INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UMI
films the text directly from the original or copy submitted. Thus, some
thesis and dissertation copies are in typewriter face, while others may
be from any type of computer printer.

The quality of this reproduction is dependent upon the quality of the
copy submitted. Broken or indistinct print, colored or poor quality
illustrations and photographs, print bleedthrough, substandard margins,
and improper alignment can adversely affect reproduction.

In the unlikely event that the author did not send UMI a complete
manuscript and there are missing pages, these will be noted. Also, if
unauthorized copyright material had to be removed, a note will indicate
the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by
sectioning the original, beginning at the upper left-hand corner and
continuing from left to right in equal sections with small overlaps. Each
original is also photographed in one exposure and is included in
reduced form at the back of the book.

Photographs included in the original manuscript have been reproduced
xerographically in this copy. Higher quality 6" x 9" black and white
photographic prints are available for any photographs or illustrations
appearing in this copy for an additional charge. Contact UMI directly
to order.

University Microfims international
A Bell & Howell Information Company

300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA
313/761-4700 800/521-0600

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



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




Order Number 9209706

Plasma dynamics of the Earth magnetopause-boundary layer
and its coupling to the polar ionosphere

Wei, Chang-Quan, Ph.D.

University of Alaska Fairbanks, 1991

U-M1

300 N. Zeeb Rd.
Ann Arbor, MI 48106

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




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




PLASMA DYNAMICS OF THE EARTH MAGNETOPAUSE-BOUNDARY
LAYER AND ITS COUPLING TO THE POLAR IONOSPHERE

THESIS

Presented to the Faculty
of the University of Alaska Fairbanks

in Partial Fulfillment of the Requirements
for the Degree of

DOCTOR OF PHILOSOPHY

By
Chang-Quan Wei, B.S., M.S.

Fairbanks, Alaska

December 1991

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



PLASMA DYNAMICS OF THE EARTH MAGNETOPAUSE-BOUNDARY
LAYER AND ITS COUPLING TO THE POLAR IONOSPHERE

By
Chang-Quan Wei

RECOMMENDED:

CSDee

o hgw%

7 Swift

__4JQZ;A&M
Mﬂ%«

B. J. Watkins

L. C. Lee, Chairmarf, Advisory Committee

LD o

J. L. Mqfack, Head, Physics Department

P. B. Reichardt, Dean, College of Natural Sciences
L. Proenza, Dean of the GraduaJ? School

/0/7/9/

Date

APPROVED:

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




ABSTRACT

In this thesis, the plasma dynamics of the Earth magnetopause-boundary layer and its
coupling to the polar ionosphere are studied by using computer simulations.

First, the plasma dynamics and structure of the magnetopause-boundary layer are studied
by a two-dimensional incompressible magnetohydrodynamic simulation code. It is found that
the Kelvin-Helmholtz instability with driven boundary conditions at the magnetopause can
lead to the formation of plasma vortices observed in the magnetopause-boundary layer. In
the later stage of development, a density plateau is formed in the central part of the boundary
layer.

Second, the coupling of plasma vortices formed in the boundary layer to the polar
ionosphere is studied based on a magnetosphere-ionosphere coupling model. The finite iono-
spheric conductivity provides a dragging force to the plasma flow and leads to the decay of
plasma vortices in the boundary layer. In the model, the ionospheric conductivity is allowed
to be enhanced due to accelerated electrons precipitating in upward field-aligned current re-
gions. The competing effect of the formation and decay of vortices leads to the formation
of strong vortices only in limited regions. Several enhanced conductivity regions are formed
along the post-noon auroral oval, which may account for the observed auroral bright spots.

In addition, the evolution of localized plasma vortices, as well as magnetic flux ropes,
along magnetic field lines is studied. The evolution leads to the generation of large-amplitude
Alfvén waves, which carry field-aligned currents and provide the link for the coupling of

plasma vortices and magnetic flux ropes in the magnetosphere to the polar ionosphere.
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CHAPTER 1

Overview

The solar wind-magnetosphere interaction, one of the most fundamental processes in
space plasma physics, includes the transfer of energy, momentum, and mass from the solar
wind to the Earth’s magnetosphere, and subsequently to the ionosphere. The magnetopause
is the interface region between the shocked solar wind in the magnetosheath and the hot,
low-density plasma in the Earth’s magnetosphere, where these transfers take place. Satel-
lite observations of plasmas during the magnetopause crossings indicate the existence of a
boundary layer which contains magnetosheath-like plasma and is located earthward of the
magnetopause. The part of the plasma boundary layer which is located at low to moderate
latitudes is called the low-latitude boundary layer (LLBL), as shown in Figure 1.1 [Eastman
et al., 1976; Haerendel et al., 1978; Eastman, 1979; Eastman and Hones, 1979; Sckopke
et al., 1981; Lundin and Dubinin, 1984, 1985; Phan et al., 1989; Bryant and Riggs, 1989].
The high-latitude part of the plasma boundary layer which is located earthward of the tail
magnetopause is called the plasma mantle [Akasofu et al., 1973; Rosenbauer et al., 1975;
Sckopke et al., 1976; Gosling et al., 1985]. The plasma boundary layer near the dayside
cusps is called the entry layer [Haerendel et al., 1978]. Also shown in Figure 1.1 are the
bow shock, the magnetosheath, the cusp, the tail lobe, and the plasma sheet.

As the solar wind flows toward the subsolar point of the magnetopause, it is diverted
toward both the dawnside and duskside of the magnetosheath, as shown in Figure 1.2a, which
shows the flow pattern in the equatorial plane of the magnetopause-boundary layer region.

The flow bulk velocity parallel to the magnetopause is on the order of 100 — 300 km/s in
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Figure 1.1 A sketch of the Earth’'s magnetosphere showing the magneto-
pause and the boundary layer {Eastman, 1979]. In the figure, MP means the
magnetopause and BL means the boundary layer.
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Figure1.2 Schematic sketches of interactions among the solar wind, the mag-
netosphere, and the ionosphere. (a) The low-latitude boundary layer (shaded
area) in the Earth’s equatarial plane and (b) the coupling of the duskside re-
gion of the boundary layer to the post-noon sector of the ionosphere via the
field-aligned currents.

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




4
the magnetosheath, while it is nearly zero at the inner boundary of the boundary layer. This
velocity difference across the boundary layer will cause a sheared plasma flow, which in tum
causes vortex motion in the boundary layer region. The voﬁcx associated with the sheared
plasma flow is clockwise in the dawnside region of the boundary layer and Acoumerclockwise
in the duskside region of the boundary layer. In addition, there may exist a normal diffusion
flux with a velocity on the order of 2 — 10 km/s in some regions of the magnetopause, as
shown schematically in Figure 1.2a [Eastman, 1979]. The justification of the existence of
this normal diffusion flux may be found later in this thesis.

The vortex motion caused by the sheared plasma flow in the boundary layer will produce
a localized convection electric field, which in tum produces polarization charges in the mag-
netosphere. The counterclockwise vortex produces negative space charges in the duskside
region, while the clockwise vortex produces positive space charges in the dawnside region.
The polarization charges can be discharged to the conducting ionosphere through field-aligned
currents (FACs), which are limited by the finite conductivities in the ionosphere. The domi-
nant FAC flows upward (downward) in the duskside (dawnside) region of the boundary layer.
Figure 1.2b is a sketch of this coupling process between the magnetopause-boundary layer
region and the polar ionosphere through the field-aligned currents. Note that the FACs flow
upward from the post-noon sector in the polar ionosphere to the duskside region of the bound-
ary layer. The presence of the finite ionospheric conductivity will exert a dragging force on
the plasma flow in the magnetosphere. The dragging effect of the jonosphere may slow down
the convection speed of the plasma flow and cause the decay of the plasma vortices in the
magnetosphere. Therefore, the dynamics of the magnetosphere and the ionosphere are intrin-
sically connected. Some ionospheric signatures may be explained by the development of the

Kelvin-Helmholtz (KH) instability in the presence of the competing effect of the formation
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5
of vortices in the magnetosphere and the decay of vortices in the ionosphere. The observed
spatially periodic auroral bright spots in the ionosphere may be one of the examples [Lui et
al., 1987, 1989; Potemra et al., 1990]. |

When coupled to the ionosphere, the plasma vortices generated iﬁ the magnetopause-
boundary layer region also produce the ionospheric and ground signatures. The magnetic
impulse events observed in the ionosphere and on the ground are signatures of this coupling
through FACs [Lanzerotti et al., 1986, 1987, 1990; Friis-Christensen et al., 1988; Glassmeier
et al., 1989]. Based on magnetometer observations of multiple ground stations, the presence
of the vortices in the ionospheric Hall current pattemm can be identified. Figure 1.3 is a
schematic representation of physical processes related to an observed magnetic impulse event
[Glassmeier et al., 1989]. Near the equatorial plane of the magnetopause-boundary layer
region, the current system is driven by the plasma vortices. The corresponding convection
electric field is similar to that of an electric dipole. FACs associated with the twin vortices
flow downward in the west and upward in the east, which produce the ground-equivalent
current structure, or the ground magnetic perturbations if the current pattern is rotated 90°
counterclockwise. The twin-vortex structure is clockwise in the west and counterclockwise
in the east.

In the following, observations of the magnetopause-boundary layer, auroral bright spots,
and magnetic impulse events are further discussed. Previous theoretical and simulation work
related to these observations is summarized. Finally, an outline of the thesis is given at the

end of this chapter.
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Figure 1.3 Schematic representation of physical processes related to the ob-
served magnetic impulse event on December 24, 1978. Shown are the two
magnetic flux tubes carrying field-aligned current as suggested by the ground
magnetic observations. The poleward and outward motion of these flux tubes
is indicated as well as the convection flow pattem in the magnetospheric equa-
torial plane [Glassmeier et al., 1989).
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1.1 Observations of the Magnetopause-Boundary Layer

Satellite observations of the low-latitude boundary layer indicate that the boundary layer
thickness is highly variable and appears to increase with increasing longitudinal distance from
the subsolar point [Eastman, 1979; Eastman and Hones, 1979]. The thickness bf the LLBL
ranges from 0.1 to 2 Ry (Earth radius). The plasma density and the flow velocity are also
highly variable in the boundary layer region, showing vortex structures [Sckopke et al., 1981].
A density plateau is often observed in the boundary layer region (a constant density region
with the density value between those in the magnetosheath and in the magnetosphere) [e.g.,
Haereﬁdel et al., 1978; Paschmann et al., 1978; Sckopke et al., 1981]. The LLBL is bounded
on one side by the magnetopause which has the high-density magnetosheath plasma with a
high-speed flow and is bounded along its inner surface by the low-density, low flow speed,
and high thermal energy magnetospheric plasma [Haerendel et al., 1978; Eastman, 1979;
Sckopke et al., 1981; Bryant and Riggs, 1989]. The thickness of the low-latitude boundary
layer is positively correlated with a northward interplanetary magnetic field (IMF) [Haerendel
et al., 1978; Mitchell et al., 1987]. The magnetic field in the boundary layer region shows a
very small variation and is similar to the magnetic field in the neighboring magnetosphere.
The direction of the plasma flow is nearly perpendicular to the magnetic field [Eastman,
1979; Sckopke et al., 1981}.

The plasma in the boundary layer consists of the cold intense magnetosheath-like plasma
and the hot tenuous magnetosphere-like plasma. Figure 1.4 shows an example of plasma and
magnetic field data from the ISEE 1 outbound traversal of the outer magnetosphere and the
magnetosheath on November 6, 1977 [Sckopke et al., 1981]. The boundary layer region

continued for ~ 50 min (as can be seen from the density profile in the top panel), during
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Figure 1.4 Plasma and magnetic field data from an ISEE outbound pass
through the outer magnstosphere, low-latitude boundary layer, and magne-
tosheath, near 0800 LT and 40° northern GSM latitude. The plasma parame-
ters are from top to bottom, proton (V) and electron (V) densities in units
of cm~3 as solid curves and solid circles, temperature Tp and T’z in degrees
-of Kelvin, and proton bulk velocity (vp) in kilometers per second. ¢pand Ap
are the GSM azimuth and elevation angles, respectively. The bottom panel
shows magnetic field data in nanoteslas [Sckopke et al., 1981].
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9

which time the satellite traveled outward a distance of more than 1 Rg. At about 0550 UT,
the satellite crossed the magnetopause and entered the magnetosheath. The highly variable
density structures can be seen from the density profile. The plasma bulk velocity (the third
panel of Figure 1.4) in the boundary layer is generally correlated with the plasma density,
namely, the bulk velocity approaches the magnetosheath level where the boundary layer
plasma has a high density. The bulk velbcity generally starts to increase with the density
increase at the boundary layer transitions. However, some observations do not show such a
clear correlation [Haerendel et al., 1978; Eastman, 1979; Sckopke et al., 1981]. The magnetic
field in the bottom panel of Figure 1.4 shows a small variation in the boundary layer region.
Sckopke et al. [1981] suggested that the vortex structure may be formed as a consequence of
the development of the KH instability in the low-latitude boundary layer region.

Song et al. [1990] examined the magnetopause-boundary layer structure and properties
for the ISEE 1 magnetopause-boundary layer crossings which occur near the subsolar point
when the IMF was strongly northward. They found that the magnetopause-boundary layer is
composed of three layers, a magnetosheath transition layer, an outer boundary layer, and an
inner boundary layer. In each of the boundary layers, the plasma can be interpreted as simple
mixtures of the magnetosheath and the magnetospheric plasmas. The boundaries among these

layers are sharp (less than an ion gyroradius).

1.2 Observations of Auroral Bright Spots

Satellite observations of dayside auroral forms have shown the presence of spatially
periodic bright spots aligned on the post-noon auroral oval, ranging from 1400 to 1600

magnetic local time (MLT) [e.g.. Cogger et al., 1977; Evans, 1985; Bythrow et al., 1986;
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10
Lui et al., 1987, 1989; Potemra et al., 1990]. The auroral luminosity of these localized
bright spots can be comparable to that of nightside discrete auroras associated with substorm
activities. Using data from the scanning auroral photometer on ISIS-2 satellite, Cogger et
al. [1977] found that a persistent auroral intensity enhancement occurs between.the 1400 to
1600 MLT, which is probably related to a statistically deduced maximum in particle fluxes
observed in this sector. lijima and Potemra [1978] found that the most intense upward region
1 FAC:s are located in the 1400 to 1600 MLT sector, while the most intense downward region
1 FACs are located in the 0800 to 1000 MLT sector. Bythrow et al. [1981] found tliat a
portion of region 1 FAC on the dayside is coincident with the extension of the low-latitude
bomdm layer in the magnetosphere. Evans [1985] studied measurements of precipitating
particle energy flux obtained with TIROS/NOAA satellite and also found a local intensity
maximum in electron flux in the post-noon sector. Recent studies of magnetic field and
energetic particle data obtained from satellites indicate that the dayside region 1 FAC flows
primarily through the cusp and the low-latitude boundary [ayer [Bythrow et al., 1981, 1988;
Erlandson et al., 1988; Potemra et al., 1990). Murphree :t al. [1981] found that auroral
morphology in the post-noon sector is controlled by the B, component of the interplanetary
magnetic field.

Figure 1.5 shows an example of the commonly observed periodic, localized regions of
auroral intensity enhancements from the Viking satellite in the post-noon sector on May 3,
1986 [Lui et al., 1989]. The image was taken at 0948:16 UT by a camera which monitors
the 1304-A emission from atomic oxygen. Figure 1.5 is reproduced from a color figure. The
white regions indicate the high intensity and the black regions indicate the low intensity. Four
bright spots (white regions in Figure 1.5) observed in the post-noon sector are located at about

1312, 1406, 1506, and 1548 MLT with approximate separation of about 0.7 — 1.1 hours in the
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Figure 1.5 An auroral image from the ultraviolet imager on the Viking satellite
taken on May 3, 1986, at 0948:16 UT. Magnetic local time meridians are su-
perimposed on the left image for reference. The white regions indicate the high
intensity and the black regions indicate the low intensity. This image shows the
occurrence of four bright spots in the post-noon sector along the auroral oval
[Lui et al., 1989).
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12
MLT. The spatial dimension of these spots (i.e, the dimension of the area above diffuse aurora
background luminosity) ranges approximately from 50 to 200 km, the separation between two
successive spots is about 100 ~ 500 km, and the total range of all spots is more than 1000 km.
The region of the bright spots is shown in more detail in the right portion of the figure, where
the MLT range from 1300 to 1600 is emphasized. This event is seen during a substorm, as can
be seen by the presence of a large auroral bulge on the nightside. Lui et al. [1989) suggested
that these bright spots are related to the small-scale FAC resulting from the dynamic change
of vorticity associated with the KH instability occurring in the LLBL of the magnetosphere.
Potemra et al. [1990] studied similar periodic auroral bright features obtained by ultra-
violet images on the Viking satellite. They showed a case with a distinctive series of periodic
bright spots in the post-noon region. These periodic bright spots are aligned in the east-west
direction which persist for nearly 30 min. The spots are embedded in a continuous band of
the ultraviolet emission that extends from about the 1300 to 1800 MLT at magnetic latitudes
from about 77° to 74°. Magnetic field and hot plasma measurements confirmed that these
bright spots are colocated with the field line projection of the upward field-aligned current
and precipitating energetic (~ 200 ev) electrons. The results of their study support the view
that large-scale oscillations of magnetospheric boundaries, possibly associated with the KH
instability, can modulate currents, particles, and auroral forms [Bythrow et al., 1986; Lui et
al., 1989; Potemra et al., 1990].
In addition, optical and ion drift observations of auroral bright spot sequence near the
1400 MLT [Sandholt et al., 1990] show that the auroral events cover about 300 km in east-west
extent, move eastward (tailward) along the poleward boundary of the persistent background

aurora with a velocity of ~ 1.5 km/s.
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1.3 Magnetic Impulse Events

Tonospheric and ground observations of magnetic impulse events at high latitudes indicate
that many magnetic impulse events could be interpreted in terms of intense FACs above the
observing stations and are related to the plasma vortices generated in the magnetopause-
boundary layer region [Lanzerotti et al., 1986, 1987, 1990; Friis-Christénsen et al., 1988;
Glassmeier et al., 1989; Olson, 1989]. Lanzerotti et al. {1986, 1990] found that most of the
impulse events have a half-width of a few minutes in time and are reasonably conjugate. The
amplitudes are of about 20 nT to 50 — 100 nT [Friis-Christensen et al., 1988; Glassmeier et
al., 1989; Lanzerotti et al., 1990]. The majority of the events have magnetic perturbations
in the vertical component which can be interpreted in terms of FACs directed in the same
direction (either into or out of the ionosphere) in both hemispheres. The perturbations in
the horizontal plane exhibit a vortex-like structure, either single vortex, or twin vortices, or
multiple vortices [Friis-Christensen et al., 1988; Glassmeier et al., 1989; McHenry et al.,
1988, 1990; Lanzerotti et al., 1990].

Lanzerotti et al. [1990] studied magnetic field data acquired at high-latitude, near-
conjugate stations. They observed spike-like magnetic field variations with time scales of a
few minutes in the conjugate ionospheres. Figure 1.6 shows two magnetic impulse events,
one at 1233 UT and the other at 1340 UT. The large, spike-like events have amplitude of
magnetic component ~ 50 — 100 nT. The vertical (V), the north-south (H), and the east-west
(D) components show uni-polar, semi-bipolar or bi-polar spikes. The vertical components
of the magnetic perturbations may be explained by a single ionospheric Hall current loop
[Lee, 1986], a dual-loop [Southwood, 1987}, or more complicated Hall current patterns in the

ionosphere [Lanzerotti et al., 1990].
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Figure 1.6 Magnetic field traces from two ground stations for a 2-hour interval
1200 ~ 1400 UT on August 19, 1985. One station is at 1Q (lqaluit, invariant
latitude 74.0°) and the other is at SP (South Pole Station, invariant latitude
74.8°). Magnetic field is shown for the north-south (H), east-west (D), and
vertical (V) components [Lanzerotti et al., 1990].
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McHenry et al. [1990] detected sevéral classes of traveling vortices in the dayside
ionospheric convection using the Greenland magnetometer chain [Friis-Christensen et al.,
1988; McHenry et al., 1988, 1990]. One class shows the signatures of localized ionospheric
traveling convection vortices, which consist of a twin-vortex pattern of convection consistent
with the presence of two FAC filaments [Friis-C);ristensen et al., 1988). This system of
currents is observed to move westward at about 4 km/s. Another class observed consists
of a continuous series of vortices moving generally westward for several hours at a time
[McHenry et al., 1988, 1990]. The vortex strength is seen to be approximately steady and
neighboring vortices rotate in opposite directions. Satellite observations at the low altitude
indicate that the vortices are on magnetic field lines which map to the inner edge of the low-
latitude boundary layer. They suggested that these vortices are related to the plasma vortices,
which are caused by the Kelvin-Helmholtz instability in the magnetopause-boundary layer

region [McHenry et al., 1988, 1990].

1.4 Previous Theoretical and Simulation Work

One of the basic mechanisms which transfer solar wind energy, momentum, and mass
into the Earth’s magnetosphere at the dayside magnetopause is the viscous interaction, which
was originally proposed by Axford and Hines [1961). In their model, as the solar wind plasma
flows around the magnetopause, the viscous interaction between the solar wind and the Earth’s
magnetosphere can allow the solar wind mass and momentum to diffuse or penetrate into
closed magnetospheric magnetic field lines. Although the classical kinematic viscosity is
expected to be very low in the space plasma, a sufficiently large anomalous viscosity may be

provided by the Kelvin-Helmholiz instability [e.g., Southwood, 1968; Sckopke et al., 1981;
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Lee et al., 1981; Miura, 1984; Pu and Kivelson, 1983; Wu, 1986; La Belle-Hamer et al.,
1988] or particles being scattered by plasma waves, probably lower hybrid waves [Huba et
al., 1977, Gary and Eastman, 1979; Lee, 1982; Tsurutani and Thorne, 1982]. However, the
KH instability can only account for the momentum transport; it alone cannot lead to the
transport of mass into the magnetosphere [Miura, 1984]. The transport of particles through
the magnetopause is most probably caused by plasma waves. The low-latitude boundary
layer, through couplihg to the ionosphere by field-aligned currents, may act as an MHD-
dynamo, which converts the plasma flow energy into electric energy. Eastman et al. [1976)
reported satellite observations in support of such a momentum exchange process.

Miura [1984] carried out a magnetohydrodynamic (MHD) simulation of the Kelvin-
Helmholtz instability in a compressible plasma for both parallel (vq 1 Bg) and transverse
(vo || Bo) configurations, modeling the high-latitude and the dayside low-latitude boundary
layers of the magnetosphere. The anomalous viscosity can be estimated from the simulation
results. The diffusion coefficient associated with the Kelvin-Helmholtz instability is found
to be on the order of 10° m?/s, which is comparable to the requirements of the viscous-like
interaction hypothesis by Axford and Hines [1961]. The instability results in a vortex flow
for the transverse configuration.

As have been stated previously, the Kelvin-Helmholtz instability in the low-latitude
boundary layer [Lee et al., 1981; Miura, 1984] may generate the vortex-like motions [Lee
et al., 1981; Sckopke et al., 1981], be responsible for the occurrence of spatially periodic
auroral bright spots [Lui et al., 1989; Potemra et al., 1990], and produce the magnetic impulse
events [McHenry et al., 1988, 1990]. Other physical processes at the dayside magnetopause
may also produce similar ionospheric and ground signatures through the magnetosphere-

ionosphere interactions via FACs, such as flux transfer events (FTEs) [Goertz et al., 1985;
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Sandholt et al., 1986; Lee, 1986; Lee et al., 1988; Scholer, 1988; Lanzerotti et al., 1986,
1990}, solar wind dynamic pressure pulses [Friis-Christensen et al., 1988; Glassmeier et al.,
1989; Sibeck, 19901, and the impulsive plasma penetration across the magnetopause {Lemaire,
1977; Schindler, 1979; Heikkila, 1982; Ma et al., 1991]. |
In the above-mentioned efforts, many aspects of the interactions between the magneto-
pause-boundary layer region and the polar ionosphere remain unclear. The objective of this
thesis is to obtain a better understanding of the coupling of the plasma vortices formed in the

magnetopause-boundary layer region to the polar ionosphere through numerical simulations.

1.5 Qutline of the Thesis

In Chapter 2, the plasma dynamics and structure of the magnetopause-boundary layer
region are studied on the basis of a two-dimensional incompressible magnetohydrodynamic
simulation code. In the simulation, the magnetosheath plasma is driven into the boundary
layer region by imposing a diffusion flux along the magnetopause. The simulation results are
compared with the plasma observations at the magnetopause-boundary layer region.

In Chapter 3, the formation of the observed spatially periodic auroral bright spots is
studied by using a self-consistent magnetosphere-ionosphere coupling model. The coupling
model is an incompressible fluid model for the plasma flow dynamics in the low-latitude
boundary layer and its interaction with the polar ionosphere via field-aligned currents and a
parallel electric field, which consists of three parts: the low-latitude boundary layer in the
magnetosphere, the polar ionosphere, and the field-aligned region. In the present model, the

ionospheric conductivity is allowed to be enhanced due to precipitation of the accelerated
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electrons in the upward field-aligned current regions. The Alfvén transit time between the
magnetosphere and the ionosphere is assumed to be very short and neglected.

In Chapter 4, the generation and propagation of large-amplitude Alfvén waves associated
with the evolution of localized plasma vortices, as well as localized magnétic flux ropes, along
magnetic field lines are studied. A two-dimensional compressible magnetohydrodynamic
simulation code in the cylindrical coordinates is used. The Alfvén waves carry field-aligned
currents and provide the link for the cdupling of plasma vortices and magnetic flux ropes in
the magnetosphere to the polar ionosphere.

The summary and discussion are presented in Chapter 5.
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CHAPTER 2

Vortex Structures in the Low-Latitude Boundary Layer

2.1 Introduction

As mentioned in Chapter 1, the magnetopause-boundary layer region is the interface
region between the solar wind and the Earth’s magnetosphere. A sheared plasma flow exists
in the magnetopause-boundary layer region, which may lead to the development of the Kelvin-
Helmholtz (KH) instability. In addition, a normal diffusion flux exists in some regions of
the magnetopause [Eastman, 1979]. It has been shown that some geomagnetic pulsations
(P, 4 - 5, 45 - 600 s period) may be generated by the Kelvin-Helmholtz instability in the
boundary layer [Southwood, 1968; Olson and Rostoker, 1978; Lee and Olson, 1980; Olson,
1986; Wolfe et al., l987]. Lee and Olson [1980] showed that the observed local time variation
of dayside geomagnetic micropulsations is consistent with a generation mechanism -due to
the KH instability operating at the magnetopause. Olson [1986] showed that the pulsations
are broad band, strongest near noon, and presumedly related to the cusp. Statistical studies
[Wolfe et al., 1987] have also shown a correlation between pulsations in the P, 3 to P, 4
band and the solar wind speed. These findings support the generation mechanism due to the
KH instability. It is also found that some geomagnetic pulsations in the P, 4 ~ 5 range are
associated with traveling ionospheric flow vortices produced by moving FAC filaments which
appear to originate near the inner edge of the LLBL. The generation of these vortices may

be related to the KH instability due to the sheared plasma flow [McHenry et al., 1988; 1990].

19
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Lee et al. [1981] used a three-layer model to study the Kelvin-Helmholtz instability in the
magnetopause-boundary layer region. The three uniform incompressible regions are separated
by two idealized sharp boundaries, namely, the magnetopause and the inner boundary of the
boundary layer. They found that the most unstable mode occurs at the inner boundary
of the boundary layer (inner mode). An unstable mode also occurs at the magnetopause
(magnetopause mode) which is unstable only for a magnetopause velocity shear larger than
a critical value. This critical value depends on the magnitude and direction of both the
magnetosheath magnetic field and the velocity fields on either side of the magnetopause.
With the development of the inner mode, a large variation in the plasma density and the flow
velocity is seen at the inner boundary, but not much variation is seen at the magnetopause.
The observed variation in the low-latitude boundary layer may be due to the development of
this inner mode. The corresponding compressible analysis confirmed the above conclusion
[Lin and Tschu, 1988).

Based on a statistical study, Eastman [1979] found that in order to account for the
observed thickness of the boundary layer there must exist, on the average, a diffusion flux with
an inward normal velocity. The average inward normal velocity < v, > may be estimated
as follows. As mentioned earlier, the boundary layer thickness (L) is observed to increase
with increasing longitudinal distance from the subsolar point. At the dawn-dusk meridian,
the boundary layer thickness is, typically, Lp;, ~ 0.5 Rg [Eastman, 1979]. The length of the
magnetopause from the subsolar point to the dawn-dusk meridian can be estimated as § =~ 16
Rg. The typical boundary layer flow velocity parallel to the magnetopause is v; ~ 200 km/s.
If the plasma density in the magnetosheath and in the boundary layer is assumed to remain
constant, the conservation of particle flux gives Lgrv; = § < va >. For § ~ 16 R,

v, ~ 200 km/s, and Lgy, ~ 0.5 R, then the average diffusion velocity will be < v, >~ 6
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km/s. Note that although the diffusion can permit the magnetosheath plasma to penetrate
into the magnetosphere, the diffusion alone can only produce a smoothly distributed density
profile in the boundary layer. It cannot explain the observed voriex structures, as shown in
Figure 1.4, or the formation of the dénsity plateau in the boundary layer.

The nonzero diffusion velocity (< v, ># 0) at the magnetopause can be due to the
electrostatic and electromagnetic plasma waves observed at the magnetopause [Gurnett et al.,
1979; Anderson et al., 1982; Tsurutani et al., 1981; LaBelle and Treumann, 1988). These
plasma waves may be generated by the lower hybrid drift instability, the ion two-stream
instability, or the modified two-stream instability at the magnetopause [Gary and Eastman,
1979; Lee, 1982; Tsurutani and Thorne, 1982]. The wave-particle interactions in the pres-
ence of the observed plasma waves may lead to an effective transport of particles from the
magnetosheath to the magnetosphere. The ion diffusion coefficient D, associated with these
waves has been estimated to be D ~ 10° m?¥/s [Tsurutani and Thorne, 1982; Gary and
Sgro, 1990]. For the observed thickness of the magnefopause, Lpyp =~ 100 - 500 km, the
average diffusion velocity can be estimated as Vp = D, [Lyp ~ 2 - 10 km/s, which is of
the order of the inflow speed estimated earlier.

The purpose of this chapter is to study the plasma dynamics in the magnetopause-
boundary layer region in an attempt to explain the vortex structures observed in the boundary
layer. This study is based on numerical simulations which use a two-dimensional incom-
pressible MHD code. In the simulation, a normal diffusion flux with a velocity of ~ 2 — 10
km/s is assumed to exist at the magnetopause to account for the sources at the magnetopause.
Specifically, it is found that the Kelvin-Helmholtz instability can lead to the observed vortex
structures in the boundary layer as suggested by Sckopke et al. [1981] and Lee eral. [1981]. It

is also found that the boundary layer thickness increases with increasing longitudinal distance
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from the subsolar point. A mixed region is formed where the magnetosheath plasma and the
magnetospheric plasma mix due to the vortex motions. In the later stage of development, a
density plateau is formed in the central part of the boundary layer.

This chapter is organized in the following way. Section 2.2 describes the ‘simulation
model and numerical scheme. The simulation results are presented in section 2.3. Section
2.4 summarizes the major results presented and their comparisons with observations in the

low-latitude boundary layer.

2.2 Simulation Model and Numerical Scheme

In this section, the simulation model, the governing equations, the differencing scheme,

and the boundary conditions are presented.

2.2.1 Simulation Model and Governing Equations

Consider the equatorial plane of the magnetopause-boundary layer region, as shown in
Figure 1.2a. As the solar wind flows toward the subsolar point of the magnetopause, it is
diverted toward both the dawnside and the duskside regions of the magnetosheath. The bulk
velocity parallel to the magnetopause is of the order of 100 — 300 km/s in the magnetosheath.
In addition, there may exist a normal diffusion flux with a velocity of the order of 2 ~
10 km/s in some regions of the magnetopause, as shown schematically in Figure 1.2a. As
has been mentioned in Chapter 1, the vortex associated with the sheared plasma flow is
counterclockwise (clockwise) in the duskside (dawnside) region of the boundary layer, which
will lead to the presence of localized upward (downward) FAC filaments in the post-noon

(pre-noon) sector of both the northern and the southemn polar ionospheres.
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In this chapter the simulation domain is chosen to be a rectangular box in the z—y
plane extending from 0 to L, in the z-direction (along the magnetopause) and from 0 to
L, in the y-direction (inward toward the Earth), as shown in Figure 2.1. The z-axis is
along the magnetopause and points from the subsolar region to the magnétotail. The. y-axis
is perpendicular to the magnetopause and points from the magnetopause to the Earth. For
simplicity the magnetopause is assumed to be a straight line (y = 0) in the simulation model.
The simulation domain is chosen to be the equatorial plane since the Kelvin-Helmholtz
instability occurs only when the wave vector, k, is nearly perpendicular to the magnetic field,
B [Lee et al., 1981].

In the present simulation the magnetopause is treated as a fixed boundary with an ef-
fective diffusion flux. The macroscopic motion of the magnetopause is neglected in the
simulation model. The use of an effective diffusion flux in the present simulation model is
an attempt to partially include the effects of the microscopic wave-particle interactions at the
magnetopause, as discussed in section 2.1. Theoretical analysis and simulation results show
that the magnetopause is relatively stable to the Kelvin-Helmholtz instability and the most
unstable mode occurs at the inner edge of the boundary layer [Lee et al., 1981; Ogilvie and
Fitzenreiter, 1989]. This is due to the fact that the magnetosheath magnetic field is generally
not parallel to the magnetic field on the magnetospheric side and the tension force of the
magnetic field tends to stabilize the KH instability. However, the assumption of a fixed mag-
netopause becomes invalid when the magnetic fields on the two sides of the magnetopause
are nearly parallel or antiparallel, or when the pressure fluctuation in the magnetosheath is
large.

Based on the observations discussed in Chapter 1, the magnetic field of the magneto-

sphere is nearly perpendicular to the equatorial plane in the low-latitude boundary layer and
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Figure 2.1 Schematic sketch of the simulation domain in the equatorial plane
of the magnetosphere. The left boundary (y = 0) is the magnetopauss, the
right boundary (y = L, = 1Rg) is the inner boundary, the upper boundary
(z = 0) is a boundary near the subsolar region, and the lower boundary

(z = Ly = 5RE) is a boundary near the tailward region of the boundary
layer.
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the variation of the magnetic field is small. For simplicity, the magnetic field is assumed ini-
tially to be a constant and perpendicular to the simulation plane (i.e., B = B,Z = constant).
For a two-dimensional incompressible flow, it can be shown that if B, = B, = VO and
B, =constant initially as assumed in this chapter, the magnetic field will remain at the initial
constant value for time ¢ > 0. |

Under the assumptions of the incompressibility and a constant perpendicular magnetic
field (B, = B, = 0, B, =constant), the two-dimensional magnetohydrodynamic equations

governing the plasma behavior can be reduced to the following incompressible Navier-Stokes

equations:
%"t‘i =—v.VUN 1)
%_‘Z = —v.VQ+1V2Q 2.2)
v=Vyxz (2.3)
Vip=-0 (2.4)

where N is the plasma number density, v is the flow velocity in the z—y plane, v is the
kinematic viscosity, ¢ is the streamline function, and Q is the vorticity function in the z-
direction. For simplicity, we have set v, = 0. Note that the variation of the plasma density
will not cause changes in the streamline function or the flow pattem.

In this chapter, the length is normalized by a characteristic length, a; the velocity by the
plasma velocity parallel to the magnetopause, Vp; the density by the magnetospheric uniform
plasma density, Np; the time by the characteristic time, to = a/Vp; the vorticity by Vp/a;
and the kinematic viscosity by aVp. The Reynolds number is defined as R = aVp/v. We

choose a = 1 Rg in this chapter, where Rg is the Earth radius. Based on observations,
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values for some of the normalizations are given as follows: Vp = 200 km/s, Ny = 1 cm~3,

and {p = 32 s.

2.2.2 Differencing Scheme and Numerical Procedure

In order to simulate vortex structures in the boundary layer, the effects of numerical
errors should be minimized. If the numerical diffusion is too large, the small-scale structures
will diffuse away and a smooth transition region will quickly form in the boundary layer. To
reduce the numerical errors, a high-order finite differencing scheme is developed as described
below.

1. A two-step method is used to time-center the time derivatives. This gives a second-
order accuracy in time step At (i.e., the truncation errors ~ O(At?)).

2. For the convective terms v - VN and v - V), a differencing scheme accurate to
the third-order in spatial grid size Az or Ay is used. For the purpose of illustration, the

differencing scheme for the convective terms in the one-dimensional case is

; ()‘ fii;;ii-l + (1 _ )\)_{-’—2+g£;4f-‘_1 ) , ifv >0

(2.5)
v;(/\f‘—'%;-fi+(1-,\)" isa=3/i+4): ) if v; < 0.

Note that a uniform mesh grid is used here. It can be easily shown that when A = 2/3 the
truncation error of the differencing schenie in (2.5) for convective terms is of the order of
Az®. This differencing scheme has been used by Shi et al. [1988] to simulate the global
reconnection pattern at the dayside magnetopause. It can be shown that the scheme in (2.5)
introduces a fourth-order dissipation, which corresponds to a fourth-order superviscosity. This

fourth-order dissipation can smooth the fine structures in the simulation.
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3. For the diffusion term on the right hand side of (2.2), the usual second-order center-
differencing scheme is used.
4. A fast Poisson solver is used to solve the Poisson equation (2'4) at each time step.
Some test cases of the simulation code show that the numerical scheme is stable even for
a very small viscosity. The effect of numerical errors is significant only When the Reynolds
number, R, is larger than ~ 2000, where R = aVp/v. We set R = 1000 in all four cases

presented in the next section.

2.2.3 Boundary Conditions

In the study of this chapter, we focus on the duskside region of the LLBL as shown
in Figure 1.2a. The simulation domain is schematically shown in Figure 2.1, where the left
boundary (y = 0) is the magnetopause, the right boundary (y = L,) is the inner boundary,
the top boundary (z = 0) is the boundary, near the subsolar region, and the bottom boundary
(z = L) is the tailward boundary. We set L, = 5Rg and Ly = 1Rg. The plasma number
density in the magnetospheric side is N; = Np and the density in the magnetosheath side is
maintained at Ny = aNy, where a is specified for each case.

Left boundary (y = 0). The magnetopause (y = 0) plays a very important role in
the pnesex’n simulation. It is at the magnetopause that the solar wind momentum and mass
are transported into the boundary layer region and, subsequently, into the magnetosphere.
Observations show that, at the magnetopause, the plasma density and the tangential velocity
are close to their magnetosheath level. The velocity component normal to the magnetopause is
usually small compared to the tangential component [Eastman, 1979]. Note that the injection

region of the solar wind plasma may not be uniformly distributed over the magnetopause. For
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example, there may exist some regions with an enhanced injection caused by the impulsive
penetration of the magnetosheath plasma {Lemaire, 1977; Lemaire and Roth, 1978, Heikkila,
1982], by flux transfer events [Russell and Elphic, 1979], or by regions with an enhanced
diffusion. To simulate these phenomena, we assume that, at the injeétion region of the
magnetopause, the plasma density (N) and the tangential velocity (v;) are maintained at their
magnetosheath values; the normal velocity (v,) is kept constant during the simulation (time-
independent) but may be different at different locations. For the remaining portion, boundary
conditions for the plasma density and the flow velocity are %% = %"; = %"j- =0.

Top (z = 0) and right (y = L,) boundaries. Along the top boundary (z = 0) and the

right boundary (y = L,) we set N = Np, Q@ = 0, and 9 = 0.

Lower boundary (z = Lg). Along the lower boundary (z = L) we set 2% = 0,

T

% = 0, and %‘f = 0 to allow an outflow of the boundary layer plasma.

2.3 Simulation Results

In this section the simulation results from four cases with different boundary conditions
at the magnetopause and near the subsolar region are presented. Case A uses driven boundary
conditions in just a small region of the magnetopause, while in Case B the diffusion plasma
flux is maintained along the whole magnetopause. For comparison, Cases C and D show
the pure Kelvin-Helmholtz instability associated with a sheared plasma flow under periodic

boundary conditions and outflow boundary conditions, respectively.
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2.3.1 Case A: Local Injection at the Magnetopause

In Case A the driven boundary conditions are imposed only in a localized region of
the magnetopause. The plasma density and the tangential velocity are maintained at their
magnetosheath values in the injection region. The plasma density is maintained at N 1= 10N
and the tangential velocity is maintained at v, = Vj. A uniform grid mesh is used which
contains 321 x 65 grid points.

In the injection region (or the driven region) at the magnetopause {zo—h < z < zZg+h},
the normal velocity is taken to be v, = vno cos [35(z — 2o)] for simplicity, where vny is the
characteristic normal velocity and 2k is the length of the injection region. Outside the
injection region, we set 3l = &= = %1’!11 = 0 as mentioned in section 2.2. The normal
velocity reaches maximum at the center of the injection region and smoothly decreases to
zero at the edges. For this case, we choose vno = 0.15Vp, o = $Rg, and h = & RE.

To avoid large gradients in the plasma density and the flow velocity in the injection
region (zo — h < z < ¢ + h, y = 0), we let the plasma density increase linearly from Ny
1o its magnetosheath value Nj, the tangential velocity increase linearly from 0 to V,, and
the characteristic normal velocity increase linearly from 0 to v,o during a small initial time
interval 6t = 0.4f,. The choice of 6t does not significantly affect the simulation results as
long as 6t is small relative to the growth time of the KH instability but large enough to avoid
large gradients.

Figures 2.2a and 2.2b show contour plots of the plasma density and vector plots of
the flow velocity at different simulation times, respectively. Initially (¢ = 0), the plasma
density is uniform and the flow velocity is zero inside the simulation domain. From the

plots of the plasma density and the flow velocity, it can be seen that maintaining normal
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velocity in the injection region at the magnetopause leads to an inward convection of the
magnetosheath plasma, while maintaining the tangential velocity at the magnetopause leads
to a tailward plasma flow in the boundary layer. Figures 2.2¢ and 2.2b also show that
the velocity shear in the boundary layer leads to the formation of localized plasma vortices
through the development of the Kelvin-Helmholtz instability.

From contour plots of the plasma density in Figure 2.24, it can be seen that the imposed
diffusion flux in the injection region at the magnetopause does not simply lead to a smooth
density profile. The density distribution has structures in the boundary layer region, with some
local maximum and minimum values. As will be illustrated later, these density structures
correspond to the observed vortex structures. The vortex structures are observed to grow
in size as they are convected tailward. At the earlier stage, the boundary layer thickness
increases with increasing longitudinal distance from the subsolar point. The thickness of the
largest vortex at ¢ = Tto reaches a value of ~ 0.5Rg. However, the maximum thickness of
the vortices does not increase as they are ;:onvected further tailward (downstream) as shown
in the last two panels (¢/ty = 10, 12) of Figures 2.2a and 2.2b. The maximum thickness
D of vortices is related to the length of the injection region W, the average inward normal
velocity < v, >, the plasma density in the injection region Ny, the average tailward flow
speed < v, > in the boundary layer, and the average density < N > in the boundary layer by
the flux conservation relation, D < N >< vy >= WN; < v, >. For Case A, W = 5Rg/6,
< vy >= 200 /7 > 0.1V, < v >~ 0.3Vp, and < N >~ 0.6 N;, we have D ~ 0.5Rg.

From vector plots of the flow velocity in the boundary layer in Figure 2.2}, it can be
observed that (1) vortex structures exist in the boundary layer, (2) the plasma flow in the
boundary layer is mainly tailward although sunward flows are also present in some regions,

and (3) the velocity vortex structures are coincident with the vortex density structures shown
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in Figure 2.1a. In fact, the vortex density structures are formed by the vortex flow motion
in the boundary layer.

The satellite velocity near magnetopause-boundary layer region is approximately 2 km/s
[Eastman, 1979; Sckopke et al., 1981}, which is usually much smaller than the flow velocity
(~ 100 ~ 300 km/s) in the boundary layer region. Therefore, the satellite can be considered
stationary, observing the time variation of the plasma density and the flow velocity. Bearing
this in mind, several probes are put m the simulation domain and the time variation of the
plasma density and the flow velocity at these fixed positions can be observed. Figures 2.3a
to 2.3¢c show the plasma density and the flow velocity measured by three probes which are
located at (a) z = 2.25 Rg, y = 0.0625 Rg; (b) z = 2.25 RE, y = 0.125 Rg; and (c)
r =225 Rg, y = 0.1875 RE, respectively. The positions of these three probes are indicated
at t = 124, in Figure 2.2b. Highly variable structures in the plasma density and the flow
velocity are clearly seen in these time series plots. The plasma density is more variable than
the flow velocity. The flow velocity is geflcrally correlated with the plasma density. It can be
seen that the density profile in Figure 2.3a is more structured than that in Figure 2.3¢c. The
probes at other positions in the boundary layer also show similar vortex structures, although
the structures may be simple at some places and complex at other places.

To further study the spatial variations of the vortex structures, Figure 2.4 shows the
one-dimensional profiles of tile plasma density and the flow velocity at time ¢ = 10¢g as a
function of z along the lines y = 0.125 Rg (Figure 2.4a) and y = 0.40625 R, (Figure 2.4b).
The vortex structures can also be observed in most of the boundary layer region. There are

also some correlations between the plasma density and the flow velocity in Figure 2.4a.
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Figure 2.4 Profiles of the plasma density and the flow velocity in the boundary
layer paraliel to the magnetopause in Case A at (@) y = 0.125 Rg and (b)
y = 0.40625 Rg, att = 10ty.
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Figure 2.5 shows the one-dimensipnal profiles of the plasma density and the flow velocity
across the boundary layer at = = 3.91 Rg (Figure 2.5¢) and z = 2.84 Ry (Figure 2.5b). It
is interesting to note that the density profile in Figure 2.5a shows the presence of a plateau
with a plasma density about 65% of the magnetosheath level. The flow speed near the
magnetopause is close to its magnetosheath value in Figure 2.5a. The plasma density profile
in Figure 2.5b shows some vortex structures, with a poor correlation with the flow velocity. It
can be seen that from the velocity distribution in Figure 2.5 there are enhanced flow regions

inside the boundary layer.

2.3.2 Case B: Uniform Injection at the Magnetopause

In Case B, the simulation results with a uniform diffusion flux along the whole magne-
topause are presented. Along this boundary the plasma density and the tangential velocity are
maintained at their magnetosheath values. The plasma density is maintained at N; = 10N,
and the velocity tangential to the magnetopause is set to v, = Vp. A uniform grid mesh is
used which contains 321 x 65 grid points, which is the same as in Case A. In solving Poisson
equation V2¢ = -2, the boundary condition used is ) = 0 at the upper boundary (z = 0).
This means that the tangential velocity, v,, must be zero at the comer point (z,y) = (0,0).
To resolve this problem, we allow the tangential velocity to increase from zero at z = 0 to the
value v, =V in a short distance along the z-axis. This distance is taken to be 0.25 Rg. The
normal velocity is maintained at a constant value vy = vno along the whole magnetopause.
We choose v,,0 = 0.05V; in Case B, which corresponds to 10 km/s for V5 = 200 km/s. As in
Case A, the values imposed at the inflow boundary (y = 0) increase from the magnetospheric

values to the magnetosheath ones in a time interval §2 = 0.4%,.
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Figures 2.6a and 2.6b show contour plots of the plasma density and vector plots of the
flow velocity at different simulation times, respectively. The vortex structures are formed
initially near the central past (z ~ 2.5 Rg) along the z-direction, as shown in Figure 2.6a
at time ¢ = 4¢,. These structures are then convected tailward. In the meantime, the vortex
structures move further inward into the magnetosphere. Unlike Case A, in Which the transport
of magnetosheath plasma is limited to a finite region near the magnetopause, the thickness
of the vortex structures in Case B keeps increasing during the tailward convection of the
vortices due to the maintained driven condition along the whole magnetopause.

The coalescence of vortices is observed in both Cases A and B. As shown in Figure 2.64,
at t = 4iy, “A”, “B”, “C”, “D” “E”, “F", and “G” denote seven different vortex structures
in the simulation domain. At ¢ = 6t¢, these vortex structures have grown to large sizes and
are convected tailward. The vortex structure “A” has been convected further tailward and
out of the simulation domain. The vortex structures “C” and “D” coalesce and form a large
vortex. Similarly, the vortex structures “F” and “G” also coalesce and form a large one. In
the meantime, more vortex structures are formed. At ¢ = 81, the vortex structures “F/G”
and “H” coalesce. As time goes on, more vortices are formed and more coalescing takes
place. At t = 124y, the vortex structure “FGHI” is more than 1.5 Rg in length and ~ 0.9
Rg in width.

Vector plots of the flow velocity for Case B, shown in Figure 2.6b, show that in Case B
there are more large vortex motions @d the motions are more complex than those in Case
A. The vortex structures in Case B also penetrate deeper into the magnetosphere than those
in Case A.

Figure 2.7 shows the one-dimensional profiles of the plasma density and the flow velocity

at time ¢ = 10t, along the lines y = 0.125 Rg (Figure 2.7a) and y = 0.3125 Rg (Figure
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Figure 2.6a Contour plots of the plasma density at different simulation times
in Case B.
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Figure 2.6b Vector plots of the flow velocity at different simulation times in
Case B.
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2.7b) for Case B. These profiles also show vortex structures in the boundary layer. The resuit
is similar to Case A, as shown in Figure 2.4. There exist some correlations between the
plasma density and the flow velocity in Figure 2.7. The time profiles of the plasma density
and the flow velocity observed at fixed positions in the simulation domain also give similar

results as in Case A.

2.3.3 Case C: A Sheared Plasma Flow with Periodic Boundary Conditions

In Cases A and B, the simulation results with driven boundary conditions at the magne-
topause are shown, either through a localized region of the magnetopause as shown in Case
A or along the whole magnetopause as shown in Case B. The vortex structures are observed
in the boundary layer. For comparison, the simulation results for the pure Kelvin-Helmholtz
instability with periodic boundary conditions are shown here, in which periodic boundary
conditions are imposed along the z-direction and the boundaries at y = 0 and y = L, are far
away from the central shear region. The initial profiles of the plasma density and the flow

velocity are given as

(2.6)

1 1 -0.5L
N= 5(]\’1 + Nz) - §(N1 - Ng)ta,nh(y——a——-—y)

y—05L, )

vy = %.V"[l _ tanh( @27)

v
where N, = Nj is the plasma density in the magnetosphere, Ny = 10N is the plasma
density in the magnetosheath, V; is the tailward velocity at the magnetopause (y = 0), L,
is the length of the simulation domain in the y-direction, and a, is the half-thickness of
the transition layer for both the plasma density and the flow velocity. The velocity in the

magnetospheric side is zero. A uniform grid mesh is used which contains 64 x 64 grid points.
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The simulation domain is in the z—y plane with L, = L, = 1Rg. Periodic bound-

ary conditions are used along the z-direction. The boundary conditions along y = 0 (left
boundary) and y = L, (right boundary) are &% = &= = %gu =0.

From the flow velocity in (2.6), the initial vorticity profile can be obtained as

Q = 0.5(Vo/a,) sech? (%E’L”) (2.8)

v

A small perturbation in vorticity is introduced explicitly at the beginning of the simulation,

which has the following form

Y- 0.5Ly)2] (2.9)

21z (
6 = b,sin (— ) exp |~
Pl (Lz) P[ ag

The perturbed wavelength is the total length in the z-direction (L,). We set a, = 0.04 R,
6, = 0.01Vp/a, and ap, = 0.04 Rg in Case C. The simulation results are not sensitive 10 a
small change of a,, and §,. The maximum linear growth rate of the KH instability in Case C
can be estimated as vy = 0.1V /a, = 2t(f ! fe.g., Lee et al., 1981; Miura and Pritchest, 1982].

Figure 2.8 shows contour plots of the plasma density (top panel) and vector plots of
the flow velocity (bottom panel) at different simulation times. Although the simulation in
Case C is carried out in one wavelength along the z-direction, two wavelengths along the
z-direction are plotted in Figure 2.8 for clarity of presentation. Due to the presence of the
velocity shear, the KH instability develops, creating vortex-like motion in the simulation
domain. The vortex-like motion twists the plasma density distribution. As a consequence,
the vortex structures are formed. Since the perturbation wavelength is the total length of the
simuiation domain along the z-direction, only one vortex is formed within the simulation
length (1Rz). Note that in Case C coalescence of vortices cannot occur due to the imposed

periodic boundary condition and the initial conditions. As the KH instability develops, the
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Figure 2.8 (a) Contour plots of the plasma density and (b) vector plots of the

flow velocity at different simulation times in Case C.
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width of the vortex grows, as can be seen from the velocity plots in Figure 2.8. In the
meantime, the plasma originating from the magnetosheath mixes with the plasma originating
from the magnetosphere, as shown in the contour plots of the plasma density in Figufe 238.
As time goes on, the mixing of the magnetosheath and the magnetospheric plasmas is further
enhanced. Finally, a region with a density plateau (a constant density regioh with the density
value between those in the magnetosheath and in the magnetosphere) is formed near the
central part of the boundary layer region. The one-dimensional plots of the plasma density
in Figure 2.9 in the following clearly show these features. The density plateau can also be
seen in Figure 2.5¢a of Case A.

Figures 2.9a through 2.9 f show the one-dimensional profiles of the plasma density across
the center of the vortex at different simulation times with £ = 0, £ = 1.56ty, t = 3.121o,
t = 4.68tp, t = 6.241g, and t = 9.36¢;,. Note that the z-coordinate of the vortex center
varies with time. Figure 2.9a shows the initial density profile. The transition region of the
plasma density is at the central part of the boundary layer. At t = 1.56tp (Figure 2.9b)
there are small variations in the plasma density near the central plane (y = 0.5 Rg). At
¢ = 3.12¢, (Figure 2.9¢) highly variable density structures are formed. The thickness of the
plasma mixing region is ~ 0.5 Rg. In the mixing region there is one place (y ~ 0.32 Rg)
where the plasma density reaches the magnetospheric value and another place (y ~ 0.56 Rg)
where the plasma density reaches the magnetosheath value. As the simulation progresses, the
plasma density in the mixing region becomes more and more smoothly distributed. Finally,
at t = 9.36ty (Figure 2.9f), a plasma density plateau with a width of ~ 0.5 R is formed
around the central part of the boundary layer.

Note that the plasma density plateau is formed as a combined effect of miking and

diffusion. The mixing is caused by the development of the KH instability. If there is no
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Figure 29 Profiles of the plasma density across the center of the vortex in
Case C at different simulation times with (@) ¢ = 0, (b) t = 1.56%0. ()
t = 3.12tq, (d) t = 4.6810, (€) t = 6.2480, and (f) t = 9.361,.
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mixing, the diffusion process is very slow and a density profile of the plateau shape cannot
be formed by diffusion. If there is no diffusion, the fine-grained density distribution due to
mixing can have only one of two values, Ny or N;, and no smooth plateau can be formed.
Mixing increases the length of the boundary between the two plasma reéions with density
values, N7 and N, while the diffusion process along the elongated boundary leads to a
smooth transition between the two neighboring mixing regions.

Figure 2.10 shows the one-dimensional profiles of the plasma density and the flow
velocity at time ¢ = 3.12t, as a function of = at y = 0.5 Rg (Figure 2.10a) and y = 0.375
RE (Figure 2.10b). Similar to Figure 2.8, two wavelengths along the z-direction are plotted
here. The vortex structures are apparent in the density plots, while the variations of the flow

velocity are smaller than those in Cases A or B.

2.3.4 Case D: A Sheared Plasma Flow with Outflow Boundary Conditions

In Case D, the simulation results for the pure Kelvin-Helmholtz instability associated
with a sheared plasma flow with outflow boundary conditions are presented. The initial
profiles of the plasma density and the flow velocity are the same as those given by (2.6)
and (2.7) in Case C. The simulation domain is in the z—y plane with 0 < z < L, = 5Rg
and 0 < y £ L, = 2RE. The center of the transition region for both the plasma density
and the flow velocity is located at y = 1Rg in Case D, in mn@t to y = 0.5RE in Case
C. Other parameters are the same as those in Case C. The boundary conditions at z = 0

(upper boundary) and z = 5 R, (lower boundary) are 2 = 2= = %4 ~ ( and the boundary

T

conditions at y = 0 (left boundary) and y = 2R, (right boundary) are Ql;’- = %y& = %";L = (.
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Figure 2.10 Profiles of the plasma density and the flow velocity in the bound-
ary layer parallel to the magnetopause in Case C at (a) y = 0.5 Rg and (b)
Yy = 0375 Rg, att = 3.12¢,.
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A random perturbation in vorticity is introduced explicitly at the beginning of the simulation.
A uniform grid mesh is used which contains 321 x 129 grid points.

Figure 2.11 shows contour plots of the plasma density (top panel) and vector plots of
the flow velocity (bottom panel) at different simulation times in CascA D. Plasma vortices
are formed as a consequence of the development of the KH instability. Magnetosheath and
magnetospheric plasmas mix near the central shear region. Coalescence of the plasma vortices
can be observed (see plots at ¢ = 3.6ty and ¢t = 5.2tp), which leads to the growth of the
vortex structure in size and an increase of the thickness of the boundary layer. As the plasma
vortex convects further tailward, it grows to large size, which leads to more increase of the
boundary layer thickness, as can be seen from the plots at ¢ = 7.8¢. The simulation results
shown here are very similar to those in Case B with a uniformly driven condition along the
magnetopause.

One noteworthy difference between Cases D and B is the plasma convection toward the
left boundary in Case D.-It can be seen 'fmm Figure 2.11 that in Case D the boundary layer
plasma is convected toward the magnetosheath. However, we assume that the magnetopause
is a fixed boundary in Case B and no plasma is allowed to flow from the boundary layer toward
the magnetopause. If the IMF has only a B, component, the magnetosheath magnetic field
will be parallel or antiparallel to the magnetospheric magnetic field and the assumption of a
fixed magnetopause becomes invalid. However, the magnetic fields in the magnetosheath and
in the magnetosphere are generally not parallel or antiparallel. It has been shown that, if the
rotation angle between the IMF and the magnetospheric magnetic field is larger than 10°, the
tension force due to the no-parallel magnetic fields tends to stabilize the development of the
KH instability at the magnetopause [Lee et al., 1981). This tension force at the magnetopause

prohibits the outward motion of the boundary layer plasma.
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Figure 2.11 (a) Contour plots of the plasma density and (b) vector plots of
the flow velocity at different simulation times in Case D.
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2.4 Discussion and Summary

This chapter presents studies of the plasma dyﬁamics in the low-latitude boundary layer
under different driven conditions at the magnetopause by two-dimensional MHD numerical
simulations. In the simulation, plasma is driven into the boundary layer region.by imposing
a diffusion flux along the magnetopause. The Kelvin-Helmholtz instability leads to the
formation of vortex structures in the low-latitude boundary layer. The vortex structures in
the plasma density and the flow velocity may coalesce as they are convected tailward, causing
them to grow in size. The boundary layer thickness increases with increasing longitudinal
distance from the subsolar point in accord with satellite observations. The plasma density and
the flow velocity tend to be positively correlated, as shown in Figure 2.3. A mixed region
is formed where the magnetosheath plasma and the magnetospheric plasma mix due to the
vortex motions. In the later stage of development, a density plateau is formed in the central
part of the boundary layer. Many features of the satellite observations of the boundary layer
can be explained by this numerical model.

In this chapter the numerical simulations use four different boundary conditions at the
magnetopause-boundary layer region. In the presence of an anomalous transport due to plasma
waves at the magnetopause, the boundary conditions used in Cases A and B are likely to occur
at the magnetopause. The boundary condition in Case B is more favorable because the plasma
waves are observed during most of the magnetopause crossings. The boundary condition
in Case A corresponds only to occasions with the presence of an impulsive penetration
or a localized injection of the magnetosheath plasma into the boundary layer through the
magnetopause. On the other hand, Cases C and D are idealized cases which are used to

study the isolated evolution of the KH instability.
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A constant magnetic field perpendicular to the simulation plane is used in the simulation
model. The magnetic preésure gradient associated with a variable magnetic field may affect
the plasma dynamics in regions where the localized current produces large deformation of the
magnetic field. In addition, the presence of the magnetic field componems in the simulation
plane is expected to slow down the development of the KH instability.

The numerical simulations presented in this chapter are based on an incompressible
MHD numerical model. The effect of compressibility has been neglected. It is expected that
the presence of plasma compressibility may lead to a better correlation between the plasma
density and the flow velocity.

In this chapter, the magnetosphere-ionosphere coupling processes have also been ne-
glected. The presence of the finite ionospheric conductivity will exert a dragging force
on the plasma flow in the magnetosphere and slow down the magnetospheric convection
[Sonnerup, 1980; Kan and Lee, 1980; Lotko et al., 1987]. The simulations including the
magnetosphere-ionosphere coupling ef.fect will be the subject of the next chapter. It is noted
that the vortex structures formed in the low-latitude boundary layer may lead to the formation
of patchy auroras in the dayside polar cap region [Lanzerotti et al., 1986; Sandholt et al.,
1986; Lui et al., 1989; Potemra et al., 1990]. The simulation model presented here predicts
that the vortices generated in the duskside (dawnside) boundary layer lead to the presence
of localized upward (downward) field-aligned currents in both the northern and the southern
polar ionospheres.

The principal results obtained by the simulations in this chapter may be summarized as

follows.
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1. In the boundary layer region, the vortex motions associated with the Kelvin-Helmholtz
instability are observed in the simulation. The plasma flows are mainly tailward but sunward
flows are also observed. |

2. The plasma density profiles in the boundary layer have vortex structures. The plasma
density has some local maximum values, which approach the magnetosheath level, and some
local minimum values, which approach the magnetospheric level.

3. The vortex structures may coalesce as they are convected tailward by a variable
tailward convection velocity, as illustrated in Cases A, B, and D. Coalescence will cause the
vortex structures to grow in size.

4. The thickness of the boundary layer increases with increasing longitudinal distance
from the subsolar point. For Case A with a finite influx window, the maximum thickness
of the boundary layer reaches a steady value. On the other hand, the maximum thickness in
Cases B and D keeps increasing during the tailward convection of the vortex structures.

5. The plasma density and the ﬁow velocity are highly variable. The flow velocity is
generally correlated with the plasma density.

6. The plasma originating from the magnetosheath mixes with the plasma originating
from the magnetosphere, forming a mixing region in the boundary layer. The mixing is
due to the vortex motion associated with the KH instability. Due to the combined effect of
mixing and diffusion, a region separated from both the magnetosheath and the magnetosphere
is formed near the central part of the boundary layer in the later stage. In this region the
plasma density is nearly constant and a plateau in the plasma density is formed.

7. The vortices generated in the duskside (dawnside) boundary layer lead to the presence
of localized upward (downward) field-aligned currents in both the northern and the southem

polar ionospheres. The upward field-aligned current filaments associated with the vortices
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in the duskside region of the boundary layer may account for the observed dayside auroras
which show bright features resembling “beads™ or “pearls” [Lui et al., 1989; Potemra et al.,

1990], which will be studied in the next chapter.
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CHAPTER 3

Auroral Bright Spots

3.1 Introduction

From the observations presented in Chapter 1, it can be seen that the formation of the
post-noon auroral bright spots in the polar ionosphere may be associated with the Kelvin-
Helmholtz instability in the low-latitude boundary layer in the magnetosphere. However, the
presence of the finite ionospheric conductivity can damp the plasma motion in the bound-
ary layer, as mentioned. The dynamics in the LLBL and in the polar ionosphere can be
studied self-consistently by using a magnetosphere-ionosphere coupling model. A number
of magnetosphere-ionosphere coupling models have been developed to study the interaction
between the magnetosphere and the ionosphere and the formation of auroral arcs. Sato [1978]
proposed that the coupled magnetosphere-ionosphere system is subject to a feedback instabil-
ity, which may be used to explain the formation of auroral arcs. The above feedback theory
was supported by numerical simulations [Miura and Sato, 1980]. The feedback instability has
been further studied by Lysak [1991], who found that the nonuniform density in the topside
ionosphere can lead to the formation of a resonant cavity and the existence of this cavity
leads to a modification of the Alfvén wave reflection coefficient in the ionosphere. Goertz
and Boswell [1979] found that a localized electromotive force applied across the geomagnetic
field may propagate along the geomagnetic field with the Alfvén velocity. The field-aligned

currents are treated as a manifestation of propagating Alfvén waves. A similar approach to

35
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understand the electrodynamic structure of auroras has been used by Lysak and Dum [1983]
and Lysak [1985].

An electrostatic, kinetic description of the auroral flux tube [Knight, 1973; Chiu and
Cornwall, 1980; Lyons, 1980; Chiu et al., 1981] gives an explanation for the current-voltage
relationship along the geomagnetic field lines and the scale size of the current structures. A
linear current-voltage relationship is valid for most of the plasma density and energy ranges
and for both large-scale auroral formations and small-scale discrete auroral arcs, but may
have a different proportionality for upward and downward FACs [Knight, 1973; Chiu and
Cornwall, 1980; Chiu et al., 1981; Lyons, 1981; Weimer et al., 1987]. Kan and Lee [1980]
presented a time-dependent imperfect magnetosphere-ionosphere coupling model with the
presence of field-aligned potential drops. They found that the equipotential contours are
distorted into a V-shaped structure near the convection reversal boundary and an S-shaped
structure on the equatorward side to produce inverted V precipitation bands. Seyler [1988,
1990] developed a model for the stru.cturc and evolution of small-scale discrete auroral arcs
based on the magnetosphere-ionosphere coupling processes and found that the collisionless
tearing instability may be the origin of small-scale discrete auroral arcs.

Sonnerup [1980] developed a one-dimensional steady-state fluid model for the low-
latitude boundary layer based on the magnetosphere-ionosphere coupling via FACs. It is
found that the potential profile corresponds reasonably well to observed inveried V events.
The corresponding two-dimensional model for the nonsteady boundary layer flow dynamics
including the ionospheric drag and a parallel electric field was also developed [Lotko et al.,
1987]. The sheared plasma flow couples to the polar ionosphere and may be rcsponsible
for the formation of V shocks in and above the auroral acceleration region. The noteworthy

difference between Lotko et al.’s [1987] model and other models is that the magnetospheric
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convection pattern can evolve self-consistently through interaction with the ionosphere. Non-
linear evolution of the KH instability in the polar ionosphere due to the sheared plasma flow
in the magnetosphere including the finite Pedersen conductivity has also begn studied [Kesk-
inen et al., 1988]. It is found that the ionospheric conductivity has a damping effect on the
development of the KH instability.

In this chapter a more comprehensive time-dependent magnetosphere-ionosphere cou-
pling model is developed. It describes the plasma dynamics self-consistently both in the
low-latitude boundary layer and in the polar ionosphere. In the present model, the interac-
tion of the solar wind and the magnetosphere is included, which is characterized as plasma
transport across the magnetopause. A non-periodic boundary condition is used at the mag-
netopause, which differs significantly from the previous models [e.g., Lotko et al., 1987,
Keskinen et al., 1988]. Both the Pedersen and the Hall conductivities are considered in the
ionosphere and the conductivities are allowed to be enhanced due to precipitation of ener-
getic electrons in the upward field-aligned current regions. The electric field parallel to the
geomagnetic field is allowed to exist, which accelerates electrons and gives rise‘to a potential
drop between the magnetosphere and the ionosphere. A linear current-voltage relationship is
used for both upward and downward FACs along the geomagnetic field lines, but with dif-
ferent proportionality constants. These features of the present model are described in detail
in next section.

In Chapter 2, it is found that the Kelvin-Helmholtz instability, with a driven flow at the
magnetopause, can lead to the observed vortex flow and density structures in the boundary
layer as suggested by Sckopke et al. [1981] and Lee et al. [1981]. The results predict that
the vortices generated in the duskside (dawnside) region of the boundary layer lead to the

presence of localized upward (downward) FACs in both the non.hefn and the southern polar
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jionospheres. As a continuation, this chapter presents a magnetosphere-ionosphere coupling
model to study the plasma dynamics in the magnetopause-boundary layer region and its
coupling to the polar ionosphere. We attempt to relate the observed spatially periodic auroral
bright spots in the post-noon sector of auroral oval to the vortex structures observed in the
boundary layer.

It may be mentioned that Rostoker and Eastman [1987] suggested that the KH instability
due to the velocity shear near the central plasma sheet and the magnetospheric boundary layer
may also lead to the formation of auroral bright spots in the evening sector.

In section 3.2, we describe both the simulation model and goveming equations. The
simulation results of coupling of the magnetopause-boundary layer to the post-noon and
pre-noon ionosphere are presented in section 3.3. Section 3.4 contains the summary and
discussions of our simulation results and their comparisons with observations in the low-
latitude boundary layer and the observed auroral bright spots in the post-noon sector along
the auroral oval. The numerical techniques used for solving the magnetosphere-ionosphere

coupling equations are given in the Appendix.

3.2 Simulation Model and Governing Equations

In this section, we present the model of the magnetosphere-ionosphere coupling process,
as well as the governing equations in the magnetosphere, in the ionosphere, and along the
geomagnetic field lines. The simulation domain, the numerical scheme, and the boundary
conditions are also presented.

Consider the equatorial plane of the magnetopause-boundary layer region, as shown in

Figure 1.2a. As the solar wind flows toward the subsolar point of the magnetopause, it is
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diverted toward both the dawnside and duskside of the magnetosheath. A sheared plasma flow
is built up due to the velocity difference between the magnetopause and the magnetosphere,
which causes voriex motion in the boundary layer region, as mentioned in Chapters 1 and
2. In addition, in order to account for the observed thickness of the boundary layer, there
must exist, on the average, a diffusion flux with an inward normal velocity on the order of 2
— 10 km/s along the magnetopause [Eastman, 1979], as shown schematically in Figure 1.2a.
This nonzero diffusion velocity at the magnetopause can be due to the electrostatic and
electromagnetic plasma waves observed at the magnetopause [Gurnett et al., 1979; Anderson
et al., 1982; Tsurutani et al., 1981; LaBelle and Treumann, 1988], as stated and justified in
Chapter 2.

As mentioned in Chapter 1, a localized convection electric field is produced due to
the vortex motion in the boundary layer. Consequently, the space charges are accumulated
and then discharged to the conducting ionosphere through FACs. The dominant FAC flows
upward (downward) in the duskside (dawnside) region of the boundary layer, as shown
in Figure 1.2b. On the other hand, the dragging effect of the ionosphere due to the finite
ionospheric conductivity may damp the plasma convection and cause the decay of the vortices
in the boundary layer. Therefore, the magnetosphere and the ionosphere are a coupled system.
Some ionospheric signatures may be explained by the coupling of the plasma vortices formed
in the magnetopause-boundary layer region to the polar ionosphere. The observed spatially
periodic auroral bright spots in the ionosphere may be caused by this coupling.

The magnetosphere-ionosphere coupling model used here consists of three parts: the
LLBL in the magnetosphere, the polar ionosphere, and the field-aligned region. First, we
consider the flow dynamics in the equatorial plane of the LLBL, as shown in Figure 1.2a.

The simulation domain is chosen to be a rectangular box in the z—y plane with 0 < z < L,
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and 0 < y < L,. The z-axis is along the magnetopause and points from the subsolar region
to the magnetotail and the y-axis is perpendicular to the magnetopause and points from the
magnetopause to the Earth, as shown in Figure 3.1a. This coordinate system is the same for
both the duskside and dawnside of the boundary layer. The 2-axis points upward from the
equatorial plane. The goveming equations in the magnetosphere are the mass conservation

and the momentum equation:
dp

.a_t =~V (pv) (31)
ov 2
i v -Vuv—=VuP/p+I xB/p+vV;, v (3.2)

where p is the plasma mass density, v is the flow velocity in the z—y plane, v is the kinematic
viscosity, P is the plasma pressure, J is the total current, and B is the magnetic field. The
subscript m indicates the magnetosphere. The velocity component v, is set to zero. In the
present calculation, the plasma flow is treated as incompressible (V - v = 0) and the flow
velocity in the z—y plane may be relate:d to the streamline function, %, and the vorticity, {2,
which are given as

v=V,Y Xt (3.3)
Vig= -9 (3.4)

The convection electric field in the magnetosphere E,;, is given as

where ¢,, is the electric field potential in the magnetosphere and By is the magnetospheric
magnetic field in the equatorial plane.
Furthermore, if the plasma flow in the LLBL is not allowed to cause variation of the

magnetic field, namely, B = B,Z with B, = By =constant, the momentum equation (3.2)
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Figure 3.1 Schematic sketches of simulation domains for the duskside mag-
netopause driven cases (a) in the magnetosphere and (b) its mapping to the
polar jonosphere. An constant and isotropic length mapping factor is used. A
length of 1 R g in the low-latitude boundary layer mapsto a lengthof L; = 185
km in the polar ionosphere. In the ionosphere the z;-axis points eastward and
the y;-axis points southward.
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can be rewritten in the form of the vorticity by taken curl of (3.2). In order to let the curl of
the second term on the right hand side of (3.2) vanish, it is assumed that the plasma pressure
is only a function of the plasma density. The curl of the third term on the right hand side
of (3.2) is related to the generation of FACs in the magnetosphere. By using the current
continuity (V,, -J,, = 0) and the assumed constant magnetic field, it can be shown that [e.g.,
Lotko et al., 1987]

Vx (3 x BY/p) = (Bo)a/p (356)

where J| is the FAC density. To simplify the FAC model, we assume that all of the FAC
flowing in the magnetosphere can be treated as a current sheet concentrated within a finite
region around the equatorial plane of the magnetosphere with an effective thickness 2H,
where H is the effective half-thickness of the current sheet at the northward (or southward)

of the equatorial plane of the magnetosphere. Then, we have

3J|| E)J" _1 H aJ" J|m
gl [ G- (37)
where Jj, is the FAC density at its low-altitude boundary z = H. Therefore, taking curl of

(3.2) and using (3.6) and (3.7), we have the vorticity equation:

)
O = vVt (BoJyn)(Hp) + V5,0 (38)

The above approach for the plasma flow dynamics in the LLBL is similar to that used by
Sonnerup [1980] and Lotko et al. [1987].
Next, we consider the ionospheric response. The polar ionosphere is assumed to be a

thin conducting layer (local slab geometry), which is characterized by the current continuity
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equation and the Ohm’s law including the height-integrated Pedersen (X,) and Hall (2,)

conductivities. The goveming equation is
Jiji = Vi (ZE;i + Ziz x E;) ‘ (3.9)

where J; is the FAC density in the ionosphere, subscript ¢ indicates the ionosphere, and E;

is the electric field in the ionosphere. The ionospheric electric field E; can be expressed as
E; =-V;¢ (3.10)

where ¢; is the electric field potential in the ionosphere. The coordinate system used in the
polar ionosphere is consistent with that in the LLBL., When the coordinate system in the LLBL
maps to the polar ionosphere, the z-axis points eastward and the y-axis points southward
(equatorward), as shown in Figure 3.1b. The z-axis points downward. The magnetic field is
vertical (B; = B;2) and may also be ‘considered as a constant over the effective height of
the ionosphere. The field-aligned current is chosen to be positive if it is directed downward
from the magnetosphere to the polar ionosphere (along the z-direction).

In the present model, the ionospheric conductivity is allowed to be enhanced due to
precipitation of accelerated electrons in the upward FAC region (Jy; < 0), which has the
form

(11 BT <0 (3.11)

¥,=X
P po{ if J; >0

where X, is the uniform background Pedersen conductivity and § is a function of the

ionization and the recombination coefficient [Kan and Lee, 1980; Kan and Kamide, 1985].
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The field-aligned potential drop (¢)) between the magnetosphere and the ionosphere may be
expressed as

3 = bi — bm (3.12)

For ¢; > 0, the potential rises toward the ionosphere and the FAC is directed upward
(Jy < 0). For simplicity, the ratio of the Hall to Pedersen conductivities (R},) is assumed

to be a constant and independent of the energy of the precipitating electrons.
Ep = RppZ, (3.13)

The model used for the field-aligned effects is the linear current-voltage relationship
due to the mirror force along the convergent geomagnetic field lines for both upward and
downward FACs, but with different proportionality [Knight, 1973; Fridman and Lemaire,
1980}:

_ —aJ"; : if J",' <0 (3.14a)
%=\ -0dady T >0 (3.14)

where o depends on the number density and the temperature of the magnetospheric electrons.
For upward FAC regions, equation (3.14a) has been used by several authors [Chiu and
Cornwall, 1980; Lyons, 1980, 1981; Chiu et al., 1981; Lotko et al., 1987], holds for most of
the electron energy range [Knight, 1973; Fridman and Lemaire, 1980], and is valid for both
large-scale and small-scale auroras based on DE satellite observations [Weimer et al., 1987].
On the other hand, the relationship (3.14b) is a very rough approximation for downward FAC
regions [Chiu et al., 1981; Lysak and Dum, 1983; Lotko et al., 1987; Weimer et al., 1987; Lu
et al., 1991]. Since the downward FACs are mainly carried by the upward moving electrons,
which have no any mirror effect and can move more easily along the geomagnetic field

lines, the field-aligned potential drop is expected to be much smaller than that in the upward
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FAC regions. A small coefficient (one order less than that in the upward FAC regions) is
chosen for the downward FAC regions in the present model. In addition, the linear current-
voltage relationship (3.14) is a lumped relation and the use of an electrostatic field-aligned
potential drop and the lumped relation means that the Alfvén wave transit time between the
magnetosphere and the ionosphere is shorter than the time scale of the evolution of plasma
vortices.
To close the governing equations in the magnetosphere, in the ionosphere, and along the
geomagnetic field lines, the relationships between J); and J),, and V; and V, are needed.
For simplicity a constant and isotropic length mapping factor (R, = R,) is used in the

present model, which gives an area mapping factor R, = R2. Therefore, we have

From the conservation of magnetic flux between the magnetosphere and the ionosphere, one
can obtain R,, = B;/By. Then from the conservation of the total ficld-aligned current, we

have
B;

i =5,

Jim = Bndyjm (3.16)

Equations (3.1), (3.3)-(3.5), (3.8)—(3.16), together with appropriate boundary conditions in
the magnetosphere and in the ionosphere, are sufficient to determine the dynamics in the
magnetosphere, in the ionosphere, and along geomagnetic field lines.

In summary, the magnetosphere-ionosphere coupling model presented here is an incom-
pressible fluid model for the plasma flow dynamics in the LLBL and its interaction with the
polar ionosphere via FACs and a parallel electric field. The principal characteristics of the
model are: (a) the magnetosphere is modeled as an incompressible flow with the mass trans-

port across the magnetopause; (b) the ionosphere is characterized by the current continuity
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equation and the Ohm’s law including the height-integrated Pedersen conductivity and Hall
conductivity; and (c) a linear current-voltage relationship is used for both upward and down-
ward FACs along the magnetic field lines. In the present model, the ionospheric conductivity
is allowed to be enhanced due to precipitation of the accelerated electrons in the upward FAC
region.

Simplifications of the magnetosphere-ionosphere coupling equations are possible if some
variations can be ignored. If the ionospheric conductivities are assumed to be uniform (by
setting 8 = 0 in the present model), as have been used by many authors [e.g., Lotko et al.,
1987; Keskinen et al., 1988], the coupling equations can be simplified significantly, It can be

obtained from (3.9) and (3.10) that
Jjji = ZpoVi - E; = ~Z0Vi; (3.17)

As indicated by (3.17), the Hall conductivity has no effect on the coupling. Inserting (3.12),

(3.14), and (3.15) into (3.17), one obtains
(1= kALVZ)gy = ~6X2 Vi, (3.18)

which is similar to equation (7) in Lotko et al.’s [1987] paper. In (3.18) A, = R\ =
Rzﬁi; and )\, and ); arc the resistive scale lengths in the magnetosphere and in the
ionosphere, respectively [Chiu and Cornwall, 1980; Lyons, 1980; Lotko et al., 1987; Weimer
etal., 1987]. We have « = 1 for upward FACs and k = 0.1 for downward FACs, similar to
the definition in (3.14). In addition, it can be easily shown that by taking dot product of two
expressions of (3.5)

V2 ém = —ByVE ¢ = BoQ (3.19)

The magnetosphere-ionosphere coupling model presented above is referred as the im-

perfect coupling because the geomagnetic field lines are non-equipotential (¢ # 0) [e.g..

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




67
Kan and Lee, 1980]. If ¢ = 0, the magnetosphere-ionosphere coupling is called the perfect
coupling, which can be obtained from our model by setting a = 0. In this case, £, = T,

¢; = dm, and one obtains from (3.15) and (3.9) that

It can be seen that Jy; is proportional to the vorticity. By using (3.16) and (3.20), (3.8)

becomes

Therefore, equations (3.1), (3.215, (3.3), and (3.4) form a complete set of equations describing
the perfect magnetosphere-ionosphere coupling. The first term on the right hand side of
(3.21) is a nonlinear convection term and represents the convection of the plasma flow.
The second term has a pure decay effect. The third term has the viscous effect, which
is small and negligible. Furthermore, if it is assumed that the flow is one-dimensional,
p =constant = N'm; (N is the average plasma number density in the boundary layer), and

v = 0, (3.21) can be reduced to

o0 Bg Lro
— = 2z 22
ot HNm; & (3:22)
which has a solution
Q= Qoe~ /T (3.23)
where
H]Vm,-
= —_—— .24
Ty B&)'Jpo (3.24)

is the characteristic decay time and £ is the vorticity at time ¢ = 0.
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The coupling equations presented above are in dimensional forms, In the numerical
simulation, the coupling equations can be put in dimensionless forms by appropriate normal-
izations. In the present study, the length is normalized by a characteristic perpendicular length
in the magnetosphere, a; the velocity by the plasma velocity parallel to tﬁe magnetopause,
Vo; the density by the magnetospheric uniform number density, Np; the magnetic field by
the constant magnetospheric magnetic field, By; and the ionospheric conductivity by the uni-
form background Pedersen conductivity, 2,?0. The plasma density is related to the number
density by p = m; N, where m; is the ion mass. In addition, the time can be normalized
by tp = a/Vs, the vorticity by Vp/a, the kinematic viscosity by aV}, the electric potential
by ¢o = aVp By, the field-aligned current by Jo = (Bg Ry, )/(1oa), the electric field in the
magnetosphere by Ey = ByVp, and the electric field in the ionosphere by Eqo; = ByVo R..
The characteristic perpendicular length in the magnetosphere is chosen to be @ = 1 Rg,
where Ry = 6400 km is the Earth radius. The Reynolds number is defined as R = aVp /v.
We set R = 1000 in all cases presented below.
With the above normmalizations, the coupling equations in the dimensionless forms can

be expressed as

ON
5 =-V'VN (3.25)
57 =V VOt 1J/N + VIR (3.26)
v=Vpxiz (3.27)
Vip=-Q (3.28)
bm = ¢ (3.29)
Jji = LoV - (ZpE; + RppZpz X E;) (3.30)
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2\1/2 i T

5, = { L+ Fod)) if Jy; < 0 (3.31)
1 if J||,' >0 :
_ —aoJ"i if J“, < 0

9= { ~0.1agJy; if Jy; >0 (8:82)
E; = -V¢; (3.33)
O = ¢i = Im (3.34)

I R
YEH mlomg T mkEVo (3.35)

Bo=Bd Zo=ZpmoVo  Rip=Zn/Sw
Equation (3.29) is obtained from (3.19). The physical parameters are related to the five
dimensionless parameters in (3.35).

Based on observations [e.g., Kan and Lee, 1980; Sonnerup, 1980; Lotko et al., 1987,
Weimer et al., 1987], typical values of the physical parameters are given as follows: Ny =1
cm=2, Vp = 200 km/s, H = 10 Rg, By = 50 nT, B; = 0.6 G, £, = 2 mho, a = 10°
m?/mho, 8 = 1 kV~2. From the above parameters, it can be found that ¢y = 32 sec,
R, = B;/By = 1200, and R, = VR,, ~ 34.6, ¢o = 64 kV, Jy ~ 7.46 pA/m?, E, = 10
mV/m, and Fy; ~ 346 mV/m. The dimensionless parameters in (3.35) are v ~ 2.97,
ap ~ 0.0117, Bp = 4096, and X, ~ 0.5, which will be used in our simulations. The value
of Ry, is different for different cases and is specified for each case shown below.

The effects of numerical errors should be minimized in order to simulate the fine vortex
structures in the boundary layer region. To reduce the numerical diffusion, a high-order finite
differencing scheme is used to solve equations (3.17)~3.20), which has been described in
detail in Chapter 2. Since the ionospheric Pedersen and Hall conductivities are not constant,

the process to solve the coupling equations is very complicated. To solve for ¢, or J); and
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other ionospheric quantities, an iteration method is used. The numerical scheme used to solve
¢y is the fast Fourier transform along one direction and the tridiagonal method along another
direction. The detailed numerical techniques used to solve the coupling equations are given
in the Appendix. |

At the driven part of the magnetopause boundary (y = 0), the plasma density (V) and
the tangential velocity (v,) are maintained at their magnetosheath values (N = 10N, and
vz = Vp); the normal velocity (v,) is kept constant during the simulation but may be different
at different locations. For the remaining portion, boundary conditions for the plasma density
and the flow velocity are %% = %’; = %z = 0. Along the inner boundary (y = L,), we set
N = Ng, 2 =0, and 1 = 0. At the tailward (z = L) and the subsolar (z = 0) boundaries,
we set 2 = 0, 2% = 0, and &2 = 0 10 allow an outflow of the boundary layer plasma. The
boundary conditions for ¢; m%ﬂ =fatz=0andz =L, and%";lL =0aty=0and
y=1Ly Weset L, =5 Rgand L, =1 Rg. A vniform grid mesh is used which contains

321 x 65 grid points.

3.3 Simulation Results

In this section the simulation results from different cases with different boundary condi-
tions at the magnetopause are presenied. First, we show the results with periodic boundary
conditions in the magnetosphere. Second, the driven boundary conditions are used along the
whole duskside region of the magnetopause. Third, the driven boundary conditions are used
in a localized region of the duskside region of the magnetopause. Finally, the coupling of
the dawnside region of the magnetopause to the pre-noon side of the polar ionosphere is

presented.
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3.3.1 Periodic Cases

Here we show the simulation results for the pure Kelvin-Helmholtz instability in the
duskside region of the boundary layer, in which a periodic boundary condition is imposed
along the z-direction and the boundaries at y = 0 and y = 1Rg are far away" from the
central shear region. The simulation domain and the boundary conditions are different from
those with the driven boundary conditions and are specified below. The initial profiles of the

plasma density and the flow velocity are given as

1 1 - 0.5R
= -2'(N1 + Nz) - E(Nl - Nz)tallh (y-g——g) (3.36)
vy = %Va[l - tanh(y—'g@?-)] (3.37)
v

where N; = 10Ny is the plasma density in the magnetosheath, N; = N is the plasma
density in the magnetosphere, Vp is the tailward velocity at the magnetopause (y = 0), and
a, = 0.04 R, is the half-thickness of 111;: transition layer for both the plasma density and the
flow velocity. As given in (3.37), the velocity in the magnetosphere side is zero. A uniform
grid mesh is used which contains 64 x 64 grid points.

The simulation domain is in the z—y plane with 0 < 2z < 1Rg and 0 < y < 1 Rg.
The periodic boundary condition is used along the z-direction. The boundary conditions
along y = 0 (left boundary) and y = 1 R, (right boundary) are & = &= = %’L =0 A
small perturbation in vorticity is introduced explicitly at the beginning of the simulation. The
perturbed wavelength is half of the total length in the z-direction. The details may be found
in Chapter 2.

Figure 3.2 shows contour plots of the magnetospheric plasma density, vector plots of

the flow velocity, contour plbts of the FAC density, and contour plots of the ionospheric
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Figure 3.2 Four two-dimensional plots for a case with periodic boundary con-
ditions in the boundary layer and th = 1. Shown above are contour plot
of the plasma density, vector plot of the flow velocity in the magnetosphere,
contour plot of the FAC density, and contour plot of the ionospheric conductivity
at two simulation times (a) t = 2.2 and (b) ¢t = 8.4 1.
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Pedersen (or Hall) conductivity at two simulation times (a) ¢ = 2.2t9 and (b) t = 8.4¢p
for the case with Ry, = 1. Due to the presence of the velocity shear, the KH instability
develops, creating vortex motion in the simulation domain. The vortex motion twists the
plasma density distribution. As a consequence, the vortex structures are formed. As the
KH instability develops, the width of the vortex grows and the plasma originating from the
magnetosheath mixes with the plasma originating from the magnetosphere, as can be seen
from Figure 3.2. Finally, a plasma density plateau is formed around the central part of the
boundary layer, which is due to the combined effect of mixing and diffusion.

The coupling of the magnetopause-boundary layer region to the polar ionosphere leads
to the damping of the vortices developed in the boundary layer. As a consequence, both the
growth rate and the degree of plasma mixing are smaller than those without the coupling
process as presented in Chapter 2 (refer Figure 2.8). The width of the mixing region here is
relatively small. When the duskside-region of the magnetopause-boundary layer couples to
the post-noon polar ionosphere, the generated FAC is directed upward. Contour plots of the
FAC density shown in Figure 3.2 are similar to the vortex structures in the boundary layer.
Dashed lines indicate that the FAC flows upward from the ionosphere to the magnetosphere
(Jyi < 0). The contour interval for the FAC density is 1 uA/m?. Two enhanced upward FAC
regions are formed in the simulation domain, which lead to enhancement of the ionospheric
conductivity, as shown in Figure 3.2. The contour interval for the conductivity is 0.1 mho
and the background Pedersen (or Hall) conductivity is 2 mho.

Note that for the coupling of the dawnside region of the magnetopause-boundary layer
to the pre-noon polar ionosphere, there is nearly no conductivity enhancement, because the
FAC is mainly directed downward. On the other hand, the plasma dynamics in the dawnside

region are similar to that in the duskside region of the boundary layer. If the background

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




74
ionospheric Pedersen conductivity is increased, it can be found that the damping process will
be more rapid. In addition, if the average plasma density in the mixing region is larger than
the plasma density in the magnetosphere, the damping process will be slower than the case.
with a uniform magnetospheric density po. These can also be seen from the characteristic
decay time given in (3.24). If the conductivity ¥, decreases or the average plasma density

N increases, the decay time will be longer and the decay process will be slower.

3.3.2 Uniformly Driven Cases Along the Duskside Magnetopause

In this subsection, we study cases with a uniformly driven plasma flow along the duskside
mvagnetopausc. The coupling to the post-noon sector of the ionosphere is mainly through
the upward FAC. Along the magnetopause boundary, the plasma density is maintained at
N; = 10N, and the velocity tangential to the magnetopause is set to v, = V. The nomal
velocity is maintained at a constant.value vy = vpp along the whole magnetopause. We
choose v,o = 0.05V; here, which corresponds to 10 kmy/s for V, = 200 km/s. A uniform
grid mesh is used which contains 321 x 65 grid points. To avoid large gradients in the
plasma density and the flow velocity near the magnetopause, the values imposed at the
inflow boundary (y = 0) increase from the magnetospheric values to the magnetosheath ones
in a time interval 6t = 0.4¢p. Two cases with different conductivity ratios (R, = 1 and 2)
and some cases with different o are presented below.

Figure 3.3 shows (a) contour plot of the plasma density, (b) vector plot of the flow
velocity in the magnetosphere, (c) contour plot of the FAC density, (d) contour plot of the
Hall portion of the FAC density, and (e) contour plot of the ionospheric Pedersen (or Hall)

conductivity at a later stage of the simulation for the case with Ry, = 1. Solid (dashed)
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Figure 3.3 Five two-dimensional plots for a case with the uniform driven con-
dition at the duskside region of the magnetopause and R, = 1. Show above
are (a) contour plot of the plasma density, (b) vector plot of the flow velocity
in the magnetosphere, (c) contour plot of the FAC density, (d) contour plot
of the Hall portion of the FAC density, and (e) contour plot of the ionospheric
Pedersen conductivity at a later stage of the simulation.
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lines indicate positive (negative) values. The contour interval for the FAC is 1.9 pA/m? and
the contour interval for the conductivity is 0.2 mho. The background Pedersen (or Hall)
conductivity is 2 mho. The sheared plasma flow is built up in the boundary layer near the
magnetopause due to the tangential plasma flow at the magnetopause. As a consequence, the
KH instability develops, leading to the formation of localized vortices in the boundary layer.
These vortex structures are first formed near z = 1 Rg and then convected tailward. In the
mean time, they are observed to grow in size. The boundary layer thickness is observed to
increase with increasing distance from the subsolar point. The plasma flow in the boundary
layer is mainly tailward and a small portion of sunward flow is also observed. The simulation
results of the plasma flow here are similar to the transient flow pattems associated with the
14 MLT auroral event observed by radar [Sandholt et al., 1990].

Due to the damping effect through the finite ionospheric conductivity, the motion of the
boundary layer plasma is slowed down. The boundary layer thickness becomes smaller than
that of the similar case in Chapter 2 (refer Figure 2.6). The coalescence of vortices is also
observed, but the effect is much smaller than the case without coupling as shown in Figure
2.6.

The FAC density plot shown in Figure 3.3 indicates that the FAC flows mainly upward,
although some small return current regions are also observed. Several enhanced upward FAC
regions are observed, which are associated with the vortex motion in the boundary layer.
The maximum enhanced FAC region is located at x ~ 2.3 Rg (or z; ~ 2.3L; along the
auroral oval). The maximum upward FAC density is ~ 35 pA/m?, which gives a maximum
field-aligned potential drop of ~ 3.5 kV. As can be seen, the enhanced FAC region is formed
in the boundary layer near the subsolar region. The intensity reaches maximum as the vortex

convects tailward and then the intensity decreases as the vortex convects further tailward. The
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Hall portion of the FAC (Jy;; = VX, -2 X E;) is also shown in Figure 3.3. The noteworthy
feature is the paired structure of Jy;;. Each paired structure corresponds to an enhanced FAC
region or an enhanced conductivity region (which will be studied in detai_l later), as can be
seen from the FAC density and conductivity plots in Figure 3.3. The maximum upward J;,
is 14 yA/m? and the maximum downward Jy, is 18 pA/m?. The Hall portion of the FAC
density (J);,) may have a significant contribution to the total FAC density in certain regions.
The Hall portion of the FAC (Jy;;) is due to the nonuniform conductivity in the
ionosphere. If the ionospheric conductivity is uniform, then it can be seen that Jy;; =
VZ -z x E; = 0. To explain the paired structure of Jyj;, we assume E; ~ E,, for simplic-
ity. Using (3.5) and the above assumption, it can be shown that Jy;, ~ —v - VZ,. For each
of the enhanced conductivity regions, VX, is directed toward the center of the region. On
the other hand, the plasma flow is mainly tailward in the boundary layer (or eastward along
the auroral oval). Therefore, in the westward (sunward) part of an enhanced conductivity
region (a small z;) VEy||v and Jy;;, < 0, while at the eastward (tailward) part of the region
(a large z;) VI,|| - v and Jy;, > 0. Therefore, each paired structure of Jy;;, corresponds
to an enhanced conductivity region or an enhanced upward FAC region.
The conductivity plot in Figure 3.3 shows several enhanced regions, corresponding to
the enhanced upward FAC regions. The maximum Pedersen (or Hall) conductivity is ~ 7.4
mho,. which is is about 3.7 times of its background value. We use the enhancement of
the ionospheric conductivity as an indication of the intensity of auroral activity since the
conductivity enhancement represents the ionospheric ionization and recombination effect.
A high enhancement of the ionospheric conductivity indicates an intense auroral activity.
Therefore, each of the enhanced conductivity regions represents an auroral bright spot. To

see the development and evolution of these auroral bright spots in detail, Figure 3.4 shows
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Pedersen (or Hall) Conductivity Contours
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Figure 3.4 Contour plots of the ionospheric Pedersen (or Hall) conductivity at
different simulation times for the above case. The background conductivity is
2 mho and the contour interval is 0.2 mho.

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




79
the conduétivity plots at different simulation times. It can be seen that, as time goes on,
several bright spots are formed and they are convected eastward along the auroral oval (or
tailward motion in the magnetosphere). The auroral bright spot is first formed at about
z; ~ 1L;, coincidence with the development of the KH instability in the magneﬁsphere. As
the auroral bright spot moves eastward, the intensity increases and reaches maximum at about
z; ~ 2.5L;. Then the intensity decreases and the auroral bright spot becomes dim. Finally,
the auroral bright spot decays away due to the ionospheric damping effect. The convection
speed of the auroral bright spots is ~ 1 ~ 2 km/s in the polar ionosphere, which corresponds
to a tailward convection speed of ~ 36 — 72 km/s in the magnetosphere. The scale size of
each auroral bright spot is ~ 40 — 100 km and becomes large when it moves eastward. The
separation distance between two successive auroral bright spots is ~ 50 — 200 km and also
becomes large when the auroral bright spots convect eastward. It should be mentioned that
the constant length mapping factor bétween the magnetosphere and the ionosphere used in the
present model becomes invalid at the tailward region of the magnetopause-boundary layer. A
very large tailward region may just map to a very small region in the polar ionosphere. When
this mapping distortion effect is considered, both the scale size and the separation distance
of the auroral bright spots and the eastward convection speed along the auroral oval will
approximately be the low limit as given above. The convection speed, the scale size, and
the separation distance of these auroral bright spots observed in the simulation are consistent
with the observed auroral bright spots by the Viking satellite [Lui et al., 1989].

Figure 3.5 shows (a) contour plot of the plasma density, (b) vector plot of the flow
velocity in the magnetosphere, () contour plot of the FAC density, (d) contour plot of the
Hall portion of the FAC density, and (e) contour plot of the ionospheric Pedersen conductivity

at a later stage of the simulation for the case with Ry, = 2. This case is similar to the case
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shown before (Figurs 3.3) except for a large Hall conductivity. The arrangerhent and contour
intervals are the same as in Figure 3.3. It can be seen that the overall simulation results are
similar to the previous case shown in Figure 3.3 except the distribution of the FAC density.
The maximum upward FAC density is ~ 34 pA/m?, which gives a maximum field-aligned
potential drop of ~ 3.4 kV. The maximum upward Jy;;, is 29 pA/m?® and the maximum
downward Jy;;, is 45 pA/m?, The maximum enhancement of the ionospheric conductivity is
about 3.5 times of its background value, which gives a maximum Pedersen conductivity of
~ 7 mho and a maximum Hall conductivity of ~ 14 mho.

The noteworthy difference between the case shown previously (with Ry, = 1) and the
case shown here (with Ry, = 2) is the intensity of Hall portion of the FAC density, Jj;p.
From the data given above, it can be scen that the maximum value of |Jy;x| can exceed the
maximum value of |J|;| at some regions. Therefore, the distribution of the FAC density may
be different at these regions from the case with Ry, = 1, as can be seen near the region of
z ~ L.7TREg in Figures 3.3 and 3.5.

The formation and decay of the enhanced conductivity regions in the post-noon iono-
sphere are, respectively, due to the development of the KH instability in the magnetosphere
and the finite ionospheric conductivity. In the presence of a driven plasma flow along the
magnetopause, a sheared plasma flow is built up in the boundary layer. Consequently, the
KH instability develops, leading to the formation of vortices in the boundary layer. Several
enhanced FAC regions are observed, which are associated with the vortices in the boundary
layer. The enhanced upward FAC regions will lead to the enhancement of the ionospheric
conductivity. On the other hand, the finite ionospheric conductivity provides the damping to
the plasma dynamics in the boundary layer, which leads to the decay of the vortices. The

reduced vortices lead to a relatively small enhancement of the FAC density, and, therefore, a
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small enhancement of the ionospheric conductivity in the upward FAC regioné. The compet-
ing effect of the formation and decay of vortices leads to the formation of strong vortices only
in limited regions in the boundary layer, and hence limited enhanced conductivity regions
along the auroral oval in the post-noon ionosphere. |

To quantify the process described above, the characteristic growth and decay times may
be estimated as follows. For the formation and the growth of the vortices, the maximum
linear growth rate of the KH instability may be used, which i_s approximately given as
7o = 0.1Vp/Aa [e.g., Lee et al., 1981; Miura and Pritchett, 1982; Miura, 1984, where V,
is the velocity difference between the magnetopause and the inner boundary of the boundary
layer and Aq is the transition width of the velocity shear. For the simulation cases shown
above, Vp = 200 km/s and Ae increases with increasing distance from the subsolar point.
From Figures 3.3 and 3.5, it can be seen that, near the subsolar region, Aa ~ 1000 km
and the growth time can be estimated as T, = 79‘1 ~ 50 sec, while near the tailward
boundary, Aa ~ 3200 km and Ty = 79" ~ 160 sec. To estimate the decay of vortices due
to the ionospheric conductivity, we assume o = 0 (the perfect magnetosphere-ionosphere
coupling) and N = N =constant for simplicity, where N =~ 5Nj is the average plasma
density in the boundary layer. Using these assumptions, the decay time can be estimated as
in (3.24), which is given as Ty ~ (HNm;)/(Z,0B3) ~ 107 sec with the parameters used
in the simulations. It can be seen that the decay time is larger than the growth time near
the subsolar region (Ty > T,), but smaller than the growth time near the tailward boundary
(Ts < T,). Therefore, the KH instability can develop near the subsolar region and form
vortices. As the plasma flows tailward, the décay gradually becomes the dominant process

which leads to the damping of the vortices formed previously. The combined effect leads to
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limited regions of the enhanced vorticity, which leads to finite enhanced conductivity regions
along the post-noon auroral oval.

The effects of the FAC and the field-aligned potential drop can be studied with different
field-aligned proportional coefficients. Figure 3.6 shows the maximum FAC density (|/jimaz|)
recorded at time ¢ = 8ty as a function of the coupling coefficient . The maximum FAC
density recorded at ¢ > 8tp shows no significant difference. The case with a = 0 is for
the perfect magnetosphere-ionosphere coupling. It can be seen that increasing o leads to
a decrease of the maximum FAC density. A small |Jimqs| leads to a slow decay of the
vorticity in the magnetosphere, as can be seen from (3.26). Therefore, o has a destabilizing
effect for the dynamics of the magnetopause-boundary layer.

We also simulated some cases with different magnetosheath plasma density (V;) and
the background ionospheric Pedersen conductivity (£,0). The cases shown above are the
results with Ny = 10 Np and X5 = 2 mho. It is found that decreasing N; or I, leads to
a decrease of the maximum values of the enhancement of the ionospheric conductivity, the
field-aligned potential drop, and the FAC density. These results can be understood as follows.
When N; decreases, the average plasma density in the boundary layer decreases, which leads
to a large decay, as can be seen from (3.26) (the second term on the right hand side). This
large decay leads to a relatively small increase of the FAC density, the field-aligned potential
drop, and the ionospheric conductivity. When I, decreases, J|; decreases, as can be seen
from (3.20). The decrease of the FAC density (J;) leads to a decrease of the field-aligned
potential drop and a decrease in the enhancement of the ionospheric conductivity.

The simulation results shown above are for a uniformly driven plasma flow along the
duskside magnetopause. They are the coupling results of Case B in Chapter 2 to the polar

ionosphere. As discussed in Chapter 2, the simulation results of Case D for a sheared plasma
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Figure 3.6 Maximum upward FAC density as-a function of the coupling coef-
ficient c for the uniform driven condition at the duskside region of the mag-
netopause. Here R, = 1. The case with a = 0 is for the perfect

magnetosphere-ionosphere coupling.
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flow with outflow boundary conditions are similar to those in Case B. Therefdre, it is expected
that their ionospheric effects will also be similar and the same kind of auroral bright spots
will be produced if a sheared plasma flow with outflow boundary conditions (as in Case D

of Chapter 2) in the magnetosphere couples to the ionosphere.

3.3.3 Locally Driven Cases Along the Dusks_ide Magnetopause

In this subsection, the simulation results of coupling of the duskside region of the
magnetopause-boundary layer to the post-noon ionosphere are shown, but the driven boundary
conditions are imposed only in a localized region of the magnetopause. The plasma density
and the tangential velocity are maintained at their magnetosheath values in the driven region.
The plasma density is maintained at N; = 10N and the tangential velocity is maintained at
vz = V5. A uniform grid mesh is used which contains 321 X 65 grid points.

For simplicity, the normal velocity is taken to be vy = vnocos[F5(z — zo)] in the driven
region along the magnetopause {z9 — h < = < Zp + h}, where vy is the characteristic
normal velocity and 2k is the length of the driven region. Outside the driven region, we set
%’5- = %’-’; = %’i; = 0 as mentioned before. The nommal velocity reaches maximum at the
center of the driven region and smoothly decreases to zero at the edges. For this case, we
choose v, = 0.15 V, 29 = %RE, and h = 1%RE. To avoid large gradients in the plasma
density and the flow velocity in the driven region, the values imposed at the localized driven
region at the magnetopause increase from the magnetospheric values to the magnetosheath

ones in a time interval §t = 0.4 t;. These localized driven conditions are the same as those

used in Chapter 2.
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Figure 3.7 shows (a) contour plot of the plasma density, (b) vector f)lot of the flow
velocity in the magnetosphere, (c) contour plot of the FAC density, (d) contour plot of the
Hall portion of the FAC density, and (e) contour plot of the ionospheric Pedersen conductivity
at a later stage of the simulation for the case with Rpp = 2. The contoﬁr interval for the
FAC density is 1.9 pA/m? and the contour interval for the ionospheric conductivity is 0.2
mho. The background Pedersen conductivity is 2 mho and the background Hall conductivity
is 4 mho. The vortex structures are first formed near z = 1.2 Rg and grow to the maximum
size near z = 1.8 Rg. Finally, the vortex structures decay away and the boundary layer
thickness becomes small due to the ionospheric damping effect, in contrast to the case shown
in Chapter 2 (refer Figure 2.2), where the boundary layer thickness can reach a constant
value as the plasma flows further tailward. The plasma flow in the boundary layer is mainly
tailward and a small portion of sunward flow is observed. A sunward flow is also observed
near the subsolar region.

The FAC density shown in Figure 3.7 flows mainly upward with some small return
current regions. Several regions of enhanced upward FACs are observed, which are associated
with the vortex motion in the boundary layer region. The maximum enhanced FAC region
is located at z ~ 1.8 Rg, corresponding to the maximum vorticity in the boundary layer.
The intensity of the FAC density decreases rapidly when the plasma flows further tailward
from z ~ 2 Rg, because of the lack of the driven plasma flow. The Hall portion of the
FAC (J;3) in Figure 3.7 also shows the paired structures, similar to those in Figure 3.3.
The intensity of the Hall portion of the FAC density may exceed the total FAC density at
some regions, similar to the results shown in Figure 3.5. The conductivity plot in Figure 3.3
also shows several enhanced regions, corresponding to the enhanced upward FAC regions.

The maximum conductivity enhancement is about 3.8 times of its background value, which
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Figure 3.7 Same as Fig. 3.3, but for a case with the localized driven condition
at the duskside region of the magnetopause and Ry, = 2.
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gives a maximum Pedersen conductivity of ~ 7.6 mho and a maximum Halll conductivity of
~ 15.2 mho. The enhanced conductivity regions decay away very fast, in contrast to those
shown in Figure 3.5.

If the conductivity ratio (R),) is changed, the noteworthy difference is the ‘change of
the intensity of the Hall portion of the FAC density, Jj;x. The paired structures are still the
dominant feature of Jy;,. When R, increases, the intensity of J;; increases, which gives a
large return current and adds to a significant portion to the total FAC density. Consequently,
the distribution of the total FAC density will be different, especially around the region of
z ~ 1.8 Rg. More retum (downward) FAC regions are observed. When R, decreases, the
intensity of Jy;;, decreases and the results are similar to those shown in Figure 3.7, except
the intensity of Jj;,. In addition, when the maintained plasma density in the driven region at
the magnetopause, N, or the background ionospheric conductivity, 0, or the ficld-aligned
coupling coefficient, a, is changed, the simulation results are similar to those with uniform
driven cases shown in the previous subsection.

\

3.3.4 Dawnside Magnetopause Driven Cases

In the previous subsections, we showed the simulation results either with periodic bound-
ary conditions or with driven boundary conditions at the duskside region of the magnetopause.
To complete the discussion, we show here the simulation results of coupling of the dawnside
region of the magnetopause-boundary layer to the pre-noon ionosphere where the downward
FAC is dominant. The driven boundary conditions may be either along the whole mag-
netopause or through a localized region at the dawnside region of the magnetopause. The

treatment of the plasma density and the flow velocity (both tangential and normal) at the
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driven region along the magnetopause is the same as in subsection 3.3.2 for the uniform
magnetopause driven condition or in subsection 3.3.3 for the localized magnetopause driven
condition.

Figure 3.8 shows (a) contour plot of the plasma density, (b) vector plot of the flow
velocity in the magnetosphere, (c) contour plot of the FAC density, (d) coﬁtour plot of the
Hall portion of the FAC density, and (e) contour plot of the ionospheric Pedersen conductivity
at a later stage of the simulation in the case with the uniform driven plasma flow at the
dawnside region of the magnetopause for R, = 3. The plasma density and the flow velocity
are similar to those shown in Figure 3.3. The contour intervals are the same as for the
duskside magnetopause driven cases. The FAC flows mainly downward, although some very
small upward FAC regions can also observed. The maximum conductivity enhancement is
about 1.01 times of its background value, which gives a maximum Pedersen conductivity of
2.02 mho and a maximum Hall conductivity of 6.06 mho. The conductivity enhancement
here is much smaller than that for the duskside driven cases because the FAC flows mainly
downward for the dawnside region and no conductivity enhancement in the downward FAC
regions based on (3.31) in the present model. Therefore, it may be concluded that there
is nearly no enhancement of the ionospheric conductivity. In addition, there is nearly no
Hall portion of the FAC, because it is proportional to VX, and X, is nearly constant here.
Therefore, the effect of R), is negligible for the dawnside driven conditions. Since the
enhancement of the ionospheric conductivity is used as the indication of the intensity of
auroral activity, it may be concluded that no auroral bright spot can be observed in the

pre-noon sector of the ionosphere.
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Figure 3.8 Same as Fig. 3.3, but for a case with the uniform driven condition
at the dawnside region of the magnetopause and R, = 3.
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3.4 Summary and Discussion

In this study we have investigated the plasma dynamics in the low-latitude bound-
ary layer and its coupling to the polar ionosphere under driven boundary conditions at the
magnetopause. Some features included in this model are: the mass transport acm;s the mag-
netopause, the divergence of the FAC through the finite conductivity in the ionosphere, the
enhancement of the ionospheric conductivity due to the precipitating energetic electrons in the
upward FAC regions, a linear current-voltage relationship for the FAC, and the non-periodic
boundary conditions in the low-latitude boundary layer. It is found that, in the presence of
a driven plasma flow along the magnetopause, the KH instability can develop. This leads to
the formation of vortices in the low-latitude boundary layer which will grow to large sizes as
they are convected tailward. The vorticity generated in the duskside (dawnside) region of the
boundary layer leads to the presence of localized upward (downward) FAC regions along the
post-noon (pre-noon) sector in both the northern and the southern polar ionospheres. On the
other hand, the finite ionospheric conductivity provides dissipation, which leads to the decay
of the plasma vortices. The competing effect of the formation and decay of vortices leads
to the formation of strong vortices only in limited regions. Several enhanced conductivity
regions which are associated with the boundary layer vortices and the upward FAC regions
can be found along the post-noon auroral oval, while the conductivity enhancement in the
pre-noon auroral oval is very small. These enhanced conductivity regions along the post-
noon auroral oval may account for the observed dayside auroras which show bright features
resembling “beads” or “pearls”.

In this study, we neglect the Alfvén transit time between the magnetosphere and the

ionosphere, which is a valid approximation if the Alfvén transit time is relatively short,
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compared with the characteristic time for the vortex formation. In reality, the Alfvén transit
time can be on the same order as the growth and decay times. The neglect of the Alfvén transit
time leads to an overestimation of the damping effect of the ionosphere to the dynamics in the
boundary layer. The background ionospheric Pedersen conductivity used in all of the cases
shown in this study is Xp9 = 2 mho, which is relatively small. Since the finite ionospheric
conductivity provides the damping effect, a small value of the conductivity may compensate
some Alfvén waves effect. Some properties of the Alfvén wave propagation will be studied
in next chapter.

The principal results obtained by the simulations may be summarized as follows.

(1) In the boundary layer region, the vortex motions associated with the KH instability
are observed in the simulation. The plasma flows mainly tailward but small sunward flows
are also observed. The plasmas originating from the magnetosheath and the magnetosphere
mix in the boundary layer, forming a density plateau at some regions of the boundary layer.
The plasma density profiles in the boundary layer have vortex structures. Coalescence of
the vortices is also observed. The thickness of the boundary layer increases with increasing
longitudinal distance from the subsolar point. These results are similar to those in Chapter 2.

(2) The vortices generated in the duskside (dawnside) region of the boundary layer mainly
lead to the presence of localized upward (downward) field-aligned current regions along the
post-noon (pre-noon) sector in both the northen and the southern polar ionospheres. Some
return field-aligned current regions are also observed. The enhanced FAC regions are limited
in space.

(3) The Hall portion of the FAC has paired structures. Each paired structure is coincident
with each enhanced FAC region. If the Hall to Pedersen conductivity ratio becomes large

(Rup > 2), the Hall portion of the FAC density may be as large as the total FAC density,
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or even larger than the total FAC density. Therefore, the Hall conductivify effect may be
significant in some regions. The Hall conductivity effect becomes insignificant at pre-noon
sector of the auroral oval because there is nearly no conductivity enhancement.

(4) Several enhanced conductivity regions are observed along the post-noon auroral
oval, which are caused by the enhanced localized upward FAC regions. These enhanced
conductivity regions represent the auroral bright spots. The convection speed, the scale
size, and the separation distance of these auroral bright spots obtained from the numerical
simulations are consistent with the observations of the Viking satellite [Lui et al., 1989].
These enhanced conductivity regions (or auroral bright spots) may account for the observed
dayside auroras which show bright features resembling “beads” or “pearls” [Lui et al., 1989;

Potemra et al., 19901.
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CHAPTER 4

Evolution of Magnetic Flux Ropes and Plasina Vortices

4.1 Intreduction

As studied in the previous chapters, the plasma vortices are generated by the sheared
plasma flow in the low-latitude boundary layer. The vortex structures associated with the
sheared plasma flow in the LLBL are schematically shown in Figure 4.1. In the figure, “A”
is a counterclockwise vortex in the duskside region of the boundary layer, “B” is a clockwise
vortex in the dawnside region of the boundary layer, and “C” and “D” are their corresponding
footprints in the polar ionosphere. These vortex structures lead to the presence of localized
FAC regions, as have been discussed earlier. In Figure 4.1, the FAC inside the vortex “A” is
directed upward (from “C” to “A”) and the FAC inside the vortex “B” is directed downward
(from “B” and “D”). The plasma vortex and the FAC are carried by Alfvén waves propagating
between the magnetosphere and the ionosphere.

As mentioned in Chapter 3, the linear current-voltage relationship (3.14) used in the
magnetosphere-ionosphere coupling model is a lumped relation. The use of the field-aligned
potential drop and this lumped relation eliminates the possibility of describing transit time
effects and assumes that the Alfvén transit time between the magnetosphere and the iono-
sphere is much shorter than the time scale of the evolution of plasma vortices in the boundary
layer. In reality, the Alfvén transit time can be comparable to the growth and decay times

of the plasma vortices. The neglect of Alfvén transit time leads to an overestimation of the
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Figure 4.1 Schematic representaiion of how boundary layer vortices couple
to the polar ionosphere. The velocity difference between the solar wind and
the magnetosphere creates vortices “A” and “B" in the boundary iayer, which
produce footprints “C” and “D" in the polar ionosphere, respectively, along the
geomagnetic fleld lines [Ratcliffe, 1972},
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ionospheric damping effect. Field-aligned currents, the major link for the Amagnctosphere-
ionosphere coupling process, are carried by the Alfvén waves propagating between the magne-
tosphere and the ionosphere. It has been found in the previous chapters that the field-aligned
currents can be associated with localized plasma vortices. In addition, similar field-aligned
currents can be generated by helical magnetic field structures at the magne{opausc fe.g., Rus-
sell and Elphic, 1979; Saunders et al., 1984; Lee, 1986]. In this chapter, as a first step
to include the propagation of the Alfvén waves in the magnetosphere-ionosphere coupling
model, we study the generation and propagation of the Alfvén waves from the evolution
of plasma vortices. In addition, the evolution of helical magnetic field structures may also
generate large-amplitude Alfvén waves. Observations and formation of plasma vortices in
the magnetopause-boundary layer region have been discussed in detail in the previous chap-
ters. In the following, observations and formation of helical magnetic field structures at the
magnetopause, as well as in other space environments, are presented.

Localized magnetic flux tubes, or magnetic ropes, have been observed in the Venus
ionosphere [Russell et al., 1979a, b; Elphic et al., 1980], in the solar atmosphere [Alfvén and
Falthammar, 1963; Alfvén, 1981}, in the interplanetary space [Burlaga et al., 1981; Burlaga,
1984], at the Earth’s dayside magnetopause [Russell and Elphic, 1979], and in the Earth’s
magnetotail [Sibeck et al., 1984; Elphic et al., 1986). The magnetic field in the magnetic
rope consists of an axial component and an azimuthal component, leading to the presence of
helical magnetic field lines. The current associated with the magnetic field of the helical flux
tube is constricted to a cylinder and form5 a ljne current [e.g., Parker, 1979; Priest, 1990].
Under certain conditions, the magnetic flux tubes tend to coincide with material filaments
that have a higher plasma density than surroundings. The constriction mechanism of helical

magnetic flux tubes may explain many filamentary structures observed in the solar corona,
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in the interplanetary space, and in the planetary ionosphere or magnewspheré [Alfvén, 1981].
The formation and evolution of helical magnetic flux tubes are an interesting and important
problem in the study of cosmic plasmas.

The flux transfer events (FTEs) observed at the Earth’s dayside magxlefopause\by ISEE 1
and 2 satellites [Russell and Elphic, 1979] are evidence of magnetic flux tubes. The properties
of FTEs have been further studied and discussed by many researchers [e.g., Paschmann et
al., 1982; Saunders et al., 1984; Lee and Fﬁ, 1985; Lee, 1986; Scholer, 1988; Southwood et
al., 1988; Papamastorakis et al., 1989] and can be summarized as follows: (1) FTEs have a
strong IMF B, dependence and are observed to occur every 5 — 15 min with about 2 min
duration; (2) The cross section of the FTE flux tube is typically 1 R% at the magnetopause;
(3) Twisted magnetic field lines are observed inside the open flux tube at the magnetopause,
which indicate the presence of the field-aligned current (J) in the flux tube; (4) Alfvén
waves associated with the twisted magnetic field, which carry the field-aligned currents, are
observed to propagate along the flux tube toward the magnetosheath and the magnetosphere,
and subsequently to the ionosphere and produce footprints of the flux tube in the ionosphere.

The formation of FTE flux tubes at the Earth’s dayside magnetopause may be due to the
patchy and intermittent reconnectioh [Russell and Elphic, 1979], the multiple X line recon-
nection [Lee and Fu, 1985; Lee, 1986}, or the bursty single X line reconnection [Southwood
et al., 1988; Scholer, 1988]. The twisting of the magnetic field during an FTE is an inherent
feature of the multiple X line reconnection model [Lee and Fu, 1985]. On the other hand,
the magnetic helicity may also exist in the flux tube formed in the patchy and intermittent
reconnection model and in the bursty single X line reconnection model [Wright and Berger,

1989; Song and Lysak, 1989]. The existence of the magnetic helicity or the magnetic field
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twist indicates that helical magnetic field lines are present inside the FTE flux tube in which
an azimuthal field component is superposed on an axial field component.

Based on the observations of the Pioneer Venus Orbiter, Russell et al. [1979a, b] found
that in the ionosphere of Venus, discrete magnetic ropes with a diameter of ~ 10 — 20
km and a magnetic field strength of ~ 1 — 80 nT were frequently observed [Russell et al.,
1979aq, b; Russell, 1990). Burlaga et al. [1981] used spacecraft data to identify the presence
of magnetic clouds in the interplanetary space, which are magnetic structures with a large
rotation of the magnetic field vector {Burlaga et al., 1981; Klein and Burlaga, 1982). The
total magnetic and plasma pressure inside the magnetic cloud is observed to be higher than
the total pressure outside the magnetic cloud. Burlaga et al. [1981] and Klein and Burlaga
[1982] suggested that a magnetic cloud will expand as it moves away from the Sun as a result
of the low extemal pressure in the solar wind, and the average expansion speed between the
Sun and the Earth is estimated to be of the order of half the ambient Alfvén speed. Klein and
Burlaga [1982] further found that the interplanetary magnetic clouds are usually associated
with the coronal mass ejections.

The magnetic ropes are also observed in the Earth’s magnetotail [Sibeck et al., 1984;
Elphic et al., 1986). ISEE 1 and 2 observations in the near-Earth magnetotail [Elphic et al.,
1986] show the existence of the magnetic ropes with a diameter of ~ 4 R (Earth’s radius),
which consist of loops of closed magnetic field lines. Plasmoids observed in the magnetotail
may also have magnetic rope properties [Birn et al., 1989]. These magnetic ropes in the
magnetotail have similar properties as the dayside flux transfer events,

As mentioned in the previous chapters, thé sheared p{asma ﬂorw exists‘ in the low-latitude
boundary layer, creating vortex motions. The sheared plasma flow also exists along the

magnetospheric tail plasma sheet outer and inner boundaries. The vortex motion associated
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with the sheared plasma flow leads to the presence of localized FAC regioxis, which in turn
leads to the presence of an azimuthal component of the magnetic field. When this azimuthal
magnetic field adds to the guiding axial magnetic field, a helical magnetic field structure is
formed in the region containing the localized FACs. This fielical magneﬁc feld structure is
similar to the magnetic flux rope mentioned earlier.

The purpose of this chapter is to study the evolution of localized magnetic flux ropes
and localized plasma vortices based on a two-dimensional magnetofiydrodynamic numerical
simulation in the cylindrical coordinates. It will be shown that large-amplitude Alfvén waves
are generated by both localized magnetic flux ropes and plasma vortices. These Alfvén waves,
carrying FACs, provide the link for the coupling of the helical magnetic feld structures and
the plasma vortices in the magnetosphere to the ionosphere. The simulation results are then
applied to the evolution of magnetic ropes associated with the flux transfer events and the
evolution of plasma vortices formed in the magnetopause-boundary layer.

In the simulation study of the astrophysical jets, Shibata and Uchida [1985] used the
same set of MHD equations and a similar initial configuration of the magnetic field as we
use below. But there are several noteworthy differences between their work and the present
work. First, their purpose was to study the formation of jets in the astrophysical situation,
while we study the evolution of an isolated magnetic rope. Second, their boundary conditions
are different from ours. Third, they only studied the initial phase of the evolution. More

comparisons will be given as we present our simulation results in the following sections.
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4.2 Simulation Model

In this section, we present the governing equations, the initial conditions and boundary
conditions for an initial helical magnetic field structure. The initial and boundary conditions

for a plasma vortex, together with the simulation results, will be presented in section 4.4.

4.2.1 Governing Equations

In the present study we use the following compressible MHD equations:

% = —v-(V) (41)
i( V)=—V-[(P+-}—Bz)Y+ VV--I—BB] (4.2)
'’ 2p0 P Ho '

der 1, 1 n
——~=-V.[(er+P+—B)V-—(V:B)B+—=(VxB)xB 4.3
5 ez + P+ 5BV - -(V-B)B+-5(VxB)xB]  (43)

dB N o2
— = \Y% —V’B 4.
Y Vv x( xB)+ﬂ0 (44)
with
i, L py Lpe
er = 2pV + po 1P+ 2,uoB (4.5)

where p is the plasma mass density, V is the plasma velocity, P is the plasma pressure,
B is the magnetic field, ¢7 is the total energy density, « is the ratio of the specific heats
(¥ = 5/3), po is the permeability in vacuum, 7 is the magnetic resistivity, and Y is a unit
tensor. For a small value of 7, the term V -[(/u8)(V x B) x B] in the energy equation (4.3)
is small and can be neglected. In order to study the evolution of the magnetic flux rope, we

use the cylindrical coordinates (7,0, z) and assume that the spatial structure is cylindrically
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symmetric. All variables depend only on the coordinates r and 2. The two-dimensional

compressible MHD equations in the cylindrical coordinates can be written as

0
== ———(rpm az(pvz) | (4.6)
g - __?_ 2 _ _1_ 2 2 _p2
at(pVT) - aT[P'I'er 2,‘0(31' BO Bz)]
-2 (V. - 2 B.B,) - 2[V? - pV§ - —(B2 - BY)] (47)
bz Ho z r r é Ho r é
/] 8 ij
2;(PVe) = —5- (Vi Ve - —OBrBo) = 25 (PVeVz
1 2 1
_;l—BGBz) - —(pV,-Vg - -—B,-Bg) (48)
2 0V) = =2 2 oYV~ = B, B
at P F- e P Il 2z
_9 2, 1 p2,  p?2_p?
az[P + sz + 2”0 (Br +B0 Bz)] (49)

0.1 1 1
—(=pV2 4 —— P+ —BY) =
at(z” + v-1 + ZuoB )

1
———{ [( PV P+ LBYV: ~ (B,Y; + BaVa + B.V.)Br/uol}

1
S0id vy L p iy LBV, - (BV, 4 BVe+ BVa)Bufuo]  (410)
z"2 Y-1 o

9Br 9 yp _ N otp - PL
5 = g, (VeBr — VB + o (VB -5 (4.11)
0B 0 0 B
S = 5o (VeB: = VuBo) = 5-(Vi By - Vs B;) -——(VZB -3 (@)
96% = -—[r(v B, - V.B.)] + —V2B (4.13)

where V;,, V and V, are the three components of velocity V, and B,, By and B, are the

magnetic field components.
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4.2.2 Initial Conditions and Normalization

The initial configuration of the localized helical magnetic field structure consists of a

localized azimuthal field superposed on a uniform axial field. The field components are given

by
Br = 0
Bp = {Bgo(r/a)exp(—r2/a2)erf[(zo —|2))/8) if |z|'§ 2 (4.14)
0 otherwise
B, =By

where By is a constant, ¢ is the initial radius of the flux tube, 22, is the initial length of the
flux tube, b is the transition width at the two ends of the flux tube, and erf (x) is the error
function. The initial velocity is assumed to be zero. Let the plasma density and pressure
outside the flux tube be py and Py, respectively. Also define 5 = Py /(B2 /2u0) as the ratio
of the plasma pressure to the magnetic pressure.

In numerical computations the physical variables are normalized by the following quan-
tities: length by a characteristic length, a; density by the initial background density, po;
magnetic field by By; velocity by the Alfvén velocity, V4 = Bo/(ropo )l/ %, time by the
Alfvén transit time, 4 = a/V4; and pressures (both plasma pressure and magnetic pressure)
by BZ/2po. Let the magnetic Reynolds number be R, = ptoV4a /7, where 7 is the magnetic
resistivity. The magnetic Reynolds number is taken to be R, ~ 100 — 500 in numerical
simulations and is different for different cases. Equations (4.6)~(4.13) are solved numerically
based on a centered differencing scheme in space and the fourth-order Runge-Kutta time

stepping scheme.
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4.2.3 Simulation Box and Boundary Conditions

The simulations are carried out with 101 x 201 grid points inside a box surrounded by
four sides: 0 < r < R, 0 < z < L, where the length along the r-direction (horizontal) is
R = 8 a and the length along the z-direction (vertical) is L = 16 a. .'

The boundary conditions at » = 0 can be obtained from the criterion that the physical
quantities at r = 0 are single-valued, finite, and continuous. From the single value condition
at r = 0, we obtain

By =0 Va=0 (4.15)
From V-B = B, [r + 8B, /0r + 0B,/8z = 0, and finite value condition at r = 0, we have
B.=0 (4.16)

Similarly, since B, is allowed to be nonzero at r = 0, we obtain from (4.13)
V,=0 (4.17)
The following results may be obtained from the momentum and energy equations under the

continuity condition at r = 0

Op _Ocx _9B; V. _
o or or or =0 (4.18)

At z = 0, a symmetric or antisymmetric boundary condition is used for each physical
quantity to ensure that the wave propagating along the negative z-direction is exactly the
same as the wave propagating along the positive z-direction. From the analysis of the basic

equations with the given initial conditions, we find that p, €7, V;, By, and B, are symmetric
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about z = 0, while Vj, V, and B, are antisymmetric about z = 0. Therefore, the boundary

conditions at z = ( are
hod S Wil ot Nt P : (4.19)

Va - VZ - BT - 0 (4.20)

Because of these symmetry properties, the numerical simulation is carried out only in the
region with 2 > 0. We have simulated a case with —16¢ < z < 16a, and found that the
boundary conditions in (4.19) and (4.20) are indeed the corrected ones for an initially helical
magnetic field structure.

Note that in Shibata and Uchida’s [1985] paper, the boundary conditions at z = ( are
df/0z = 0 for any physical quantity f. Their boundary conditions are different from ours
in (4.19) and (4.20). In their simulations the helical magnetic flux tubes cannot be separated
into two tubes due to their assumed boundary conditions, which are not applicable for the
evolution of an isolated flux tube as in the present study.

At z = L = 16a, the following boundary conditions are used:

A damping zone is set up in the region 0.9R < r < R to damp waves propagating
toward or reflecting from the boundary r = R = 8a. In this zone a larger resistivity is used

in (4.11)—(4.13).
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4.3 Evolution of Magnetic Flux Tubes

Magnetic flux tubes may have different ratio of the azimuthal field to the axial field
(Be/B, = Bg/Bo). In addition, due to different formation mechanisms, the length-radius
ratio of the magnetic flux tube, zp/a, may also be different. To study the genera;l evolution
of the magnetic flux tubes, we present simulation results with different values of By /B, and
zp/a. In Case A the magnetic flux tube with an initial value of Bgpayz/Bo ~ 1 is studied,
while in Case B the magnetic flux tube with a large By /By is studied. Finally, we present

some simulation results with different ratios of z/a and By/By.

4.3.1 Case A: A Small B,/ B, Ratio

In Case A we choose 2 = 3 a, b = a, Byp = 2.33 By, and 8 = 1. The corresponding
maximuni initial azimuthal magnetic field at ¢t = 0 is Bgmax = Bo. This initial By is limited
to a small region with 0 < r < 2a and 0 < z < 2. The initial plasma density and pressure
are assumed to be uniform inside and outside the flux tube.

Figure 4.2 (from top panel to bottom panel) shows contour plots of the plasma density,
p, the azimuthal magnetic field, By, the azimuthal velocity, Vj, the plasma pressure, P, and
the magnetic pressure, B%/2p,, at different simulation times. Because initially the velocity
is assumed to be zero, the plasma density and pressure are uniform, and the magnetic flux
rope is not a force-free tube, the existence of the helical magnetic field leads to an imbalance
of the total force in the tube, which leads to the contraction or expansion of the helical flux
tube and the presence of MHD waves along Both the r-direction and the z-direction.

From Figure 4.2 it can be seen that at the earlier times (t = 1.66 t4 and ¢t = 5.16 ¢4), a

wave mode is propagating at a high speed in all directions (sce contours of the plasma density,
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Figure 42 From top panel to bottom panel, contour plots of the plasma den-
sity, the azimuthal magnetic field, the azimuthal velocity, the plasma pressure,
and the magnetic pressure in Case A at various simulation times. The param-
eters used are Bymax(t =0) = By, 20 =32, b=a,and § = 1.
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the plasma pressure, and the magnetic pressure). A careful calculation (see discussion later)
of the propagation speed indicates that such a wave mode is the fast magnetosonic mode.
It can be seen from Figure 4.2 that the fast mode has reached the boundary r = 8 a at
t=5.16t4. Ati = 10.56 t4 as shown in Figure 4.2, the fast mode has propagated out of
the simulation domain in the r-direction, but it is still inside the simulation domain in the
z-direction. At ¢ = 17.91 ¢4, the wave front of the fast mode has propagated out of the
entire simulation domain.

The By and Vj contours in the second and the third panels of Figure 4.2 have very
similar pattefns after an initial phase. These profiles are quite different from the density and
the pressure profiles in Figure 4.2. The azimuthal magnetic field structure first expands along
the z-direction to about twice its initial length and separates into two parts, one in the positive
z-direction and another in the negative 2-direction (see Figure 42 att =0and { = 5.16 t4
for the z > 0 part). The expansion velocity of the azimuthal magnetic field structure along
the z-axis is found to be the Alfvén velocity (V4) and the radial expansion speed is found
to be very small and negligible. As time progresses, the amplitude of Vj increases and the
amplitude of By decreases. The maximum values of By and |Vp| are located at nearly the
same radial distance (r ~ 0.8 a) and the radial profiles of By and [V;| are similar to the form
of the function (r/a)exp (—r%/a?), which is the initial form of B, along the r-direction.
After some initial transitions (t > 6 t4), Bs and |V;| are found to have the same contour
profiles as shown in Figure 4.2. In fact, we find that V3 /V4 = —Bg/ B, for the region with
z> 0and V3 /V4 = Bg/B, for the region with 2 < 0. This property indicates the presence
of the Alfvén wave propagating along the 2-direction.

From above analysis, it may be concluded that the fast magnetosonic mode and the

Alfvén mode coexist at an initial time. After this initial phase, the fast wave mode is
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separated from the Alfvén wave mode and the dominant wave associated wiih the flux tube
becomes the Alfvén wave, which propagates along the z-direction with the Alfvén velocity
Va.

In Case A the initial pressure gradient force (—V P) is zero and the totél force along the
r-direction is the Lorentz force, which consists of the magnetic gradient force —V(B2/2p0)
and the tension force B - VB/up. The Lorentz force may be calculated from the initial
magnetic field configuration, which is given by equation (4.14). For the region with |2| < z,

erf[(z0 — |2|)/b] =~ 1 and By = By(r), the Lorentz force is given as

_ 2Bgo1‘
Hoa®

F.= -1-[(V XB)xB] = 1- ﬁ)exp(—y-z-) (4.22)
" o a? a?

It can be seen that F, is negative in the inner region with r < a. The negative F. leads
to an inward pinch of the flux tube, which causes the near-axis enhancement of the plasma
density, the plasma pressure, and the magnetic field. The force F, in the outer part (r > a)
is positive and causes an outward compression. Near the region z ~ z, it can be shown
numerically that the Lorentz force F, is positive and it also causes an outward compression
along the z-direction. It is the initial imbalance of force that produces the fast magnetosonic
wave.

The time evolution of the fast magnetosonic wave at the initial phase is illustrated in
Figure 4.3, which shows the pressure variations along the r-direction at z = 0. The plasma
pressure is uniform at ¢ = 0. Due to the inward pinch effect, the plasma pressure is greatly
enhanced in the inner region (r < 0.8 a), as shown at ¢t = 1.66 ¢4 in Figure 4.3. A region
with low density and low pressure is generateci near r ~ a as a consequence of the initial
inward force at r < @ and the outward force at r > a. At t = 3.41 14, the reflection of the

inward compression wave at r = 0 causes the presence of a rarefaction region in the near-axis
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part. As time goes on, the rarefaction effect is reduced, as can be seen fmxh Figure 4.3 at
t = 5.16 t4. In Figure 4.3, a wave front, as marked with “A,” occurs at r/a ~ 1.84, 4.16,
and 6.56 for ¢/t4 = 1.66, 3.41, and 5.16, respectively. Therefore, the propagation velocity
along the r-direction for this wave is V;/Vy = Ar/At ~ 4.72/3.50 =~ 1.35. Theoretically,
the propagation velocity of the fast magnetosonic wave along the radial direction is Vy =
(V2 + C2)'?, where C, = (7Ps/po)'/* is the sound speed. Using v = 5/3 and 8 = 1, we
obtain V; ~ 1.35 V4. Therefore, the numerical value of the propagation speed agrees very
well with the theoretical value of the propagation speed for the fast magnetosonic wave.

To study the propagation velocity of the Alfvén wave, Figure 4.4 shows the wave
front position along the 2-direction calculated from the configuration of Vj (Figure 4.4a),
the corresponding velocity of the wave front along the z-direction (Figure 4.4b), and the
maximum values of By and |Vj| as a function of the simulation time (Figure 4.4¢). The
wave front is defined as the position where the amplitude of |Vp] is 10% of its maximum
value. It can be seen from Figure 4.4q that the wave front position is approximately a straight
line. The wave front reaches the boundary z = 16« at about ¢ = 12.614. It can be seen
from Figure 4.4) that the wave propagates at nearly a constant velocity along the z-direction
except for some small oscillations at the early time (¢ < 2 t4) due to the presence of the fast
mode wave. After this initial phase, the propagation velocity along the z-direction is Vjy,
which is the Alfvén velocity based on the axial magnetic field. This also indicates that the
wave mode is the Alfvén mode. It can be seen from Figure 4.4¢ that By, first decreases
and then increases due to the initial expansion and pinch of the flux tube. After the initial
stage, Bgmax decreases monotonically and maﬁhes a constant value. Also shown in Figure
4.4c s the time variation of |Vp|max. As time goes on, |Vs|max increases from zero and then

also approaches a constant, The asymptotic value is |Vj|max/Va = Bomax/Bo = 0.35.
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Figure 4.4 (a) Wave front position along the 2-direction, (b) the corresponding
wave front velocity, and (c) the maximum values of By and |Vj| in Case A.
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Aﬁer some initial oscillations, the radial expansion velocity of the flux tube is found
to be very small (~ 0.03 V). This small radial velocity is in fact caused by the numerical
diffusion effect. The radial velocity is found to become smaller when more grid points are
used in the simulations. |

Initially, the transverse kinetic energy is zero and the total energy is in the form of the
magnetic energy. As time goes on, the transverse kinetic energy increases and the transverse
magnetic energy decreases. The diagnosis shows that after an initial time the transverse
kinetic energy tends to have the same magnitude as that of the transverse magnetic energy.

Figure 4.5 shows contour plots of currents along the r-direction (J;) (top panel) and
along the z-direction (J,) (bottom panel) at different simulation times. It can be seen that
the radial current (J,) is mainly located at the wave front along the z-direction. The current
along the z-direction (J,) flows along the positive z-direction in the inner region (r < a)
and the return current (J, < 0) flows in the outer part (r > a). We have also checked that at
a specific z the integrated value of the J; over the entire plane with a constant 2 is zero, as
expected from the current closure relation. A schematic closed path of the current and the
helical magnetic field lines are shown on the right side of Figure 4.5.

Based on the simulation results in Case A, the magnetic field lines of the flux tube may
be drawn, as shown in Figure 4.6. At each time, sixteen field lines are traced and plotted.
Figure 4.6a shows the magnetic field lines at ¢ = 0, namely, the initial helical magnetic
field lines. The center of the flux tube is located at z = 0 and the total length of the region
with a nonzero azimuthal field is ~ 6 a. It can be seen that at both ends of the flux tube,
the magnetic field lines are straight. Figure 4.:6b shows the magnetic field lines at t = 3.41
t4. The helical magnetic field structure expands toward both the positive and the negative

z-directions. The length of the part of the flux tube with helical fields is ~ 12 a, namely,
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Figure 4.5 Contour plots of the currents (top) along the r-direction (J,.) and
{bottom) along the z-direction (J,) in Case A at different simulation times. A
schematic sketch of the closed paths of the current and the helical magnetic
field lines is also shown.
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Figure 46 The magnetic field lines in Case A at different simulation times.
@t=00t=3411t4 and(c)t = 6.95¢,. Sixteen magnetic field
lines are traced and plotted.
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twice of the length of the initial helical tube. The magnitude of Bymax is about 39% of
its initial value (Bymax = 0.39 Bp). The small value of Bynax leads to a looser helical
structure of field lines. Figure 4.6c shows the magnetic field lines at ¢ = 6.95 t4. At this
time the initial magnetic rope has evolved into two separated regions, propagating in opposite

direction each with a speed of V4. The magnitude of Bgmax is found to be ~ 0.35 By.

4.3.2 Case B: A Large B,/B, Ratio

In Case B we choose zp = 3 a, b = a, and Bygy ~ 7 By. The maximum initial azimuthal
magnetic field Bymax(t = 0) corresponds to 3 By, where By is the initial axial magnetic
field. Other conditions are the same as those used in Case A. Because of the large azimuthal
magnetic field component, Bgmax(t = 0) = 3 By, the Lorentz force here is 3 times of the
force in Case A. Therefore, the total force becomes more negative in the inner region of the
flux tube and the pinch effect is also largely enhanced.

Figure 4.7 shows contour plots of the azimuthal magnetic field, By (top panel), and the
azimuthal velocity, Vp (bottom panel), at different simulation times. The configurations of
By and V, are quite different from those in Case A shown in Figure 4.2. First, the large
pinch effect in the inner region (the small r region) causes large enhancement of By and Vg
there. This feature can be seen from the spatial profiles of the plasma density, the plasma
pressure, and the magnetic pressure (not shown). On the other hand, the pinch effect in Case
A is relatively small. Second, it can be seen that the contour profiles of By and Vy become
.ncarly identical at about ¢t = 10.56 ¢ 4. On the othe_r hand, the contour profiles of By and Vj
in Case A shown in Figure 4.2 become nearly identical at about ¢t = 5.16 t4. This means

that it takes a longer time to have V/V4 = —By/ By in Case B than in Case A. Third, the
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Figure 4.7 (Top) Contour plots of the azimuthal magnetic field, By, and (bot-
tom) the azimuthal velocity, Vj, in Case B at different simulation times. The
parameters used in Case B are Bgmax(t =0) =3 By, 20 = 3a. b =g,
and 8 = 1.
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most distinguished feature here is that along the 2-direction the contour proﬁles of both B,
and Vy have a very long tail probably due to the enhanced pinch effect. Consequently, the
magnetic flux tube is longer than that in Case A, although initially the tube lengths in both
cases are the same.
Figure 4.8a shows the velocity of the wave front calculated from the configuration of
Vi along the z-direction, and Figure 4.8b shows the maximum values of By and |V}| as a
function of the simulation time. It can be seen from Figure 4.8¢ that in the initial phase the
velocity of the wave front is larger than the Alfvén velocity and shows some oscillations. This
is due to the fact that both the fast magnetosonic wave and the Alfvén wave are developed
in the flux tube in the initial phase. After this initial phase, the propagation speed of the
wave front along the z-direction is the Alfvén velocity (V1) even for the large B, in this
case. Therefore, after the initial phase, the Alfvén wave becomes the dominant wave mode
for the evolution of the flux tube. It is also found that the radial expansion velocity of the
flux tube is very small. It can be seen from Figure 4.8) that Bgmax is enhanced to about
4.24 By att = 0.24 t 4 due to the pinch of the flux tube in the inner region (r < a). As time
proceeds, the pinch effect is reduced and Bjgpax decreases. Also shown in Figure 4.8b is the
time variation of |Vp|max. As time goes on, |Vy|max increases from zero and then decreases.

Finally, [Vsimax/Va approaches the same magnitude as that of Bymax/Bo.

4.3,3 Effect of Tube Length on the Evolution of the Magnetic Field

As the initial tube length increases, it will take a longer time for the magnetic ropes
to evolve into two separated regions of helical field lines.- As a comparison study, we run

several cases with different 2o, where z; is the initial length of the magnetic flux tube along the
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Figure 4.8 (a) The propagation spaed of the wave front along the z-direction
and (b) the maximum values of B, and |Vj] in Case B.
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positive z-direction. In these cases we set b = @, 8 = 1, and Bgo ~ 7 B. Thé corresponding
maximum initial azimuthal magnetic field at ¢ = 0 iS Bgmax = 3 By. Figure 4.9a¢ shows
the maximum values of the azimuthal magnetic field By and the azimuthal velocity |Vy| as
a function of z;. The data are recorded at ¢t = 10.56 4. It c‘;m be seen ‘from Figure 4.9a
that Bymay increases as zo increases. When zy — oo, namely, the one-dimensional case,
the simulation result gives Bgmax = 1.24 By, which is a very large azimuthal magnetic field
component. In the actual computation, because the simulation length along the z-direction
is L, = 16 a, it will suffice to set zp = 18 a for the case zy — oo (refer equation (4.14)),

as we have done here. From the |Vp| .. curve, it can be seen that as zg increases |V,

max
first increases and then decreases. For the one-dimensional case (29 — 00), |Vg| . = 0.
This study indicates that as the initial length zp increases it will take a longer time to reach
the asymptotic state, in which V/V4 = +By/By. In the one-dimensional case, which
corresponds to an infinitely long flux tube, the magnetic flux rope cannot evolve into two
separated regions and no Alfvén wave can be detected. The cases with a short tube length
and a small azimuthal magnetic field component are similar to the FTEs at the magnetopause,
while the cases with a long tube length and a large azimuthal magnetic field component are
similar to the magnetic clouds in the interplanetary space. Because of the large azimuthal
magnetic field component in the one-dimensional case, the helical magnetic flux tube structure
is tighter than that with a finite 2.

Figure 4.9 shows the corresponding maximum value of the axial magnetic field, B max.
as a function of z,. The maximum values are also recorded at ¢ = 10.56 t4. The initial
axial magnetic field is By everywhere in the simulation domain. As simulation starts, the

axial magnetic field can be enhanced to 7 - 8 times of its initial value in a very short time

because of the large pinch effect. As the simulation proceeds, the maximum value of the
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Figure 4.9 (a) Byrax and |V ., valuesand (b) B,max valuesfor different
flux tube lengths with Byax(t = 0) = 3 Bp. Other parameters are b = a
and § = 1. All values are obtained at ¢ = 10.56¢ 4.
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axial magnetic field, B,max, decreases. It can be seen that the asymptotic value of B, max

can reach 1.34 B, in some simulation cases.

4.3.4 Effect of Ratio By/B, on the Wave Speed

To study the propagation of large-amplitude Alfvén waves, we calculate the propagation
velocities of the Alfvén wave along the 2-direction for different initial azimuthal magnetic
field components (Bgmay). Other parameters are chosen as 20 = 3 ¢, b=4q, and § = L.
Figu;e 4.10 shows the propagation velocity of the Alfvén wave along the 2-direction as a
function of the initial maximum By (Bgmax ). The data are obtained from several runs with
different initial Bgy,a, and the velocity in each case is the averaged velocity by excluding
the initial (¢ < 2 ¢4) oscillations. It can be seen from Figure 4.10 that even for a very large
azimuthal component of the magnetic field (Bgnax ~ 1 — 4Bp) the propagation velocity
along the z-direction is still nearly the Alfvén velocity.

We have also run cases in which the plasma density and pressure inside the helical flux
tube are higher than outside uniform plasma density and pressure. A positive radial pressure
gradient force exists in the initial flux tube. Consequently, the pinch effect is reduced and
the amplitude of the fast magnetosonic wave is reduced. Other features, especially the
propagation behavior of the Alfvén wave and the fast magnetosonic wave, are found to be
similar to those cases with the initially uniform density and pressure.

Finally, it is pointed out that the evolution of the magnetic flux ropes studied here is an
ideal MHD effect and the same results are expected to be obtained with a zero resistivity. The
use of a finite resistivity in the present calculation is mainly for the stability of the numerical

scheme.
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Figure 4.10 The propagation velocity of the Alfvén wave along the z-direction
for different azimuthal magnetic field components { Bgmax )-
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4.4 Evolution of Localized Plasma Vortices

As mentioned in the introduction of this chapter, plasma vortices may lead to the for-
mation of helical magnetic field structures, similar to the magnetic flux ropes studied above.
The Alfvén wave associated with the azimuthal magnetic field and the plasma vortex may
propagate away from the source region. In this section, the simulation resﬁlts of the forma-

tion of the helical magnetic field and the propagation of the Alfvén wave associated with the

localized plasma vortices are presented.

4.4.1 Initial and Boundary Conditions

The initial flow pattern of the localized plasma vortex structure is given by

V=0
V, = {Vgo(r/a)exp(—rz/aQ)erf[(zo - |z})/b) if Izl's 20 (4.23)
0 otherwise

where Vj is a constant, @ is the characteristic size of the plasma vortex, 22y is the initial
length of the plasma vortex region, and b is the transition width at the two ends of the plasma
vortex. The vortex has a finite length 22, along the magnetic field. The initial magnetic field
is assumed to be constant and is taken to be B = B.% with B, = B,.

The boundary conditions are the same as those for the flux tube cases except for Vy and
By at z = 0. The V, profile given in (4.23) is symmetric about z = 0. From the analysis of

equations (4.6)—(4.13) with the presently given initial conditions, it can be found that p, e7,
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Vs, V4, and B, are symmetric about z = 0, while V,, B,, and B, are anﬁSymmctﬁc about

z = 0. Therefore, the boundary conditions at z = 0 for the vortex evolution are

op _Or V. e 9B. _, (4.24)

V,=B,=By=0 | (4.25)

By comparing the above relations with (4.19) and (4.20), one can see that only the symmetry
properties for V; and By are changed. For a given flux tube, By is symmetric and Vj is
antisymmetric about z = 0, while Vj is symmetric and By is antisymmetric about 2z = 0 for
a given plasma vortex.

In addition, the simulation domain and the normalizations used in this section are the

same as those for the flux tubes.

4.4.2 Simulation Results

We present the simulation results for a case with an initial plasma vortex, as given
in (4.23). The parameters chosen are zp = 3a, b = a, Vo = 1.17V4, and 8 = 1. The
corresponding maximum initial azimuthal velocity is Vgpmax = 0.5V4. This initial Vj is
limited to a small region with 0 < r < 2e¢ and 0 < z < 2. The initial plasma density,
plasma pressure, and the magnetic field are assumed to be uniform both inside and outside
the flux tube.

Figure 4.11 (from top panel to bottom panel) shows contour plots of the plasma density,
p, the azimuthal magnetic field, By, the azimuthal velocity, Vj, the plasma pressure, P, and
the magnetic pressure, B2 /2y, at different simulation ﬁﬁxes. For an initially given plasma

vortex, the magnetic field is twisted due to the vortex motion, leading to the formation of the
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Figure 4.11 Same as Fig. 4.2, but for an initially given plasma vortex. The

parameters used here are Vynax(t = 0) = 0.5V4, 20 = 3a, b = a, and
B = 1. The scale length is dafined as a = V4t 4, where V4 is the Altvén

velocity.
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azimuthal magnetic field. The By and Vj contours in Figure 4.11 have veryA similar pattems
after the initial phase. Note that Vj is positive and By is negative in Figure 4.11, while
Vs is negative and By is positive for Case A shown in Figure 4.2. The azimuthal velocity
structure first expands along the z-direction to about twice its initial lcﬁgth and separates
into two parts, one in the positive z-direction and another in the negative z-direction (see
Figure 4.11 at ¢t = 0 and ¢ = 4.56 t4 for the z > 0 part). In the mean time, two helical
magnetic field structures are formed, which have the same profiles as the azimuthal velocity
structures after an initial transition. After the separation, these structures propagate along the
z-direction. The expansion and propagation velocity of the azimuthal magnetic field and the
azimuthal velocity structure along the z-axis is found to be the Alfvén velocity (V) and the
radial expansion speed is found to be very small and negligible. After some initial transitions
(t > 6 ty), Vs and |By| are found to have the same contour profiles as shown in Figure
4.11. In fact, we find that V3 /V4 = — Bg/ B, in the wave region. This property indicates the
presence of the Alfvén wave propagating along the z-direction. From contours of the plasma
density, the plasma pressure, and the magnetic pressure in Figure 4.11, it can be seen that at
the earlier times (f = 2.15 14, t = 4.56 14, and ¢ = 7.04 {4), a wave mode is propagating in
all directions with a high speed. Careful calculations of the propagation speed indicate again
that this wave mode is the fast magnetosonic mode.

Figure 4.12 shows contour plots of currents along the r-direction (J,) (top panel) and
along the z-direction (J,) (bottom panel) at different simulation times for the above case. It
can be seen that the overall structure of the current system is similar to that for a magnetic

flux tube as shown in Figure 4.5. The current along the z-direction (J) flows along the
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Figure 4.12 Contour plots of the currents (top) along the r-direction (J¥)
and (bottom) along the z-direction (J,) for the above case at simulation times
t/t A =2.15, 7.04, and 12.07. For a given plasma vortex, the initial current is
2ero.

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




128
negative z-direction in the inner region (r < @) and the return current (J, < 0) flows in the
outer part (v > a).

From the above analysis, it can be seen that the same conclusions drawn earlier for
the evolution of magnetic ropes can also be obtained for the evolution of plasma vortices.
At an initial phase, the fast magnetosonic mode and the Alfvén mode coexist. After this
initial phase, the fast wave mode is separated from the Alfvén wave mode and the dominant
wave becomes the Alfvén wave, which propagates élong the z-direction with the Alfvén
velocity, V4. The localized azimuthal velocity structure first expands along its axial direction
to about twice its initial length and generates a helical magnetic field structure, then evolves
into two separate regions, and finally each region propagates at the Alfvén speed in opposite
directions along its axial direction. The propagation velocity along its axial direction is the
Alfvén velocity. On the other hand, the radial expansion of the region with the vortex motion

is found to be small and negligible.

4.5 Discussion

The magnetic field lines of the flux tube shown in Figure 4.6 can be considered as
magnetic field lines which connect the IMF and the geomagnetic field during flux transfer
events. As shown in Figure 4.6, the center part of the flux tube corresponds to the part of the
magnetopause where magnetic reconnection takes place. After the formation of the FTE flux
tube, the magnetic flux tube first expands along the tube axis toward both the magnetosheath
side and the magnetospheric side, as shown in Figure 4.65. It then evolves into two separate
regions as shown in Figure 4.6¢c. The propagation speed of the flux tube along the axial

direction is the Alfvén speed, and the radial expansion speed is found to be negligible after
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the initial stage. The maximum azimuthal magnetic field decreases and finally reaches to an
asymptotic value. The length of each separate tube with azimuthal magnetic field remains
constant during the propagation. |

As mentioned in the introduction, helical magnetic field structures exist inside the FTE
observed at the magnetopause. The helical magnetic field structure is formed at the mag-
netopause due to the magnetic reconnection with a southward IMF component (B) and a
finite IMF B,, component. The axial magnetic field is formed due to a finite IMF B, com-
ponent in the multiple X line reconnection model. The observed ratio of the azimuthal field
component to the axial field component is By/By ~ 0.3 — 0.5 [e.g., Saunders et al., 1984].
The radius of the flux tube is ~ 0.5 Rg and the length of the flux tube is ~ 1 — 4R g near
the magnetopause, depending on the formation models. After the formation of the flux tube,
Alfvén waves associated with the helical magnetic field inside the flux tube are observed to
propagate along the flux tube, as mentioned earlier. Our simulation results can be used to
explain the propagation behavior of the FTE flux tube and some of the observed properties
of the FTEs.

Based on equation (4.14), the initial helical magnetic field is confined in the region with
0<r<2aand ~2z < z < 2. For FTEs, we choose a = 0.5 Rp and 2 = (2 - 8)a = (1
- 4)Rp. Therefore, for the typical length of flux tubes of ~ 1 ~4Rg and Bymax(t = 0) ~ 1
- 3B, in the source region, the asymptotic value of Bgpay is ~ 0.35 - 0.5B, as can be seen
from Figure 4.4¢. For the typical magnitude of magnetic field at the dayside magnetopause,
By = 30 nT, the asymptotic value of Bgpnax is ~ 10 — 15 nT, which is consistent with
observations [Paschmann et al., 1982; Saunders etal., 1984].

Based on our simulation result, the FTE flux tube formed at the magnetopause first

expands along the axial direction of the flux tube to about twice its initial length and then
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evolves into two separate flux tubes propagating in opposite directions wnh the Alfvén ve-
locity, while the radial expansion of the flux wbe is small after the initial stage, For the
FTE flux tube having a length zp/a ~ 2 - 8, the time leads to the separation of the flux
tube is ¢, ~ z5/V4. The separation time may be estimated as follows. 'The Alfvén speed
near the magnetopause is ~ 200 km/s. If we choose zp ~ 1 — 4Rp, then the time it takes
for a flux tube to evolve into two separate flux tubes is 2, &~ z9/V4 =~ 30 — 120 s. The
flux tube which propagates toward the ionosphere wi1>l produce footprints in the ionosphere,
which may explain observations of Alfvén waves by Goertz et al. [1985], Lanzerotti et al.
[1986], and Lockwood et al. [1990].

It may be noted that in our simulation the outflow boundary condition is used at z =
L. However, the Alfvén waves from the dayside magnetopause may be modified by the
reflection processes in the ionosphere, which may reduce electric fields and enhance field-
aligned currents in the flux tube [e.g., Lee, 1986].

Recent simulation studies of the three-dimensional magnetic reconnections [Fu et al.,
1990; Hesse et al., 1990; Lee, 1990] indicate that the magnetic ropes formed by the multiple
X line reconnection process usually have a complicated field line topology at the two ends of
the magnetic ropes. These magnetic ropes have frayed ends, in which the rope field lines at
each end have mixed connections to the ambient fields. Our present simulation results cannot
be directly applied to the evolution of these frayed magnetic ropes. It is speculated that the
azimuthal field in the magnetic ropes may propagate as Alfvén waves along the connected
field lines to the ambient fields on both sides, leading to the formation of four propagating

ropes. This problem can only be studied by a three-dimensional simulation model.
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4.6 Summary

In this study, we have investigated the evolution of localized magnetic flux ropes and
localized plasma vortices in space plasmas by using a two-dimensional cbmprcssible MHD
simulation method. The simulation results are used to study the evolution of the plasma
vortices in the magnetopause-boundary layer and magnetic flux ropes aésociated with flux
transfer events at the dayside magnetopause. The principal results may be summarized as
follows.

1. In the initial phase of the evolution of localized magnetic flux ropes or localized
plaérna vortices, both the fast magnetosonic wave and the Alfvén wave are developed. The
fast magnetosonic wave propagates outward in all directions with the fast-mode speed. After
this initial phase, the Alfvén wave becomes the dominant wave mode for the evolution of
the magnetic flux ropes or the plasma vortices.

2. The localized magnetic flux rope or the localized plasma vortex first expands along
its axial direction to about twice its initial length, then evolves into two separate regions,
and finally each region propagates at the Alfvén speed in opposite directions along its axial
direction. The propagation velocity along its axial direction is the Alfvén velocity. On the
other hand, the radial expansion of the magnetic flux rope or the plasma vortex is found to
be small and negligible.

3. The time needed for a magnetic flux rope to evolve into two separate flux ropes is
typically ~ z/Vy4, where z; is the half-length of the initial rope and V4 is the Alfvén speed.
However, as the ratio By/B, becomes larger, the time it takes for a magnetic flux rope to

evolve into two separate flux ropes also becomes longer.
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4, Simulation results show that even for a very large azimuthal cbmponent of the
magnetic field (By ~ 1 - 4B,) the propagation velocity of the large-amplitude Alfvén waves
along the axial direction of the magnetic flux rope remains the Alfvén velocity.

5. For flux transfer events at the Earth’s magnetopause, the magnetic flux ropes first
expands along its axial direction to about twice its initial length, then evolves into two separate
flux ropes, which propagate in opposite directions with the Alfvén velocity. The simulation
results indicate that after the evolution the azimuthal magnetic field is reduced to By ~ 0.3 -
0.5By ~ 10 — 15 nT (for By = 30 nT), which is consistent with satellite observations. The
Alfvén waves, which carry the field-aligned currents, propagate along the flux rope toward
the magnetosheath and toward the magnetosphere. The Alfvén waves also propagate to the
ionosphere and produce footprints in the ionosphere.

6. The plasma vortices produced by the Kelvin-Helmholtz instability in the low-latitude
boundary layer may generate twisted magnetic field lines and large-amplitude Alfvén waves,
which carry field-aligned currents and provide the link for their coupling to the polar iono-

sphere.
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CHAPTER §

Summary and Discussion

The interaction between the solar wind and the Earth’s magnetosphere consists mainly
of the transfer of energy, momentum, and mass from the solar wind to the magnetosphere,
and subsequently to the ionosphere. The magnetopause-boundary layer is the interface region
where these transfers take place. The velocity difference across the magnetopause-boundary
layer causes a sheared plasma flow, which in tum produces plasma vortices in the boundary
layer region. The plasma vortices produce a localized convection electric field and generate
Alfvén waves, which carry field-aligned currents and the convection electric field to the
ionosphere. The finite conductivity in the ionosphere provides a dragging force to the plasma
flow in the boundary layer and leads to the decay of the plasma vortices in the boundary
layer region.

As mentioned earlier, Alfvén waves provide the link for the coupling of the plasma
vortices in the magnetosphere to the polar ionosphere. Alfvén waves, which carry field-
aligned currents, propagate along the magnetic field lines between the magnetosphere and the
ionosphere. Along with the Alfvén waves, the electric field and the field-aligned currents also
propagate from the magnetosphere to the ionosphere, producing footprints in the ionosphere.
The Alfvén waves formed in the magnetosphere may be modified by the reflection processes
in the ionosphere, which may reduce electric fields and enhance field-aligned currents [e.g.,
Lee, 1986].

Due to the complexity of the magnetosphere-ionoéphere interaction, it is difficult to

develop a complete three-dimensional model to address every aspect of the coupled system.
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The approach of the work reported in this thesis is to divide the magnetosbhere-ionosphere
coupling system into several related components. Each component addresses certain aspects
of the magnetospilere-ionosphere coupling process.

First, the plasma dynamics and structure of the magnetopause-boundafy layer region are
studied on the basis of a two-dimensional incompressible magnetohydrodynamic numerical
model. In the simulation, plasma is driven into the boundary layer region by imposing
a diffusion flux along the magnetopause. The vortex motions associated with the Kelvin-
Helmholtz instability are observed in the simulation. The plasma flows are mainly tailward
but small sunward flows are also observed. The plasma density profiles in the boundary layer
show vortex structures. The resulting vortex strucm'res in the plasma density and the flow
velocity may coalesce as they are convected tailward, causing them to grow in size. The
boundary layer thickness increases with increasing longitudinal distance from the subsolar
point. A mixing region is formed where magnetosheath plasma and magnetospheric plasma
mix due to the vortex motions. In the later stage of development, a density plateau is formed
in the central part of the boundary layer. Many features of the satellite observations of the
boundary layer can be explained using our numerical model.

A magnetosphere-ionosphere coupling model is presented in Chapter 3 to study the
coupling of the plasma vortices in the boundary layer to the polar ionosphere. The presence
of the finite ionospheric conductivity exerts a dragging force on the plasma motion in the
magnetosphere and slows down tﬁe magnetospheric convection [Sonnerup, 1980; Kan and
Lee, 1980; Lotko et al., 1987]. In the model, the ionosphere is characterized by the current
continuity equation and the Ohm’s law with the' Pedersen and Hall conductivities and the field-
aligned potential drop is also included. In addition, the ionospheric conductivity is allowed

to be enhanced due to precipitation of the accelerated electrons in the upward field-aligned
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current regions. It is found that the plasma vortices generated in the duskside (dawnside)
region of the boundary layer mainly lead to the presence of localized upward (downward)
field-aligned current regions along the post-noon (pre-noon) sector in both the northem and the
southern polar ionospheres. The competing effect of the formation and decay of vortices leads
to the formation of strong vortices only in limited regions. Several enhanced conductivity
regions which are associated with the boundary layer vortices and the upward field-aligned
current regions can be found along the post-noon auroral oval. These enhanced conductivity
regions may account for the observed dayside auroras which show bright features resembling
“beads” or “pearls” [Lui et al., 1989; Potemra et al., 1990].

The Alfvén transit time between the magnetosphere and the ionosphere is assumed to
be much shorter than the growth time of the plasma vortices in Chapter 3. In reality, the
Alfvén transit time between the magnetosphere and the ionosphere is about 100 sec and is
comparable to the vortex growth and decay times. The ionospheric response to changes in the
magnetospheric plasma vortices will be delayed by the Alfvén transit time to the ionosphere
and back. The neglect of the Alfvén transit time leads to an overestimation of the damping
effect of the ionosphere to the dynamics in the boundary layer.

In Chapter 4, the generation and propagation of Alfvén waves along geomagnetic field
lines from localized plasma vortices, as well as magnetic flux ropes, are studied. It is found
that the evolution of the localized plasma vortices and the magnetic flux ropes leads to the
generation of large-amplitude Alfvén waves, which carry field-aligned currents and provide
the link for the coupling of helical magnetic ropes and plasma vortices in the magnetosphere
to the polar ionosphere.

From the simulation results in Chapter 4, it can be seen that the FAC is a localized

structure and is carried by Alfvén waves propagating between the magnetosphere and the
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ionosphere with the Alfvén velocity. Therefore, it needs twice the Alfvén transit time for
Alfvén waves to propagate from the magnetosphere to the ionosphere and then back to the
magnetosphere. At this time, the ionospheric effects will affect the plasma dynamics in
the magnetosphere. The model in Chapter 2 without the ionospheric effect is a simplified
model. The use of the electrostatic field-aligned potential drop and the linear current-voltage
relationship (3.14) in Chapter 3 implies that the Alfvén transit time is much shorter than the
growth and decay times of the vortex. Therefore, the model in Chapter 3 overestimates the
ionospheric damping effect. The use of a relatively small ionospheric background conductivity
in Chapter 3 may compensate some of the Alfvén wave effects,

A three-dimensional model is needed to combine sclf-consistently the model of the
Alfvén wave propagation presented in Chapter 4 and the magnetosphere-ionosphere coupling
model used in Chapter 3, which is difficult to develop due to the complexity of the coupled
system. To improve the magnetosphere-ionosphere coupling model developed in this thesis
and to explain more observations, a number of extensions of this work can be carried out
based on the general framework of this ionosphere-magnetosphere coupling model. Adding
the ionospheric reflection to the Alfvén wave propagation is an obvious extension of the
model presented in Chapter 4. When the ionospheric reflection effects are included, one may
study the Alfvén wave propagation between the magnetosphere and the ionosphere in a real
content of the magnetosphere-ionosphere coupling model. The ionospheric closure of the
FAC carried by the Alfvén wave is important for the dynamics of auroral activities. If the
ionospheric conductivity is low, as in the nightside winter ionosphere, the magnetic fields
of the incident and reflected waves tend to cancel and the electric field is enhanced. If the
ionospheric conductivity is high, as in the dayside summer ionosphere, most of the incident

wave energy can be reflected and the electric fields of the incident and reflected waves cancel
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so that the ionospheric electric field is reduced and the FAC is enhanced [e.g., Southwood
and Hughes, 1983; Lee, 1986; Seyler, 1990; Lotko and Shen, 1991}. '

Another extension is to include the variation of magnetic fields in the models presented
in Chapters 2 and 3. The neglect of the variation of the magnetic field is based on the
assumption that the variation of the magnetic field in the boundary layer region is very small,
as shown in Figure 1.4. If the magnetic fields in the magnetosheath and in the magnetosphere
are not parallel, the tense force tends to stabilize the KH instability at the magnetopause. On
the other hand, if the magnetic fields at two sides are parallel or antiparallel, the KH instability
can also develop at the magnetopause and leads to the deformation of the magnetopause. As
an extension of the model presented in this thesis, the simulation domain should include both
the magnetosheath and the magnetosphere so that the magnetopause is inside the simulation
domain. The magnetic fields in the magnetosheath and in the magnetosphere are not parallel
in the general case. A large anomalous diffusion may exist at the magnetopause to allow the
high-density magnetosheath plasma to diffuse into the magnetosphere. It is expected that the
presence of the magnetic field components in the simulation plane in Chapters 2 and 3 will
slow down the development of the KH instability due to the tension force.

The main limitation of the model presented in this thesis is that it is incapable of modeling
kinetic effects of particles because it is an MHD model. The particle behavior plays an
important role in the formation of auroral bright spois. As a consequence, many phenomena
associated with particle motions cannot be addressed, e.g., the electron acceleration process
along the magnetic field lines due to a parallel electric field or the field-aligned potential drop
in the upward FAC regions, wave-particle interaction effect, plasma heating due to waves, and
finite Larmor radius effect. A particle simulation code ié needed to address these problems.

In addition, the simplified ionospheric model used in this thesis neglects the variations inside
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the ionosphere and also the effects due to the neutral wind. A three-dimensional global MHD
or particle simulation code is needed to address many problems related to the magnetospheré—
ionosphere coupling process.

In summary, the present study of the plasma dynamics of the magnetopause-boundary
layer region provides a theoretical explanation for the observed plasma vortices in the bound-
ary layer region. The evolution of the plasma vortices along geomagnetic field lines leads
to the generation of large-amplitude Alfvén waves, which carry ﬁeld—aligned currents to the
polar ionosphere. The observed auroral bright spots in the post-noon auroral oval may be
explained by the formation of enhanced electron precipitation regions through the coupling

of the plasma vortices to the polar ionosphere.
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APPENDIX

Numerical Technique for Solving Magnetosphere-Ionosphere Coupling Equations

In the following, the numerical techniques used in Chapter 3 to solve the magx;etosphere-
ionosphere coupling equations (3.25)~(3.34) are presented.

First, equations (3.25)—3.28) are a complete set if Jy; is known. The numerical scheme
for solving (3.25)-(3.28) with J|;; = 0 has been given in Chapter 2. In order to simulate the
fine structures of the boundary layer, the effects of numerical errors should be minimized.
To reduce the numerical errors, a high-order finite differencing scheme is developed, which
can be described as: (1) a two-step method is used to time-center the time derivatives, which
gives a second-order accuracy in time; (2) a third-order spatial scheme (equation (2.5)) is
used for the convective terms v - VN and v - V, which introduces only a fourth-order
numerical dissipation; (3) the usual second-order space-center differencing scheme is used
for the diffusion term. It can be shown that this numerical scheme is stable even for a very
small viscosity.

Next, we describe the numerical method to solve ¢y, J|;, and other ionospheric quan-
tities. The coupling equations (3.29)~3.34) can be solved if the magnetospheric streamline

function 4 is known. To simplify expressions in the derivation, we rewrite (3.32) as

where
' Qo if J", <0
%= {o.m0 if  Ji>0 (A42)

By inserting (3.33) and (3.34) into (3.30) and using V - E,, = -2 from (3.20), one obtains
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that

Jji = Zo(VEp - Em + RppVEp - 2 X Epy — B0
—VE,- V| - RipyVE,- 2 X Vo — T,V ¢y) | (A3)

Inserting (A1) to the left hand side of (A3), we can express (A3) in the following form:
AV2¢) 4+ BV, ¢ +CVydy— ¢y =S (A4)

where V2 = 25 + -(-9%25, Ve =&, and Vy = £. The coefficients and the source term in
(A4) are:

A=0qZoE, B=0yZog1 C=apT0g

S = a620(—2p9 + g1 Eme + ngmy) (AS)
%, L 0% 95, L 0%,
n= Oz +Rh.p ay g2 = ay RhP oz

It can be seen from (3.31) and (A2) that X, and o are also function of ¢). Therefore,
equation (A4) can be used tol solve for ¢;. However, equation (A4) is difficult to solve
due to the nonuniform coefficients in (A5). Also, it is found that if the Hall to Pedersen
conductivity ratio (Rp,) is too large, the iteration procedure used to solve (A4) tends to
diverge. The numerical technique used to solve (A4) is described below.

An iteration method is used at each time step (n) to solve for ¢ from (A4) since
the coefficients in (AS5) are also function of ¢;. The ¢ value at the previous step is used
to calculate the coefficients in (AS) and to solve (AS) for ¢ at the current step, namely,
¢:|’ "~ zhn, ag™ o ¢fl+ Lin where [ is the iteration level. The iteration will end when the
difference of ¢ values at different iteration levels is smaller than a preset small parameter

¢, namely, |1 - ¢, " /¢f "] < e.
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To handle the case with a large Hall to Pedersen conductivity ratio (th), which usually

causes problems in the coefficients B and C, a portion of terms in B and C are moved from

the left hand side to the right hand side of (A4). Those moved parts remain unchanged at
different iteration levels. The technique is shown below. Define

gu = %%2 + Z,,aa—zyp gi2 = (Rpp — RZp)aa—z;

7)) ox oL
g1 = -5?;3 - Ry,—* 922 = =(Bap = Ryp) 5~

(A6)

where R’hp is a parameter with 0 < R;,p < Rjp. The definitions of g, and g, in (AS) can be
expressed as

fLi=gutdz GH=ga1+gn (A7)

After the terms with g, and g, have been moved to the right hand side, equation (A4) can

be rewritten as

AV2 gy + B'Vody+ C'Vyy - ¢y = 5"+ H (A8)
where
B' = o{Tog11 C' = o4 Zogn
§' = agZo(-ZpQ + 911 Bz + 921 Emy) (A9)

H = 0yZo{912(Emz — V2d)) + g22(Emy — Vyoy)}

H does not vary from an iteration level to another within a time step. It can also be shown
that H is proportional to the Hall portion of the FAC density (the second term in equation
3.22)). If R;lp = Rpp, 00 term is moved and '(A8) is the same as (A4). On the other hand,
all terms with the Hall conductivity are moved to the right hand side of (A4) if R;,p =0. We

tested some values for R;lp ©0< R;w < Ryp) for the case with By, = 1 and no significant
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difference can be found in the simulation results. The cases with R, > 1.5 usually diverge
if R}, = Rpp, while they may converge if R}, < R,.

The coefficients A, B’, and C' are functions of coordinates z and y for the general
case. To find a fast solver for equation (A8), some further modifications ate needed. If the
coefficients A, B’, and C' are independent of y and the boundary conditions along the y-
direction can be treated periodically, then the fast Fourier transform (FFT) method can be used
along the y-direction. To make the coefficients of terms V2¢", V¢, and V¢ independent
of y, the average of A, B', and C' over y is taken. The terms with coefficients dependent on y
are moved to the right hand side of equation (A8) and treated as source terms. The boundary
conditions along the y-direction are usually non-periodic, as used in our simulations. In
order to use the FFT, periodic boundary conditions are needed. Appropriate expansion of the
simulation domain along the y-direction may lead to the periodic conditions. If the original
simulation domain is confined within 0 < z < L, and 0 < y < Ly, then it can be shown
that the vorticity is antisymmetric about the z-axis when the simulation domain is expanded
to the region with —L, < y < 0. From (3.26) and (Al), it may be shown that J); and ¢,
have the same symmetry property as the vorticity. Then, it can be shown that for equation
(A8) A and B’ are symmetric and C' and S’ (and H) are antisymmetric about the z-axis.
The periodic boundary conditions can be obtained with the above expansion. Therefore, the
FFT method can be used along the y-direction with the above treatment. For the z-direction,
the tridiagonal method is used. This method is proven to be very efficient for solving the

coupling equations.
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