as a function of (b) byc ( for £ = 0.31,
k = 0) and (c) & (for £ = 0.31, byc =0).
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Table 4.1 Summary of 3-D Simulation Cases.

Case W & o Je Vzg Uz} dKH qr
1 05 0.1 0.005 08 10°¢ 1073  0.0704 0.031
2 03 0.15 002 08 1073 5x10™* 0.0212 0.0434
3 05 01 0005 08 1073 10*  0.0705 0.0303
4 03 0.15 0.02 08 5x10™* 1073 0.0213 0.0441

properties will be very helpful to investigate the nonlinear interaction of the two
modes. Here I focus on the basic case of two modes perpendicular to each other.
In my 3-D simulations, the wave vectors of the KH and tearing modes are chosen
along the y and z directions respectively. A summary of the cases discussed in this
section is provided in Table 4.1 where the first column presents the case number.
The next two columns give the magnitude of the shear flow V;, and the force-free
coefficient k. The fourth and fifth identify the properties of the resistivity model.
The sixth and seventh are the magnitude of the KH and tearing perturbation. The
last two columns identify the parsed KH and tearing growth rate.

The three-dimensional analysis is not straight forward. For example, growth
rates for both the tearing and KH instabilities are not related to the magnitude
of the initial perturbation. But the magnitude of the perturbation can affect the
time evolution of the nonlinear interaction of the tearing and KH modes. If the
tearing mode perturbation is initially smaller than the KH perturbation, the KH
instability may dominate first. Controlling the magnitude of perturbation, I can
see how those two kinds of instability develop in this situation.

In order to determine the growth rate in the 3-D system, in Figure 4.7, the
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solid line represents {n(maz(b,) — min(b;)) as a function of time in the entire 3-D
system. The dotted line represents the value of In(maz(b;) ~ min(bz)) from the
growth of the tearing mode as a function of time. The dashed line represents the
value of In(maz(b.) — min(b;)) from the growth of the KH mode as a function of
time. (In Figure 4.7c and 4.7d, the dotted line and dashed line can not be seen
because they are almost the same line as the solid lines.) The cases represent four
typical mode-mode combinations. For these cases, I will see how the tearing mode
and the KH mode coordinate with each other in one 3-D simulation domain.

Figure 4.7a shows the growth of b, for case 1 in which the tearing mode has a
larger initial magnitude of the perturbation but a smaller growth rate than the KH
mode. Note that the solid line is not straight. At about ¢ = 50, the curve assumes
a different slope. In the diagnosis, I calculated the clean b, growth from the KH
mode to get the dotted line which has a growth rate of 0.07, and calculated the
clean b, growth from the tearing mode to get the dashed line which has a growth
rate of 0.03 (without diffusion correction). In this way, I parsed a tearing mode
and a KH mode from the system. The early part of the dashed line coincides
with the solid line, and the later part of the dotted line coincides with the solid
line. The separation point is around ¢ = 50. The effect of the growth of b, is the
superposition of two modes. The tearing mode is dominant before ¢ = 50, and at
a later time the KH mode becomes dominant.

In order to prove that the dotted line and the dashed line for case 1 are indeed
contributed from the growth of the tearing and KH modes respectively, I carried
out 2-D simulations to test these results. As mentioned in section 4.2, all of the

parameters in the 2-D simulations are the same as those in case 1 except for the
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perturbation, which is either the KH perturbation or the tearing perturbation
determined by the corresponding tested mode. A successful comparison of the 2-D
and 3-D results is a confirmation for the 3-D method. In addition, this illustrates,
in the linear stage, that one mode ( the tearing or KH) will develop at its own
growth rate without the intervention from the other mode (the KH or tearing).

For the same initial conditions as case 1, in a 2-D simulation, the growth rate
of the KH mode (with V; = 0.5 and « = 0.1) is about 0.07; In another 2-D
simulation, the growth rate of the tearing mode (with o = 0.005) is about 0.029
(without diffusion correction). They are very close to parsed mode’s values of case
1. It can be concluded that the tearing mode and the KH mode develop at their
own growth rates in this case.

For case 1, the KH and tearing perturbation magnitudes are 0.0001 and 0.001
respectively. Because the perturbation for the tearing mode is initially larger, the
growth is mainly from the tearing mode, and the growth from the KH mode is
hidden initially. But the growth rate of the KH instability is larger than that of
the tearing mode, the growth of KH will eventually surpass the tearing mode. So
the total growth in the figure turns sharply at ¢t = 50.

Figure 4.7b shows the growth of b, for case 2 in which the tearing mode has
a smaller magnitude of perturbation but a larger growth rate than the KH mode.
It exchanges the position of the tearing mode and the KH mode compared to case
1. Initially the KH growth dominates because of its larger magnitude. At ¢ = 45
the tearing growth surpasses the KH growth because of its larger growth rate. At
t = 45, the b, growth turns sharply. The same techniques as used in case 1 have

been used to prove that the tearing mode and the KH mode develop at their own
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growth rates in this and the following two cases.

Figure 4.7c shows the growth of b, for case 3 in which the tearing mode has
a smaller magnitude of the perturbation and a smaller growth rate than that of
the KH mode. Figure 4.7d shows the growth of b, for case 4 in which the tearing
mode has a larger initial perturbation and a larger growth rate than that of the
KH mode. The plots show either the tearing mode dominant or the KH mode
dominant in the case when both their perturbation magnitude and growth rate
are high. So the dominant mode initially depends on the initial perturbation and
growth rate.

From all cases above, the KH mode and the tearing mode increase at their own
growth rates in the linear stage. They do not interfere with each other. The total
evolution depends on the magnitude of the initial perturbation and the growth

rate.

4.4 Discussion and Conclusion

The linear properties of the KH and tearing modes are very important to un-
derstand the nonlinear interaction of the KH and tearing instabilities. The KH
instability can be stabilized by the magnetic component aligned to the shear flow.
The growth rate of tearing is mainly dependent on resistivity model. It is almost
not affected by plasma §3, by, and the perpendicular shear flow. But the perpendic-
ular shear flow will generate a magnetic field component along the same direction,
and the component will grow at the same growth rate as the tearing mode.

In three dimensions, if the tearing and KH modes’ wave vectors are perpendicu-
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lar to each other, the KH mode and the tearing mode will grow at their own growth
rates. The dominanting instability depends on the initial perturbation magnitudes
and the growth rates of the modes. For cases 1 and 2, if the KH/tearing growth can
not surpass the tearing/KH growth until the nonlinear phase of the KH/tearing
mode, I count them to the category of cases 3 or 4.

It is interesting to investigate possible KH and tearing modes at the magne-
topause. In Figure 4.8, the solid arrows denote the wave vectors of the tearing
modes, and the dashed arrows denote the wave vectors of the KH modes. Cases
with magnetic shear, velocity shear, and both magnetic and velocity shear are
present. If the normal of the current sheet is along the z direction, and the an-
tiparallel magnetic field and flow field are along the y and z directions, the wave
vectors are confined in the yz plane. If there is no shear flow, the tearing mode
wave vectors may be along every direction except the y direction. If there is no
magnetic shear and shear velocity is smaller than the fast mode speed, the pos-
sible KH mode wave vector are along every direction except the z direction. If
the shear velocity is larger than the fast mode speed, the KH wave is stabilized in
the vicinity of the y direction. If the magnetic and the flow shears intersect at an
non-zero angle, both tearing and KH modes can grow in a separated angle range
of directions. For arbitrary perturbations in a configuration with both magnetic
shear and flow shear, tearing and KH modes can only grow in a separated range
of directions. A lot of these modes can exist simultaneously.

From this reasoning, the tearing and KH modes are actually dependent on the
direction of the wave vectors, but the maximum growth rate occurs for k£ vectors

along the direction where there are maximum Ab or Av. The tearing instability
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Figure 4.8 The possible tearing modes and KH modes in the yz plane for (2) only the magnetic shear,
(b) only the flow shear, (c) both the magnetic and flow shears, (d) both the magnetic and flow shears
where the shear velocity is larger than the fast mode speed.

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



Figure 4.9 The tearing mode for northward IMF.
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is still possible even when the IMF is northward. If there is an nonzero angle
between the IMF and the geomagnetic field, there exist some directions along which
antiparallel magnetic field components (see Figure 4.9). Along those directions, the
tearing mode instability can still operate. This explains that FTEs can sometimes
be observed when the IMF is northward. But the range of directions for the tearing
mode’s wave vectors is much smaller than for a southward IMF' condition. Thus
it is more likely to observe FTEs for a southward IMF.

In the nonlinear stage, the dominant instability may affect the topology and
dynamics of the system much stronger than the other one. The study of the
linear properties of the tearing and KH instabilities is the starting point for the
investigation of the nonlinear processes, which will be discussed in detail in Chapter

5.
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Chapter 5

Nonlinear dynamics of the
interaction of KH and tearing

instabilities in three dimensions

5.1 Introduction

One of the major unanswered questions of magnetospheric physics is the structure
of the dayside magnetopause and the low-latitude boundary layer. This topic is
important for the transport of magnetosheath plasma into the magnetosphere and
the transport of magnetic flux from the dayside magnetosphere to the magnetotail.
Two fundamental processes of the solar wind-magnetosphere interaction are mag-
netic reconnection [Dungey, 1961] and viscous diffusion [Azford and Hines, 1961].
Most studies of this interaction treat only one of these processes and ignore the

other. The interaction of the KH and tearing mode instabilities provides a better

82
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understanding of processes at the magnetopause where magnetic and flow shears
are equally important.

The linearization of the MHD equations is very helpful to understand the basic
properties of the KH and tearing modes, but it is not sufficient to understand the
nonlinear dynamics and the associated plasma, energy, and magnetic lux transport
through the magnetopause. In fact the most important processes at the magne-
topause and the low latitude boundary layer are large-scale, time-dependent, and
highly nonlinear. Nonlinear aspects of the interaction of the KH and tearing mode
instabilities are central in this exploration.

Many authors studied the nonlinear aspects of the KH instability or the tearing
instability. The nonlinear aspects of the KH instability can be related back to
Rosenhead’s paper [1931]. In a vortex sheet with no density difference across it,
he carried out a calculation taking non-linear terms into account which should be
validated at later times. An originally sinusoidal interface (or vortex sheet) wound
up into a spiral form due to the interaction of the various parts of the vortex sheet
and the distortion of the wave form by the mean flow. This result provided the
basic topologic and dynamic characteristics of the nonlinear KH instability. Even
though it was investigated in a nonmagnetized fluid, it is very helpful to understand
the nonlinear characteristics of the KH instability in the magnetized plasma. Miura
et al. [1987] studied viscous transport at the magnetopause through investigating
the nonlinear KH instability. The anomalous viscosity from the KH instability
increases with the Alfvén Mach number at a critical value. The nonlinear aspects of
the tearing instability have been studied by many authors [Fu and Lee, 1986; Otto,

1990; Ma et al., 1993; etc.] mostly in numerical simulations. Their results were
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connected with observations of layers of accelerated plasma [Sonnerup et al., 1981;
Paschmann et al., 1986; Gosling et al.,1990; Sonnerup et al., 1990] and magnetic
flux transfer events or flux erosion events [Russell and Elphic, 1978; Paschmann
et al., 1993] during periods of southward interplanetary magnetic field orientation.
Most of these and many other studies are related to magnetic reconnection.

Even though these studies have been completed, no work successfully corre-
lated magnetic reconnection with viscous transport at the magnetopause. The
connection between magnetic reconnection and viscous diffusion can happen in a
configuration where both magnetic shear and flow shear exist. There are several
studies which considered magnetic shear and flow shear [La Belle-Hamer et al.,
1988; Pu et al., 1990a and 1990b], but all of these are limited to two dimensions.
When the magnetic field is parallel to the flow field, there is no coupling of the
KH and tearing mode instability (see Chapter 3). La Belle-Hamer et al. [1988]
investigated a current sheet with a magnetic field perpendicular to the flow field
in a two-dimensional incompressible simulation. In this study, the KH vortices
twisted the current sheet and lead to the presence of several separated pinched
current sheets. The shear flow generates a magnetic field component in the in-
variant direction if it is initially zero. In the simulation, the interaction of tearing
and KH instability can not be realized, but it is assumed that reconnection oc-
curs where vortices pinch the current sheet. Note that 2-D simulations are able to
demonstrate the modification of the tearing mode by shear flow and the modifica-
tion of the KH made by finite resistivity and magnetic shear. However, obviously
three dimensional simulations are needed to study the nonlinear coupling of the

two instabilities.
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In this chapter, I will first discuss how the nomnlinear evolution of the KH
instability operated along a k vector induces the growth of tearing modes along
wave vectors perpendicular or not aligned to the KH wave vector. I will also discuss
how several growing tearing modes interact with each other just as the growth of
tearing modes in multiple current layers [Yan et al., 1994]. The second subject will
contribute to the understanding of the nonlinear interaction of the KH and tearing
instabilities. I will discuss how the tearing instability affects the KH instability

and how the KH instability affects the tearing instability.

5.2 Simulation Model

Three-dimensional resistive MHD equations, initial equilibrium, boundary condi-
tions, and initial two-mode perturbation are quoted as Chapter 4.

A current dependent resistivity is used in the simulation.
n=mn + o
0 5] < Je

The time evolution of the magnetic field and plasma parameters is calculated

(5.1)

by solving the 2-D and 3-D normalized MHD equations as described in Chapter 2.
The numerical method I used is a leapfrog scheme [Potter, 1973]. Free boundary
conditions are applied to the two boundaries in the z direction. Periodic boundary
conditions are used at the two boundaries along the y and z directions.

The grid is chosen to be uniform along the y and z directions and nonuniform
along the z direction with a minimum grid separation of €, in the center of the
system to resolve the evolution of thin current layers during the dynamical evolu-

tion. The number of grid points and the maximum resolution is varied for different
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simulations. In the simulation for case 1, I use 143 x 103 x 103 grid points with
a resolution of ¢, = 0.05, ¢, = 0.2, and €; = 0.3. Here ¢ denotes the minimum
grid separation for each cartesian coordinate, which is chosen such that the current
sheet and the KH vortices are better resolved. In the simulation for case 2, I use

103 x 53 x 53 grid points with a resolution of ¢, = 0.05, ¢, = 0.4, and €, = 0.6.

5.3 Simulation Results

5.3.1 The KH instability Induces the Tearing Instability

Overview of case 1

The basic configuration has been illustrated in section 2 (see Figure 4.1). The
volume of the three dimensional simulation box is defined as |z| < 20, |y| < 10,
and |z| < 15. The angle of magnetospheric field and interplanetary magnetic
field is 179°. That will introduce a very small magnitude b, component, which
has a negligible influence on the dynamics, but is very useful for illustrative and
diagnostic purposes. The other quantities are 3 = 3.0, Bo =1, Vb = 0.3, pop = 1,
je = 1.1, @ = 0.01. Also the initial tearing mode perturbation is v,; = 0.001, and
the initial KH mode perturbation is v, = 0.01.

Figure 5.1 shows the evolution of normal velocity/magnetic field components
and maximum current density. The critical current is set to a high value (j2 = 1.1)
such that the resistivity in the initial configuration is negligible. The resistivity
between ¢ = 0 and ¢ = 100 remains very small, so the tearing growth rate during

that period is very very small compared with the KH growth rate. The initial
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perturbation for the tearing mode is smaller than that of the KH mode. The
dominant mode is the KH mode ( see Chapter 4). There is a gradual increase of
current density from t = 50 to ¢ = 100 caused by the KH instability. From the
evolution of v, and b, the growth rate of the KH instability is about 0.051. After
t = 100, the nonlinear phase of the KH instability is shown. At about ¢t = 153, all
of the three variables increase very rapidly. This change indicates the occurrence
of a fundamental process, which is quite different from the KH instability. In this
case, two physics processes are well separated at ¢ = 155. After ¢ = 155, the
resistivity and the current density reach very high values indicating the onset of
very fast reconnection. The later sections will discuss this in detail.

A. Current thinning processes

From t = 0 to t = 155, the KH instability is the dominant mode. In Chapter
3, I discussed the thinning process in a configuration with reversed magnetic field
parallel to the shear flows. Now the geometry is changed to a configuration with re-
versed magnetic field and shear flow perpendicular to each other. When resistivity
is very small, it can be shown from equation 2.3 [e. g., Siscoe, 1983] that the mag-
netic flux through a closed loop moving with fluid is conserved. Mathematically,

this statement can be expressed as
&, =b - A = const (5.2)

where A is an arbitrary cross-section of magnetic flux. Because there is very little
change for magnetic field b, component in the early stage, a cross-section chosen
in the zy plane and moving with the fluid shows almost no change.

To demonstrate the mechanism of the current sheet thinning, in the zy plane, I
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Figure 5.1 time evolution of normal velocity, magnetic field components, and maximum current density
of case 1.
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choose an area 77kl to which the magnetic field is perpendicular, as in Figure 5.2a.
At t = ¢t;, curve 7 and kl follow two contour lines of b., which presents the profile
of the current sheet. ik and jl can be regarded as the half width of the current
sheet. At t =¢, (¢2 > t;), the area is changed to mnop. Figure 5.2b shows that the
length of the contour line increases rapidly with time. So the width of the current
sheet decrease. This process is not a uniform process along the current sheet. The
magnetic field in a different region along the current sheet is different, such that
the width will vary along the contour line.

B. Current sheet winds up to a spiral form.

Figure 5.3 shows the early evolution of the central-surface of the current sheet
where isosurfaces of b, = 0 at several different times are presented. At ¢t = 0, it
is located at z = 0. At t = 75, it becomes twisted. At £ = 100, three layers are
formed. If an observer moves along y = —7, he will encounter the current sheet
three times. At t = 125, five layers are formed. This process can extend to a
saturated state. As long as there is no z variance in the system, the current sheet
will be twisted by the shear flow continuously, and the plasma at the two sides of
the center-surface are well separated.

In an ideal magnetic fluid there are no dissipative effects; this means that fluid
structures cannot diffuse freely. A change in the field pattern due to physical re-
combination or reconnection of magnetic fluid structures cannot take place without
resistive or other nonideal terms in Ohm’s law. The magnetic field line topology
is frozen in the ideal fluid while the structure of the current sheet, in continuous
motion, can be highly distorted by the background flow as in Figure 5.4. Gradu-

ally it will become thinner and wind up with several layers. If resistivity is zero
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Figure 5.2 (a) The change of flux tube cross-section from t; to t2. (b) The length of the contour line
for b: = 0 as a function of time.
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(a) t=0 (b) t=T5

(c) t=100 (d) t=125

Figure 5.3 Winding-up processes of the current sheet and formation of multiple current layers due to
Kelvin-Helmholtz vortices, where isosurfaces of b. = 0 at (a) t = 0, (b) t = 75, (c) ¢t = 100, and (d)
t = 125 are shown.
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or sufficiently small, antiparallel magnetic field lines are maintained on the two
sides of those layers. Plasma, magnetic field, and flow field still can be identified
across the current layers. As long as the frozen-in condition applies (with negli-
gible resistivity), multiple current layers must form. The presence of the multiple
current layer structure is a generic feature of organized fluid patterns. Because of
dissipative effects, the lifetime of these structures is limited. If the resistivity is
large, resistive diffusion will destroy these current layers. However, if the resistiv-
ity is small (as it is in space plasma), the tearing mode is a much faster process
than resistive diffusion. The induced tearing instability will happen in those very
thin regions, provided a suitable perturbation is presented. This process is called
multiple current layer reconnection, which was previously investigated for multiple
plane current layers by several authors [Matthaeus et al., 1986; Scholer, 1990; Otto
and Brik, 1992; Yan et al., 1994].

C. Multiple current layer reconnection

After t = 155, the current density increases very fast. Resistivity has ap-
proached a relatively high value to trigger the tearing instability in multiple loca-
tions where the thickness of the current layer is very thin. Figure 5.5 shows the
current sheet evolution after ¢t = 155. The striking feature is the increasing defor-
mation of the current sheet along the z direction. From ¢ = 155 to ¢t = 170, the
number of layers are almost unchanged, but the current layers are strongly modi-
fied by fast-growing tearing modes. At some later time, current layers are broken,
fragmented, or disappear completely. Those current layers can not be identified
again. On the two sides of the current layers, magnetic field lines are reconnected,

and plasma is mixed.
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Figure 5.4 The mechanism of the formation of multiple current layers.
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(b) =160

Figure 5.5 When multiple current layer reconnection is triggered, the current sheet is modified, where
isosurfaces of . =0 at (a) t = 155, (b) ¢t = 160, (c) t = 165, and (d) ¢ = 170 are shown.

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



95

Figure 5.6 presents snap shots of the magnetic field vectors across the surface
y = —7 at times t = 160, ¢ = 165, and t = 170, where part of the r range
is shown. At t = 160, seven layers exist. At t = 165, some layers are broken.
At t = 170, most of the layers are difficult to identify. Along the lines z = 5
and z = —4.5, reconnection is more active because in those regions, the width of
the current sheets is very thin. We can see the growth of magnetic islands. At
t = 160, two islands at £ = —4.5 can be identified. The length in the z direction is
about 7.5, and the width in the x direction is about 1. We also can identify these
structures from the snapshots of resistivity and v, at the same time (see Figure 5.7
and 5.8, where solid contour lines have high resistivity and positive v, and dashed
contour lines have low resistivity and negative v,, respectively). Resistivity is high
at (r = —4.5,z = —15) or (x = —4.5,z = 15). A pair of antiparallel flows along
the z direction develop from almost the same locations, which is another strong
indication of the tearing mode instability. Magnetic reconnection happens at those
locations. At t = 165, the island grows to about 2 in width. At ¢ = 170, the width
is about 3 and resistivity and v, also increase.

The reason for the fast increase of b, between t = 155 and ¢ = 180 is the
interaction of tearing modes at different layers. The mutual interaction of modes
in neighboring current layers will cause a fast growth for the instability. From
Figure 5.6, at about z = —4.5, there are four islands operating. At ¢t = 170, islands
3 and 4 have a little distance over islands 1 and 2 along the x direction. At the
connection region between island 2 and island 3, magnetic field components favor
each other. This introduces a large b, component. The same conditions maintain

for islands 3 and 1 and exist for islands 1 and 4. From the contour lines of resistivity
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Figure 5.6 Snap shots of the magnetic field vectors across the surface y = —7 at times ¢t = 160, ¢t = 165,
and ¢ = 170, where part of = range is shown.
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Figure 5.7 Snap shots of the contour lines of resistivity across the surface y = —7 at times ¢ = 160,
t = 165, and ¢t = 170, where part of = range is shown. The solid and dashed contour lines denote high
and low resistivity regions respectively.
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regions with positive and negative v. respectively.
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at this time, multiple layer reconnection can also be identified. Around the four
islands, there are four regions with high resistivity. At ¢ = 170, some magnetic
flux transfer between layers can be seen, which is another characteristic of multiple
layer reconnection. Note that the island truly is truly a three-dimensional structure
(Aux tube).

In this process, magnetic reconnection occurs in localized regions of the multiple
current layers. The arrangement of some islands favor reconnection and leads to
a faster growth. Because many islands form in a short time interval, the multiple
current layer reconnection process proceeds very fast. Accelerated flow along the
z direction also can be seen near the reconnection regions.

D. Dynamics and topological aspects

Before magnetic reconnection operates, magnetic field lines on the two sides of
the current sheet are almost antiparallel along the z direction. But the topology is
completely changed after t = 155. Figure 5.9 shows three magnetic field filaments
from different views at ¢ = 165. Those lines pass through (-4.5, -7, 3.5), (-4.5, -7,
1.5), and (-4.5, -7, 0) respectively. Each line rotates in the zz plane, but extends
in the y direction and shifts along the z direction. It can be seen that they almost
uniformly twist around a core field line. They are contained in a tube with a
cross-section approximately 2 x 7. Each line commutes with the other two. There
are no knots. There is a zero braid pattern among the three of them. From the
top, the structure follows the profile of the outermost current layer.

There are also many examples of complex magnetic field structures. Figure 5.10
shows an example of a magnetic field filament viewed from three different angles.

It passes through (-3, -7, -2). From the top and at an angle, it is easy to see that
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Figure 5.9 At t=165, three magnetic field filaments pass through (-4.5, -7, 3.5), (-4.5, -7, 1.5), and
(-4.5, -7, 0) in a flux tube viewed from (a) origin (b) top (c) the position turned —40° along the z axis.
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a field line goes down along the z direction to the surface z = 0, then twists and
rotates from the inner layers to outer layers.Figure 5.11 shows a magnetic field
filament integrated from a fixed location (-3, -7, -5) at ¢ = 165, t = 170, and
t = 175 respectively. At these time intervals, the topology is totally different,
illustrating nicely the rapid change in magnetic field topology. It shows that the
multiple current layer reconnection process is very fast.

Figure 5.12a and 12c show five current field filaments passing through (-4.5,
-7, 3.5), (-4.5, -7, 1.5),(-4.5, -7, 0),(5.2, -7, 3.5), and(-4.5, -7, -10), and 12b shows
five velocity field filaments passing through the same five points. It is easy to
see current and flow fields all follow vortex motion. 12d shows the regions with
n > 0.8; it is very clear that the high resistivity regions include several patchies
and numerous scattered spots. Those patchies are separated layer by layer with
finite varied length and have the twisted geometry, which is a generic feature of
the vortex motion. Those patchies can not be seen as multiple X lines because
they have finite length in three dimensions. This shows the reconnection occurs as
a multiple patchy reconnection instead of a multiple X line reconnection.

Figure 5.13 shows three density distributions in cuts along the z and the x
direction at ¢ = 165 and ¢ = 170 respectively. From (a) and (c), the flow vortex
motion formed the layer structure before ¢ = 165, and some layers are smeared by
the magnetic reconnection. At ¢ = 170 more layers are broken. From (b) and (d),
one can see some reconnection feature for plasma density. One layer structure at
the plasma blob is smeared out and becomes difficult to identify. At the thin shear
flow layer, one can see that a magnetic island is growing. The pressure presentation

also illustrates similar features ( see Figure 5.14). At a later time, the current layer
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(2)

(b)

Figure 5.10 ﬁt t=165, a2 magnetic field filament pass through (-3, -7, -2) viewed from (a) origin (b)
top (c) the position turned —40° along the z axis (d) the position turned —90° along the z axis.
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(b)

Figure 5.11 A magnetic field filament pass through (-3, -7, -5) viewed at (a) t=165 (b) t=170 (c)
t=175 .
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(a) (b)

(c) (d)

Figure 5.12 At t=165, five current field filaments viewed from (a) origin (b) top; five velocity field
filaments viewed from (c) top; and reconnection patchies viewed from (d) top.
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structure disappears. The plasma of two sides become easy to mix with each other.

The field topology display shows the combined field features of the KH and
tearing modes. Multiple current layer reconnection happens in different patchies.
Those patchies are located in different current layers, and have finite lengths with
twisted feature in three dimensions. After the multiple current layer reconnection,
the topology of magnetic field lines is very complex. There are field lines contained
in magnetic flux tubes, and field fines follow the flow vortex motion. the magnetic
field line topology defined by a fixed point can change very fast. Current and
stream lines follow vortex motion. The process leads to a very efficient mixing of

plasma.

5.3.2 Coupling of the Kelvin-Helmholtz and Tearing Insta-
bilities
Overview of this case:

Again, the basic field configuration is mentioned in section 2. The size the
simulation has is the same as before, that is, |z| < 20, |y| < 10, and |z| < 15. The
angle of magnetospheric field and interplanetary magnetic field is 179°. The other
quantities are § = 3.0, By =1, V5 =0.3, pp = 1.

The major difference from the first case is that the critical current density (72 =
0.8) is lower than before (j2 = 1.1). With a larger value of j., the tearing mode
instability could not operate in the initial configuration. The present choice allows

an faster growth of the tearing mode, and a = 0.005 introduces a tearing growth

rate of value about 0.036. Initially, there is some b, distribution in the current sheet
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Figure 5.13 At t=165, three density distribution cuts along (a) the z direction, (b) y direction, and
three pressure distribution cuts along (c) the z direction, (d) the y direction.
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Figure 5.14 At t=1865, three pressure distribution cuts along (a) the z direction, (b) y direction, and
three pressure distribution cuts along (c) the z direction, (d) the y direction.
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caused by the choice kK = 0.1. This field component partially stabilizes the KH
mode and decreases the growth rate to a value about 0.027. Also, the initial tearing
mode perturbation is v,; = 0.01, and the initial KH mode perturbation is v;; =
0.001. In this way, the tearing mode and the KH mode will grow simultaneously
with their perpendicular wave vectors.

Figure 5.15 presents the evolution of normal velocity/magnetic field compo-
nents and maximum current density. Because the growth rate and the initial per-
turbation magnitude of the tearing mode are larger than those of the KH mode,
the growth is mainly determined by the tearing mode. After ¢ = 160, there is a
sharp increase of maximum current density. [t indicates that magnetic reconnec-
tion develops very fast, and the process is highly nonlinear. There are topological
and dynamic changes in the system.

For comparison, two two-dimensional simulation have been done, that is, one
simulation of the evolution of the tearing mode in the zz plane and the other simu-
lation to test the evolution of the KH mode in the zy plane. All of the parameters
are set up in the same way as the three-dimensional simulation except that only
one perturbation related to the particular mode is used. Thus, each single mode
can be investigated with high resolution for the same initial conditions, however,
limited to a two-dimensional frame. The tearing mode develops in the zz plane
and affects the shear flow layer in the zy plane. In the other two-dimensional sim-
ulation, the KH mode developed in the zy plane has some influence on the current
layer in the zz plane. This allows me to test the three-dimensional simulation and
to determine the effects of the three-dimensional interaction.

Figure 5.16 presents the results of the two-dimensional simulation for the tear-
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density of case 2.
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ing mode at t = 210. Magnetic field vectors, contour lines of magnetic field com-
ponent b, and velocity component v, are presented in the zz plane, where the
solid contour lines have positive values and the dashed lines have negative values.
The wavelength of the tearing mode is A = 30, and the size in the z direction is
approximately 4. The contour lines of b, and v, also have the profile of the island
in the current layer. The flow shear layer width is very thin near the reconnection
region, and very wide near the neutral point.

Figure 5.17 shows the results of a two-dimensional simulation for the KH mode
at t = 210. Flow field vectors, contour lines of magnetic field component 6. and
resistivity are presented in the zz plane, where the solid contour lines resemble
positive b, and high resistivity and the dashed lines resemble negative b, and low
resistivity. The thin shear layer of the flow vortex (or mode) is about 7, and the
size in the z direction is about 6. The contour lines of 7 and b, also are twisted
by the flow vortex. The magnetic shear layer width is very thin in the thin shear
layer, and very wide in the blob. Also the current sheet oscillates along the original
center line r = 0.

In the nonlinear stage, there is no accurate way to evaluate growth rates because
the shear flow layer and the magnetic shear layer widths are varied in different
locations. There is no single criteria to compare the growth rate of one mode with
the other. An increase of b, leads to a decline of the growth rate of the KH mode,
but the thinner shear layer is helpful to speed up the the growth of the mode.
When the shear layer becomes wider and b, decreases, it also makes the relation
complex. The similar thing will happen to the tearing mode. So the better way is

to look at the shape and topology of the magnetic flux tube and the vortex tube.
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Figure 5.16 Magnetic field vectors, contour lines of magnetic field component b, and velocity component
vy in the zz plane are shown at ¢t = 210 in a two-dimensional simulation.
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Figure 5.18 shows, at ¢ = 210, three cuts of magnetic field vectors, three cuts
of resistivity, and three cuts of v, contour lines along the y direction in the three-
dimensional simulation. The cut at ¥y = —8 shows that the wavelength of an island
is 26 and the size in the z direction is 3. The cut at y = 1 shows the wavelength
of an island is 22 and the size in the z direction is 3.5. Those two islands shift
away from z = 0. In Figure 5.18, three cuts are from the thin shear layer of the
flow vortex in the zy plane. The width of magnetic shear layers becomes thinner.
So the wavelength and the size decrease. The cut at y = —4 shows the wavelength
of an island is larger than 30 and the size in the = direction is approximately 6.
From Figure 5.18, the cut is from the blob of the flow vortex in the zy plane. The
width of the magnetic shear layer becomes wide. So the wavelength and the size
increase. It is seen that the tearing mode whose wave vector is along the z direction
is affected by the KH mode whose wave vector is along the y direction. The sizes
and wavelengths of islands cut along the thin shear layer of the flow vortex are
smaller and shorter, and bigger and longer along the blob of flow vortex. At some
regions, the magnetic islands shift away from the surface z = 0, which is the center
of the current sheet in the two-dimensional simulation.

The influence of the KH mode on the tearing mode also can be seen from the
time evolution of the magnetic island along some cuts. Figure 5.19 gives magnetic
field vectors at y = —8 for t = 150, ¢ = 180, and t = 210. The cut crosses the thin
shear layer of the KH mode operated in the y direction. Because the vortex motion
makes the current sheet at that location move away from the original place, it is
obvious that the magnetic island growing with time gradually shifts away from

the surface £ = 0 when the KH instability operates. The sizes and wavelengths
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of islands are still smaller and shorter than those at the corresponding times in
the two-dimensional tearing-related simulation. The reason is that the length
scale for the tearing mode is a thinner current sheet width than that used in 2-D
simulations. Correspondingly, the wavelength of the fast-growing tearing mode
will become shorter, and the size of the mode becomes smaller as well. For similar
reasons, the sizes and wavelengths of islands cut in the blob regions are larger and
longer than those at the corresponding times in the two-dimensional tearing-related
simulation.

The KH mode is also affected by the tearing mode because the tearing in-
stability changes the shear flow layer structure, which is most important for the
KH instability. Figure 5.20 shows, at ¢ = 210, three cuts of flow field vectors at
z = —13, z = =7, and z = 11 in the three-dimensional simulation. The cut at
z = —13 shows that the size of a vortex in the z direction is 4.5, and the thin
shear layer is about 10. The cut at z = 11 shows the size of a vortex in the =
direction is 5, and the thin shear layer is approximately 9. Those cuts are closer
to the reconnection regions. The shear layers are thinner, and the length scale for
the tearing mode is a thinner current sheet width. The wavelength of the fastest
growing KH mode becomes smaller. The cut at z = —7 shows that the size of a
vortex in the z direction is 8, and the thin shear layer is about 6. The cut is close
to a neutral line of flux tube, so the thin shear layers are shorter but the widths
are wider than that of two-dimensional KH-related simulation. The tearing mode
affects the KH mode by modifying local shear layer width, wavelength and the size
of the KH mode.

Based on the knowledge of the interaction of the tearing and KH instabilities,

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



116

t=150 t=180 t=210
1SO[ T TR T gy e
Vo ot Wttt
A w4t W
‘l‘lT .l'ITT, ?‘!4.111‘
75 *l‘.t "l_.ﬂ’ !v”, t
ST iy i
*l'.T“ “,.fT” ""l“.!
Ty o Tt
if i,.rT' -'5“.,?
N 0.0W l; 4 1"'% l""% ‘
AR ot AR A
, l,.f Yo V,):,..l‘
Vot bl y "“.,f L
by B fht
AY .t AT
-7.5w 'll l; 1 &' . fr i wl‘“.;rﬂﬁ‘ i
Aor WAL v We it
'L:rf l:.TI | -l-u:rﬂﬂ‘ﬁ'
Vot Vo1t AR
-15.04 lll 1 W L lul I i
6 3 0 3 66 3 0 -3 66 3 0 -3 -6
X X X
max= 1.017 max= 1.039 max= 1.116

Figure 5.19 Magnetic field vectors comparison cut along y = —4 at ¢t = 150, ¢t = 180, and ¢ = 210 in
the three-dimensional simulation.

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



117

z=-13 z=-7 z= 11

10/ T T { | E— ﬂ A T T
L R
THAEE CHIL frppaag, OB gy LI
ittt L teppagg, TR piappaggg PR
sttt HHHHE frtppae s I By, HHHHY
UL LN St G A ETLLTTRIO A B T L EE TIPS Y
e Yt T Hten,
I W bt W Mttt S
v ol M an Wy M8, S 0, M
I, AW P, WYttt WU
s, g PR, W Mttt W
W . M,
A R B
i PR 1 2 (... ... v ! \
It I T ety
‘ AR -{‘lllﬂ'“'{ ﬂ RERRR N { ‘TT t'.;,'lllllll“
e B I T IR
(LIGAZT AR R o O R s L
A0l L L N, I
6 3 0 3 66 3 0 -3 66 3 0 -3 -6

X X X
max= 0.395 max= 0.412 max= 0.422

Figure 5.20 At t = 210, three cuts of flow field vectors along z = —13, z = =7, and z = 11 in the

three-dimensional simulation.

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



118

it is worthwhile to get a full view of the magnetic flux tube. Figure 5.21 shows
the topology of the magnetic flux tube at ¢ = 210, which is presented with the
isosurface of pressure p = 3.7. When b, is small, the magnetic flux tube is a region
with weak magnetic field and high thermal pressure. The isosurface of pressure
can give a reasonable profile of the magnetic flux tube. The tube extends in the
y direction. The body oscillates along the surface z = 0. Some parts of it are
fat, and others are thin. From the top, it is seen that the tube follows the vortex
motion.

Such a structure of the magnetic flux tube results from the nonlinear interaction
of the KH mode and the tearing mode. The KH instability changes the profile of the
current sheet. The current sheet follows the vortex motion and becomes twisted.
Some regions become thinner to form smaller magnetic islands, and others become
wider to form larger magnetic islands. Alternatively, the tearing mode instability
modifies the flow shear layer. The shear layer width near the reconnection site
becomes very thin, and the shear layer width near the neutral line becomes wider.
This structure modifies the KH instability such that the region with thinner shear
layer width develops smaller vortices, and the region with a wider shear layer
width, develops larger vortices. The flux tube will a become multiple length-scale
structure. Those processes continue to reform the structure of the magnetic flux
tube in a cycle of continuous interaction of the tearing and KH modes. The large
structure will become larger and the small structure will become smaller. At last,

the magnetic flux tube will break up.
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(2) (b)

Figure 5.21 The topology of magnetic flux tube at ¢ = 210 viewd from (a) the original place (b) top
(c) left (d) the low bottom.
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5.4 Discussion and Conclusion

Vortex-induced reconnection is realizable in a field configuration with a reversed
magnetic field and a shear flow perpendicular to the magnetic field, where the
wave vectors of the tearing KH modes follow the directions of the magnetic field
and the flow field. This is totally different from the 2-D picture of vortex-induced
reconnection (Hu and Liu, 1986, see Chapter 3), in which the flow shear is parallel
to the magnetic shear. To make a difference, I call the new process 3-D KH-induced
reconnection. If the KH instability operates first, nonlinear KH vortices lead to
current sheet thinning and to the formation of multiple current layers. Thus the
KH vortices can generate multiple current layer reconnection in a three-dimensional
configuration. The mutual interaction of neighboring tearing islands leads to fast
growth of the tearing mode. This process is turbulent reconnection. The topology
of the magnetic field, the current density, and the flow field shows the combined
features of the KH and tearing instabilities. This three-dimensional vortex-induced
tearing instability is a highly efficient process of mixing magnetospheric and solar-
wind-origin plasma.

In this sense, if the tearing mode instability is initially weaker than the KH
instability, the KH instability can generate another tearing mode instability at a
later time. The basic mechanism is the 3-D KH-induced reconnection. The 3-D
KH-induced reconnection might be a very important process at the magnetopause
when IMF orientation is southward. It is a very useful mechanism to relate the
magnetic reconnection to the viscous transport at the magnetopause. The most

possible location is tailward LLBL. The KH instability is easy to operate first
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because of the high shear velocity and field configuration. For a southward IMF,
the multiple current layers will be formed by the KH instability.

If the growth rates of the KH and tearing modes are comparable, the KH and
tearing instabilities affect each other. The KH instability changes the profile of the
current layer. The current sheet follows the vortex motion to become twisted. Some
regions become thinner to form smaller magnetic islands; others become wider to
form larger magnetic islands. The tearing mode instability modifies the shear flow
layer. The shear layer width near the reconnection site is thin, and the shear layer
width near the neutral line becomes wider. This reconfiguration modifies the KH
instability. In the region with a thinner shear layer width, vortices are smaller, and
in the region with a wider shear layer width, vortices are larger. Those processes
continue to reform the structure of the magnetic flux tube and vortex tube in a
cycle of mutual interaction of the tearing and KH modes. The nonlinear interaction
can be one of the physical process that occurs at the magnetopause. The most
possible location is the low latitude dayside magnetopause with a southward IMF,
where magnetic flux tubes are easily formed and weak KH instabilities still have a

chance to reform the structure of the magnetic flux tubes.
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Chapter 6

The Kelvin-Helmholtz
instability: Comparison with

observation

6.1 Introduction

In the proceeding chapters, I have discussed the tearing instability, the KH insta-
bility, and the interaction of both modes in two dimensions and three dimensions.
This chapter will compare the simulation results with observations at the magne-
topause and the magnetotail boundary.

In the first part, I will use the 3-D simulation data from Chapter 5 to analyze
the expected magnetopause structure. The second part will contribute to the case

study of an observation event from the magnetotail boundary.
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6.2 Structure of the Magnetopause

The study of macroscopic and microscopic plasma processes occurring at and in
the magnetopause is an important task in magnetospheric physics because such
processes determine the rate of transport of mass, momentum and energy from the
solar wind into the magnetospheric cavity. The magnetopause is almost constantly
moving because the magnetopause location is determined both by the solar wind
dynamic pressure or momentum flux and also by the southward component of the
IMF. Most of the phenomena at the subsolar magnetopause in the mesoscale range
of 1000 to 10,000 km are associated with reconnection. Persistent high-speed flows
have also been reported from the dusk flank of the magnetopause [Gosling et al.,
1986].

Based on three assumptions concerning the local magnetopause, that is, its
orientation is constant, its structure is one-dimensional as well as time indepen-
dent during traversal, the normal direction is that along which the variance of the
corresponding measured field component is a minimum. Thus the method consists
of finding the eigenvalues and eigenvectors of the variance matrix, and then select-
ing the normal vector as the eigenvector corresponding to the smallest eigenvalue
[Sonnerup and Cahill, 1967).

So far few observations can be used to prove the interaction of the KH and
tearing instabilities. Some of magnetopause structure observations may give evi-
dence of the interaction of the two instabilities. Sonnerup et al. [1987] developed a
method to handle spacecraft data using measured convection electric field variance

analysis, where E. = —v x B was used. The method is similar to the minimum
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variance analysis commonly performed on B data, except that the direction of
maximum variance of F., rather than minimum variance of B is used to determine
the normal. This method can be particularly reliable if plasma is moving at a high
velocity tangential to the magnetopause as expected for a reconnection event.

If the structure of magnetopause is time-independent, there exists a deHoffmann
Teller (HT) frame in which the electric field vanishes. The electric field in the frame
could then also be written as Eg7 = —vgr x B. If the magnetopause structure
were one-dimensional and time independent, the deHoffmann-Teller velocity would
remain the same as before.

The application of the Walén relation to the normal components of flow and

magnetic field at a boundary can determine whether it is a rotational discontinuity

B
vHE0PO

continuity (RD). It is very useful in determining whether it is TD or RD. The test

can be taken as an indication for a rotational dis-

or not. Thus v—vygr ==+

of the Walén relation will clearly be negative in the case of a tangential discontinu-
ity. In other words the Walén relation provides a good test of stationary magnetic
reconnection. Note, however, that this relation is also approximately satisfied for
an intermedial or a slow shock. All of these discontinuities (RD, intermedial shock,
slow shock) are indicative of a reconnection layer.

These techniques are very useful in evaluating the structure of the magne-
topause. In this study, I try to confirm that the vortex induced reconnection
based on three-dimensional configuration can account for some typically observed
magnetopause structures. The simulation results are from case 1 in Chapter 5. [
choose the period after the induced tearing instability had started to operate. The

next section shows my results.
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6.2.1 Simulation Comparison

To look at the structure of the magnetopause, the easy way is to investigate the
magnetic field and plasma data properties across the magnetopause. Figure 6.1
shows a cut along z = —8, y = —5.3. This magnetopause is formed at ¢ = 180 in
case 1. Again the first panel shows the plasma density, and plasma beta (ratio of
thermal and magnetic pressure), the second presents total, thermal, and magnetic
presure, the third shows the three plasma velocity components, and the fourth
shows the three magnetic field components. The magnetic field components show
that the B, reversed several times and B, B, also have some distributions. It
seems that the magnetopause has multiple layer structure. The magnetosheath
flow is about 0.6. If there is only the KH instability happened, there would be
no or only very small B, component observed. Because the tearing instability is
induced after ¢ = 155, the B, component became larger. This crossing shows a
typical interaction between the KH and tearing instabilities.

The other way is to look at the hodogram of magnetic field through the cut
across the magnetopause. Figure 6.2 shows the hodogram representation of mag-
netic field during the analysis interval, and B;, B;, By are the field components
along the maximum, intermediate, and minimum variance directions, respectively.
B; is approximately in the z direction, Usually, the minimum variance direction
derived from the B field is denoted by kg. In many cases this vector provides a
good approximation to the magnetopause normal vector. For the present crossing
this is not so. The figure shows the presence of large amplitude magnetic noise-

like information in the magnetopause region, which looks like the magnetopause
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crossing by the AMPTE/IRM spacecraft on September 4, 1984, investigated by
Sonnerup et al. [1987].

Piror to this work, two dominant interpretations for this structure were made.
One of these was that the observed fluctuation were caused by a back and forth
motion of the current layer over the satellite. However, this alone is insufficient
to explain the observation. If the magnetic structure of a one-dimensional current
layer does not change, a back and forth motion would always give the same and
simple trajectory of the magnetic field in hodogram. Thus this model can not
explain the observed chaotic trajectories of the magnetic field.

The other possible explanation is magnetic percolation [Galeev et al., 1986].
magnetic percolation is the occurrence of very small scale tearing modes in mul-
tiple layers in a single current sheet. Although this may generate reconnected
flux through a stochastic meandering of magnetic field lines in the magnetopause
current sheet, this can not explain the observed field fluctuations for a very sim-
ple reason. The tearing mode in this configuration saturates at an extreme small
amplitude such that all local perturbation are necessarily very small. However
the observed magnetic perturbations are of large amplitude. Thus the process
of multiple current layer formation and random reconnection discussed in Chap-
ter 5 is the first consistent explanation for the observed magnetopause structure.
The multiple current layer structure is formed because of the nonlinear KH vortex
thinning process. The width of those current layers is relatively thin. The probe
passed through those current layers. At the same time, the tearing instability is
going on. So the hodogram gives such kind of interesting information. From this

simulation, I can conclude that many high resolution observations showing large
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amplitude magnetic noise may indicate thin structures of the magnetopause. The
thinning process of the KH instability might be one of the sources.

Figure 6.3a shows the test of Walén relation to determine which type of bound-
ary the magnetopause belongs to. A linear proportionality should exist between the
three components of the plasma velocity in the deHoffmann Teller frame and the
corresponding components of the Alfvén velocity. The solid line shown represents
the least squares fit to the data using orthogonal distances and the constraint that
the line passes through the origin. It has a slope almost zero and the correlation
coefficient is also almost zero. That implies that the large scale structure of this
current layer is that of a tangential discontinuity, not a rotational discontinuity.

If the magnetopause is a time independent or Alfvénic structure, the correlation
coeficient of convection electric field with deHoffmann-Teller electric field should
be 1. Figure 6.3b shows the correlation of the convection electric field with the
deHoffmann-Teller field Egr = —vyT X B. Again, the solid line shown represents
the least squares fit to the data using orthogonal distances and the constraint that
the line passes through the origin. It has a slope 0.4, which is much smaller than
1 (If the slope is 1, it means the structure is time-independent). In this condition,
the magnetopause is changing with time.

In summary, the observed magnetic field turbulence of the magnetopause is
explained as the coupling of the KH and tearing instabilities. The KH instabil-
ity makes very thin multiple current layer. The tearing mode instability occurs
when those layers become sufficient thin. Satellites crossing those structures would
observe this regular change in all physical parameters. It is different from an os-

cillation of the magnetopause or a percolation tearing instability. The large scale
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magnetopause appears as a tangential discontinuity. These properties are similar

to actual magnetopause observations.

6.3 The Kelvin-Helmholtz Instability at the Mag-
netotail Boundary

It is well accepted that the low-latitude boundary is a location of entry of mass,
momentum, and energy from the magnetosheath to the magnetosphere. Muichel et
al. [1987) and Traver et al. [1991] reported that the topology of the field lines in
the low-latitude boundary layer (LLBL) is controlled by the IMF' B, component,
closed (open) when northward (southward). Observations in LLBL showing the
mixture of magnetospheric and magnetosheath ions on closed field lines have been
known for some time [e.g., Sckopke et al., 1981]. However, the mechanism of this
mixing is still under debate.

The KH instability has long been thought of as an important process at this
magnetotail boundary. The solar wind impinging upon the magnetosphere creates
a velocity shear across the magnetopause current sheet. The configuration of the
magnetic field and flow field in LLBL makes the KH instability easy to operate.
Early observations found that tailward propagating surface waves have wavelengths
from half an Rg to 10 Rg at the terrestrial magnetopause [Aubry et al., 1971;
Fairfield, 1979; Lepping and Burlaga, 1979; Song et al., 1988]. A particular form
of a surface wave that often develops in the magnetotail boundary is the KH wave.

So far there have been a number of observations related to the KH wave. However,
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an unambiguous identification of KH wave is often difficult.

The most fully analyzed event is the one that occurred on the outbound orbit
of the ISEE 1 and 2 spacecraft, located at (12.5 Rg, 40°, 0800LT), on November
6, 1977 near 0530 UT. The characteristics of the waves and the relation to the
structure of the boundary layers were first described by Sckopke et al. [1981].
Irregular intervals of wave-like fluctuations around that time identify wave cycles in
which the spacecraft moved between different plasma regimes. The interpretations
on the physical mechanism for the quasi-periodic variations and on the origin
of the plasma in these regions include: temporally modulated bursts of strong
diffusion across the magnetopause [Sckopke et al., 1981], FTEs on open field lines
[Paschmann et al., 1982; Saunders, 1983|, and pressure pulses [Sibeck et al., 1990|.
The interpretation that the unstable boundary is the magnetopause itself might
be closer to the reality, but the variability of the IMF makes the mechanism for
this event still unclear.

Another event occurred from 400 to 1800 UT on February 15, 1978 during
northward IMF [Chen et al., 1993] at a time when ISEE 1 and 2 were near apogee
on the dawn flank of the magnetotail. Chen et al. [1993] found 5 minute non-
sinusoidal periodic waves of plasma and field with steep leading edges, which is
different from the waves with steep trailing edges in the two-dimensional MHD
simulations [e.g. Miura, 1990].

Recently, Fairfield et al. [1996] found that, from the Figure 6.4 and 6.5 which
shows the plasma and magnetic field data respectively, for several hours on March
24, 1995 the Geotail spacecraft remained near the duskside magnetotail boundary

some 15 R, behind the Earth while the solar wind remained very quiet (V=330km/s.
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n=14 to 21/cc) with a very northward 11 nT IMF. Geotail experienced multi-
ple crossings of a boundary between a dense (n=19/cc), cool (Tp=40ev), and
rapidly flowing (V=310km/s) magnetosheath plasma and an interior region char-
acterized by slower tailward velocities (V=100 km/s), lower but substantial den-
sities (n=3/cc) and somewhat hotter ions (220ev). The crossings recurred with a
roughly 2 minute periodicity and all quantities were highly variable in the bound-
ary region. The magnetic field exhibited some of the largest fluctuations seen
anywhere in space, despite the fact that the exterior magnetosheath field and the
interior magnetosphere field were both very northward and nearly parallel. They
speculated that the multiple crossing are due to a KH instability at the boundary
generating vortices that convect past the spacecraft.

In this study, I focus on the last mentioned event, and attempt to model it
using observed plasma parameters for the magnetosphere and the magnetosheath.
It seems that tailward magnetosheath flows have little influence on the northward
magnetic field. But the flow direction and the wave vector of the KH mode are
two different things. If the KH mode has a k vector not exactly aligned with
tailward direction, the projections of IMF and geomagnetic field onto the k vector
are nonzero. When the KH instability operates, the magnetic field configuration
is also changed significantly. It will be shown that this can account for a strong

magnetic oscillation.
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Figure 6.4 Observational plasma data near the duskside magnetotail houndary on March 24, 1995

(from Fairfield).
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6.3.1 Simulation Model

The basic configuration for this study consist of a strongly northward magnetic field
on both sides of the boundary layer and a fast tailward flow on the magnetosheath
side. While a magnetic field perpendicular to the velocity shear AV favors the KH
instability, it would be difficult to explain the reversal of b, if the magnetic field
were purely perpendicular to the plane in which the KH instability operates.

In particular, these large magnetic fluctuations with intermittent periods of
southward b. (although the IMF is strongly northward and the plasma sheet mag-
netic field is northward) shed initially some doubt on the interpretation in terms
of KH waves.

A magnetic field reversal can result from KH waves if a small magnetic field
tangential to the wave vector k£ of the KH instability exists. I, therefore, assume
in this study the general case that the wave vector has a small component out
of the equatorial plane. This turns out to be central for the interpretation of
the observed signatures in terms of the MHD simulation. Thus this configuration
combines aspects from chapters 3 and 4. A small magnetic field component in the
plane of the KH instability does not alter the growth rate significantly. However,
this field component will get twisted and thus aspects of two-dimensional vortex
induced reconnection can be important.

Figure 6.6 shows the coordinate system used in the simulation. The dark region
(or the simulation region) crosses the duskside tailward magnetopause, and is in
the equatorial plane of the Earth. The z direction is northward, and the y direction

is along the magnetopause normal. The z direction closes a right hand system.

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



137
This is the GSM coordinate system. The k vector of the considered instability is
at some angle ¢ with the tailward direction (the z direction), so the projections of
IMF and geomagnetic field onto the k vector are nonzero. The simulation plane is
in the plane formed by the k vector and the y axis.

For this investigation, two-dimensional MHD equations are used. The simu-
lation domain is a rectangular box with |z| < L; and |y| < L,. Free boundary
conditions are applied to the two boundaries in the y direction. Periodic boundary
conditions are used at the two boundaries along the z’ direction.

The plasma is initially uniform in total pressure (including dynamical and mag-

netic pressure). The equilibrium is determined by

Bo(y) = 0 (6.1)
By(y) = 0 (6.2)
B.o(y) = B..— Batanhy (6.3)
vzo(y) = —Votanhy (6.4)
vyo(y) = O (6.5)
vo(y) = 0 (6.6)
po(y) = fo+ B:cosh™y + 2B,;Ba tanhy (6.7)
po(y) = 1+0.75tanhy (6.8)

where By = 1/2|1 — Bg|, B;i = 1/4(1 — B%)/Ba, and [, is the ratio of dynamical
to magnetic pressure at the boundaries |z| = L,. For all cases, fj; is chosen to be
2.8 which is consistent with typical values in the magnetosheath and in the dayside

low-latitude boundary layer [ Phan and Paschmann, 1996]. The normalization for
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Figure 6.6 The simulation coordinate system.
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density is 1lcm ™3, magnetic field is 16nT, velocity is 105.17 km/s, pressure is
0.1019 nPa, length is 600km, and time is 5.7s.

In the observation, magnetosheath velocity is between 250 and 380 km/s. The
angle ¢ (the angle for k& vector with the tailward flow) varied between 10 and 25
degrees. In my simulation, I set V; = —310km/s, ¢ = 25° B, = 16nT at the
magnetosphere side and B, = 24nT at the magnetosheath side. It is unusual that
the magnetic field on the magnetosheath side is larger. It is consistent with the

observation. The initial velocity perturbation is about 10km/s.

6.3.2 Results and Comparison

The KH instability can develop if the fluid velocity is tangential to a thin layer and
changes in magnitude across this layer. In an ordinary fluid the instability has no
stability threshold, which means an arbitrarily small change in the flow velocity is
sufficient to generate the instability. This is different in a magnetized plasma. Here
this instability has to deform the magnetic field which requires a certain amount
of energy. Therefore, the instability requires a sufficiently large difference in the
flow velocities.

Particularly interesting are the plasma and magnetic field signatures, which a
satellite is expected to record if this instability operates at the boundary of the
magnetosphere. In the following [ will illustrate the evolution of the KH instability
as a result of two-dimensional plasma (magnetohydrodynamic) simulations, and
then record data along particular trajectories similar to how a satellite would

record such data in space.
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Figure 6.7 The contour lines of plasma velocity v. in the MSP coordinate system and velocity vectors
and streamlines in the simulation plane at ¢t = 70.
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In the simulation plane, when the shear flow is larger than the Alfvén speed
and smaller than the fast mode speed, the KH instability operates. The simulation
magnetic field and plasma satisfies the condition. Figure 6.7 shows the contour
lines of the plasma velocity v, component in the MSP coordinate system and
velocity vectors and streamlines in the simulation plane at ¢ = 70. It is shown
that the KH vortex develops with a wavelength of 2 to 2.5 Rg. In the deHoffmann
Teller frame, it is measured that the vortex is moving at v, = —220km/s. The
KH vortex develops because the shear flow overcomes the magnetic tension ( shear
velocity is larger than the local Alfvén speed) and the perturbed KH mode grows
with time. The growth time is about 5 minute.

The magnetic field line in the simulation plane will become twisted by the KH
vortices, and also the northward magnetic field will be modified. Figure 6.8 shows
the magnetic field lines and magnetic field vectors in the simulation plane, and the
B, contour lines in the MSP coordinate system at three different times. Note that
the field is well ordered initially (in fact has only one orientation) and becomes
twisted by the vortex motion from the KH instability. To twist and deform the
magnetic field requires energy. It is shown that the magnetic field lines in the
zy plane become twisted by the KH vortex at ¢ = 45. B, is along the positive
x direction. At t = 70, the nonlinear vortex becomes so strong that there are
some regions where B; becomes negative. It is shown that some field line twisted
back. In the MSP system, those negative B, components contribute to reduce
the positive B, component (Figure 6.9a). If the negative B, components are very
large, B, may even become negative. In some local regions, at ¢ = 86, magnetic

reconnection starts to operate.
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(a) t =45, (b) t =70, and (c) t = 86.
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Figure 6.9 (a) B:_.im, which is generated by the vortex motion, deducts the northward IMF B.. (b)
The mechanism of component reconnection and magnetic flux transfer process.
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The mechanism of the component reconnection can be easily illustrated in
Figure 6.9b. In the simulation plane, the magnetic field is twisted by the nonlinear
KH vortex. The vortex motion renders one part of a magnetic field line antiparallel
to another, and the associated current sheet becomes stronger as time proceeds. At
a critical time, reconnection begins to operate and a twisted loop is formed. If this
process occurs in the magnetopause, the loop will be left in the magnetosphere. [t
presents a very important magnetic flux transport process which is able to capture
magnetosheath plasma blobs and transport them into the magnetosphere.

Figure 6.10 shows the contour lines of plasma density and temperature at three
different times. Again, the left-hand side in the images represents the magneto-
sphere, and the right-hand side represents the region with solar wind plasma. It

can be seen that vortex shape contour lines are also formed by the KH instability.

The solar wind plasma is denser and cooler than the magnetospheric plasma,
and similarly the plasma blob which start to form at ¢ = 70 in the eye of the vor-
tex has higher density and lower temperature than the magnetospheric plasma. At
the boundary of this blob both the magnetic field and the plasma velocity change
rapidly which should be visible as large fluctuations to the satellite traversing this
region. This process leads to a very efficient mixing of magnetospheric and mag-
netosheath plasma, generating a plasma with intermediate properties and strong
fluctuations. Interesting are the very thin sheets with varying density, pressure,
and magnetic field orientation (which implies strong currents in these layers) which
are visible, particularly at { = 86.

The KH instability operating in the simulation plane will change the magnetic
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Figure 6.10 Contour lines of plasma density and temperature at (a) ¢ = 45, (b) t =70, and (c) t = 86
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Figure 6.11 Plasma and magnetic field signatures for a probe rested at (3152,900,2501) in the MSP
frame.
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field and plasma data properties. If a probe is at rest in the MSP frame, the moving
vortex passing through it will give magnetic and plasma data records which can
be compared with the satellite observations. Figure 6.11 shows an example of
the signatures which one can record from this instability process. The first panel
shows the plasma density and plasma § (ratio of thermal and magnetic pressure),
the second presents total, thermal, and magnetic presure, the third shows the
three plasma velocity components, and the fourth shows the three magnetic field
components. All quantities are converted to physical units for easier comparison.
The initial probe location is (z = 3152, y = 900, z = 2501), and it is stationary in
the MSP frame. The figure shows the time interval from 100s to 750s. It can be seen
that, at ¢ = 230s, plasma density, total magnetic field, b. component, and magnetic
pressure increase, while temperature, thermal pressure, v, component decrease.
The probe begins to move out of the magnetosphere and enters the magnetosheath.
In the magnetosheath, there are high density, magnetic field, magnetic pressure
and low temperature, thermal pressure. This lasts about one minute. Then at
t = 300s, plasma density, total magnetic field, b, component, magnetic pressure
begin to decrease, and temperature, thermal pressure, v, component increase. The
probe begins to move into the magnetosphere. In the magnetosphere, there are low
density, magnetic field, magnetic pressure and high temperature, thermal pressure.
This also lasts about one minute. Then begins another cycle of the interchanging
process. In the frame of probe, there are a total of five of those processes. The
KH instability generated very strong changes in the magnetic field.

A cut along constant y will show some local structure of the magnetopause for

better identification of the plasma and field structure. Figure 6.12 shows a cut
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through the system for y = 6.0, ¢ = 25°, ¢t = 403. The range of z is from -20 to 60.
I also find a signature similar to the time series signature in Figure 6.5. On the
magnetosheath side, one can see intervals of high plasma density, large magnetic
field and B, component, large tailward flow, low temperature, and few fluctua-
tions. These intervals interchange with intervals of lower density, small total mag-
netic field, higher temperatures, strong and rapid magnetic field fluctuations, and
smaller and sometimes briefly southward B.. Choosing a probe location further on
the magnetospheric side, similar transients are observed but magnetic fluctuations
(including B.) are preferably now in the denser, low-temperature magnetosheath-
like plasma. Most of the properties of the simulation can also be seen from the
observation (see Figure 6.4 and 6.5).

In summary, the presence of quasi-periodic 2-minute large amplitude waves
in the low latitude boundary layer is explained as the development of the KH
instability. The KH wave propagates at a small angle toward the tailward direction.
the KH instability develops in the plane including the KH wave vector and the
boundary normal direction. The formation of vortices will twist the magnetic field
lines in the plane. This process, in turn, leads to the observed strong plasma and
magnetic field oscillations. The KH instability is a very important macroscopic

process at the magnetotail boundary.

6.4 Conclusion and Discussion

In this chapter, I have focused on two particular observations. One refers to the

structure of the magnetopause current layer, and the other to the presence of
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quasi-periodic large amplitude waves in the low latitude boundary layer.

The intriguing element of structure of the magnetopause current layer is the
magnetic fluctuations observed typically in hodogram plots of the magnetic field
in the magnetopause. During periods of magnetic reconnection, the magnetopause
is typically a relatively simple and well ordered structure. However at other times
this current layer often exhibits significant magnetic fluctuations. These can be
indicative of a temporal structure, a spatial structure or both.

To understand boundary waves at the low latitude boundary layer, a simple
MHD approximation in the simulation is used. The simulation region is a localized
region. Where for simplicity, simple periodic boundary conditions are used along
the tailward direction. Quantitatively basic magnetic field and plasma data are
chosen consistent with the observation. Based on this simple model, the magneto-
tail boundary events are successfully explained in terms of the KH instability.

During northward IMF, the observed large magnetic field and plasma large
fluctuations are due to the KH instability at the boundary generating vortices
that convect past the spacecraft. There are a large number of common proper-
ties of simulation and observation. On the magnetosheath side, intervals of high
plasma density, large magnetic field and B, component, large tailward flow. low
temperature, few fluctuations interchange with intervals of lower density, smaller
total magnetic field, higher temperatures, strong and rapid magnetic field fluctu-
ations, smaller and sometimes briefly southward B,. On the magnetospheric side,
there are similar transients but magnetic fluctuations (including B,) in the denser
and low-temperature plasma. The size of high density blobs appears larger on

the magnetosheath side . Transitions from low into high density regions are often
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associated with a minimum or maximum B,.

The formed vortex moves at a tailward velocity 200km/s, and its typical wave-
length is 2 to 2.5 Rg. According to the growth time for the vortex, the origin
is close to the terminator. The mechanism is that the wave vector is not exactly
tailward. It makes the projections of IMF and geomagnetic tail field onto the wave
vector nonzero. The KH instability operates in a plane including the wave vector
and the boundary normal direction. The formation of vortices will twist the mag-
netic field lines in the plane. Some antiparallel magnetic field lines are produced,
and this process leads to strong magnetic field and plasma fluctuations. Simula-
tion also indicates transport of plasma into the magnetosphere due to magnetic

reconnection in the KH vortices.
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Chapter 7

Summary and discussion

It is widely accepted that magnetic reconnection and the Kelvin-Helmholtz insta-
bility are two fundamental processes at the magnetopause. They play crucial roles
in the transfer of energy, momentum, and mass from the solar wind into the mag-
netosphere. The relation between the KH instability and magnetic reconnection,
the interaction of the tearing and KH modes, and their applications at the mag-
netopause are very interesting topics. In this chapter, the main results of those
projects are presented. Possible topics for future studies for the interaction of the

tearing and KH modes are suggested in the final section.

7.1 Main Results

The KH instability and magnetic reconnection can operate in the presence of an-
tiparallel magnetic field or velocity components, which is present at the magne-
topause and the magnetotail boundary layer. Two basic flow and magnetic field
configurations are distinguished on the two sides of a plane layer: (1) configura-

152
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tions where the difference in plasma velocity between the two sides of the boundary
Av (velocity shear) is parallel to the difference of the magnetic field Ab (magnetic
shear), and (2) configurations where the velocity shear is perpendicular to the
magnetic shear. Properties of other configurations can largely be inferred from

these basic cases.

7.1.1 Configuration (1): A Tearing-Mode-Dominated Regime
for Sub-Alfvénic Flows and the KH-unstable Regime
for Super-Alfvénic Flows

For sub-Alfvénic shear flow the reconnection rate decreases with in-
creasing velocity shear.

In Chapter 3, when reversed magnetic field is parallel to the shear flow, for
the tearing and KH modes with parallel wave vectors which are realized in two-
dimensional simulations, only one mode can grow. If half of the flow velocity jump
is smaller than Alfvén speed, only the tearing instability operates; If half of the
flow velocity jump is larger than Alfvén speed, only the KH instability happens.
For the particular direction, only one mode can propagate. For sub-Alfvénic flow
the reconnection rate decreases with increasing velocity shear. I found the KH
mode to be stabilized for shear flow less than the Alfvén velocity unless n is very
large.

For a super-Alfvénic shear flow, the nonlinear KH vortices generate
thin current layers to trigger magnetic reconnection.

If the shear flow is super Alfvénic, the tearing mode is stabilized. The KH
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instability evolves largely independently of a sufficiently small resistivity, even if
this model is changed to a current dependent form which can generate a locally
enhanced resistivity. In its nonlinear evolution the KH instability leads to a signif-
icant pinching of the current sheet. The increase in the current density generates
a corresponding increase in the resistive electric field. This mechanism generates
magnetic reconnection and magnetic islands of the size of the KH vortices. The
corresponding reconnection process is obviously strongly driven by the pinching of
the current layer. The reconnection process is expected to occur also if the system
is initially fully collisionless because the KH vortices would generate arbitrarily
thin current sheets if no dissipation is available and thus force the generation of
a dissipation process. The evolution of the KH mode even with large nonlinear
amplitudes appears largely unaffected by the reconnection process. Because of the
fast pinching of the current sheet, I could not identify a tearing mode structure
or tearing mode growth during the later times of the KH evolution. The plasma
outflow occurs in regions which are created by the KH vortices and do not show
the typical reconnection layer structure. A current dependent resistivity appears
to be a more realistic choice, particularly for many magnetospheric processes.

The dayside magnetopause is not a location for the KH instability
to occur.

Kelvin-Helmholtz vortices can induce magnetic reconnection which is a viable
process at the Earth’s magnetopause. However, the location for the occurrence
of these structures is disputable. First, the formation requires a magnetosheath
flow velocity which is larger than the threshold velocity of the KH instability. This

condition largely excludes the subsolar magnetopause if the flow is strongly aligned
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with the field (which is necessary to obtain a significant reconnection process).
Second, the vortices should be almost fully developed otherwise the reconnected
flux is small. It excludes the major portion of the dayside magnetopause as a

possible location to observe large scale structures (1 or 2 Rg) resulting from the

KH instability.

7.1.2 Configuration (2): The 3-D KH-Induced Reconnec-

tion and the Interaction of the Tearing and KH Modes.

The tearing and KH instabilities can operate simultaneously in different
planes.

In Chapter 4, when reversed magnetic field is perpendicular to the shear flow,
for the tearing and KH modes with perpendicular wave vectors which can only
be realized in three-dimensional simulations , both modes can grow. In a plane
including the current sheet normal direction and a wave vector, the properties of
the wave vector-related mode will be seen. In the linear stage, the two modes do
not affect each other. One mode’s growth behaves as if the other does not exist.
The linear behavior of the KH and tearing instabilities is the superposition of two
modes. The dominant instability depends on its initial perturbation magnitude
and the growth rate of modes. If the growth rate and initial perturbation of the
tearing mode are respectively smaller and larger than those of the KH mode, a
cross-over time can be identified. Before that time, the growth is dominated from
the tearing mode. After that time, the growth is mainly due to the KH mode.

It can also be inferred that, in a plane along which waves can propagate, the
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KH and tearing modes can not propagate along the same direction. The range
of possible wave vectors of tearing mode are well separated by that of KH mode.
For shear flow larger than the fast mode speed, there is a range in which neither
tearing nor KH mode operates. If the shear flow is zero, all possible modes are
tearing mode; if no magnetic shear exists, all possible modes are KH modes.

In the nonlinear stage, the tearing and KH instabilities interact with
each other.

The nonlinear dynamics is governed or strongly influenced by the mode which
first reaches a nonlinear amplitude. If the tearing mode grows faster than the
KH mode, both modes operates on the same scale. The tearing mode instability
modifies the flow shear layer. The shear layer width near the reconnection site
becomes thinner, and the shear layer width near the neutral line becomes wider.
That will affect the KH instability. In the region with thinner shear layer width,
vortex becomes smaller, and in the region with wider shear layer width, vortex
becomes bigger. The KH instability changes the profile of the current sheet and
makes the current sheet oscillate around its initial position. Those processes con-
tinue to reform the structure of the magnetic flux tube in a cycle of interaction of
the tearing and KH modes.

Formation of multiple current layers and turbulence reconnection
due to the KH instability

In Chapter 5, three-dimensional nonlinear interaction of the KH and tearing
modes is investigated. When reversed magnetic field is perpendicular to the shear
flow, for the tearing and KH modes with perpendicular wave vectors which can

only be realized in three-dimensional simulations, nonlinear KH vortices lead to
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current sheet thinning and formation of multiple current layers. Vortices can induce
multiple current layer reconnection in a three-dimensional configuration. Mutual
interaction of neighboring tearing islands lead to fast growth of the tearing mode.
Topology of magnetic field, current, flow field shows the combined features of
the KH and tearing instabilities. The three-dimensional vortex-induced tearing
instability can make highly efficient mixing of plasma and complex current layer

structure.

7.1.3 Comparison with Observations

The 3-D KH-induced reconnection provides the first explanation of the
turbulent structure of the magnetopause current layer.

The analysis of the multiple current structure simulated in Chapter 5 shows the
correlation with the observations of the magnetic field at the magnetopause. The
presence of large amplitude magnetic fluctuations in observed magnetic hodograms
is a long standing problem of magnetopause physics. Simple explanations (motion
of the magnetopause, magnetic percolation) do not hold up in a more critical exam-
ination. The results from Chapter 5 provide an explanation in that the spacecraft
passed through complex multiple current layer structure. Typical data analysis
tools show that this structure is not a simple one-dimensional, time-independent
structure. The observations can be explained as the interaction of the KH and
tearing instabilities at the magnetopause.

The Kelvin-Helmholtz instability operates at the magnetospheric

boundary at low latitudes.
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The presence of quasi-periodic 2-minute large amplitude waves in the low lati-
tude magnetotail boundary on March 24, 1995, which lasted for several hours for a
northward IMF nearly parallel to the magnetospheric magnetic field, is simulated
in a two-dimensional simulation. The large magnetic field and plasma large fluc-
tuations are due to the Kelvin-Helmholtz instability at the boundary generating
vortices that convect past the spacecraft. The formed vortices move at a tailward
velocity 200km/s, and its typical wavelength is 2 to 2.5 Rg. According to the
growth time for the vortex, the origin is close to the terminator. The mechanism
is that the KH wave does not propagate exactly along the tailward. It makes the
projections of IMF and geomagnetic tail field onto the KH wave vector nonzero.
The KH instability operates in a plane including the wave vector and the bound-
ary normal direction. The formation of vortices will twist the magnetic field lines
in the plane. Then this process makes strong magnetic field and plasma fluctua-
tions. Simulation also indicates transport of plasma into the magnetosphere due

to magnetic reconnection in the KH vortices.

7.2 Summary and Open Problems

In summary, I have carried out two and three-dimensional investigations on the
Kelvin-Helmholtz instability, magnetic reconnection, and their interaction at the
magnetopause. In various research papers this has been viewed as a single often
linear and two-dimensional mode in the presence of magnetic and velocity shear.
The picture from my study is entirely different. In the presence of parallel magnetic

and velocity shears (for configuration (1), see Chapter 1) in a two-dimensional
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plane, there is either a tearing type solution (for small velocity shear) or a KH type
solution ( for small magnetic shear). Both modes show only minor modifications
from the basic tearing or KH modes. Really new aspects are found in a three-
dimensional geometry where both modes grow first independent of each other (for
configuration (2), see Chapter 1). The structure in the nonlinear evolution is found
to be entirely different from the single mode approach.

In the nonlinear evolution two cases can be distinguished, i.e, one in which the
tearing mode reaches the nonlinear phase first and the other where the KH insta-
bility is faster. In the first case, the nonlinear tearing does not surpass the growth
of the KH instability. However, the mutual interaction of both modes strongly
changes the overall structure of the reconnection caused by the tearing mode and
it generates magnetic flux with varying cross-section. In the second case, the KH
vortices generate multiple current layer structure. The continuous thinning and
actual interaction from neighboring layers generates random tearing modes with
extremely fast growth and large nonlinear reconnection rates. The process should
generate very effective plasma mixing and transport. It is this mechanism which
provides a consistent explanation for an often observed magnetopause structure.

Finally the work provides the first quantitative confirmation that the KH in-
stability operates at the flanks of the magnetotail. This is particularly intriguing
because the particular case showed extreme magnetic field fluctuations although
both the IMF and the geomagnetic field are strongly northward. The results indi-
cate that, in addition to momentum and energy transport, the KH induced recon-
nection at the magnetospheric flux might be a source of magnetospheric plasma.

This work has demonstrated that the three-dimensional nonlinear interaction of
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macro plasma instabilities, like the KH and tearing modes, generates entirely new
plasma phenomena and structure. However, the dynamics depend strongly on the
initial perturbation and plasma properties of the system. For the magnetopause,
the comparison with observation appears to indicate that the KH instability, pro-
vided that it is not stabilized, grows very fast and competes with ( and thus
modifies) the tearing mode and magnetic reconnection. However, the regions of
the magnetopause for which the KH instability is unstable are usually limited, such
that the corresponding magnetopause structure depends on the onset conditions
of the KH mode.

A central crucial question is the total transport mechanism of plasma and
particularly magnetic flux. These are issues which require a large scale model
of the magnetopause. On small scales of the order of the ion inertia length, the
actual processes can be modified by a Hall term in Ohm’s law. This implies that
the magnetic field is actually frozen in the electron fluid rather than the bulk
plasma which relaxes the constraints on the KH instability. This can be important
for small scale KH modes and tearing modes although the Hall term can not
generate a magnetic field-aligned electric field, such that it does not change the
reconnection rate in a straight forward manner. Thus, in summary, it would be
desirable to extend this investigation to include micro scale dynamical effect and
to improve our understanding of the associated transport of plasma and magnetic
flux on the global scale.

The other area of open and interesting topic refers to other potential applica-
tion of my results. The vastly differing magnetospheric dimensions of the various

planets are produced by the differences in the intrinsic strength of the plane-
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tary magnetic fields. Mercury’s magnetosphere is tiny compared to Earth’s. The
study can be carried out with proper length scale and magnetic field on its mag-
netopause. Jupiter’s outer magnetosphere is time variable, and with turbulent
boundary layer. Observations of the Jovian magnetopause at 40R; show periodic
current sheet crossings and may provide strong evidence of the KH instability with
a much larger scale than for the case of the Earth’s magnetopause.

As a process for the generation of turbulence and transport, it is particularly
important at very large size (astrophysical) plasma boundaries. Here magnetic re-
connection at a single thin magnetic boundary is probably a very inefficient plasma
transport processes compared to astrophysical dimensions. However, reconnection
at multiple current layers is generated by very large scale KH vortices will change
this entirely. Potential areas for applications are the Heliopause, interstellar clouds
of partially ionized material or even boundary of galactic magnetospheres.

My new results may also apply to the mechanism of the coronal heating on
the Sun. It is widely believed that wave heating and magnetic field dissipation are
candidates for this heating. Magnetic field dissipation in current sheets requires
very thin current sheets. This problem is yet unresolved. In the corona region, a
typical 8 < 4 gives a sound speed less than 200 km/s. The KH instability may
generate thin current sheets if there is shear flow perpendicular to the magnetic
field (Along the direction of the magnetic field, the KH instability is stabilized).
Turbulence reconnection operating in the thin current sheets can produce very fast
dissipation to generate the corona heating.

All of these topics provides highly interesting potential applications for the

results and mechanisms studied in this thesis. The real relevance of the interaction
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of the KH instability and magnetic reconnection to these areas, however, requires

further study.
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